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ABSTRACT: The solid-phase synthesis of Met-containing peptides using a fluorenylmethoxycarbonyl (Fmoc)/tert-butyl (tBu)
protection scheme is inevitably accompanied by two stubborn side reactions, namely, oxidation and S-alkylation (tert-butylation),
which result in the formation of Met(O) and sulfonium salt impurities of the target peptide, respectively. These two reactions are
acid-catalyzed, and they occur during the final trifluoroacetic (TFA)-based acidolytic cleavage step. Herein, we developed two new
cleavage solutions that eradicate the oxidation and reduce S-alkylation. TFA-anisole-trimethylsilyl chloride (TMSCl)-Me2S-
triisopropylsilane (TIS) containing 1 mg of triphenyl phosphine per mL of solution was the optimal mixture for Cys-containing
peptides, while for the remaining peptides, TIS was not required. Both cleavage solutions proved to be excellent when sensitive
amino acids such as Cys and Trp were involved. TMSCl did not affect either of these sensitive amino acids. Reversing the sulfonium
salt to free Met-containing peptide was achieved by heating the peptide at 40 °C for 24 h using 5% acetic acid.

■ INTRODUCTION
Methionine (Met) is an essential amino acid present in
proteins, and it plays various biological roles, including
translation initiation.1 Having an S-methyl thioether side
chain, Met is one of two sulfur-containing proteinogenic amino
acids, the other being cysteine (Cys). Given the nature of the
side chain, Met is classified as a non-polar aliphatic residue.
However, its hydrophobic side chain becomes highly polar
because of the ease of oxidization. Thus, in peptides and
proteins, the thioether group of Met residues can be readily
oxidized, either chemically or biologically, into Met sulfoxide
residues (Met(O)), leading to two diastereomers. To revert
Met oxidation, organisms produce the enzymes methionine
sulfoxide reductase (MSR) A and B, which are specific for each
diastereomer.2 Oxidation is not the only chemical change that
Met residues can undergo. In biological systems, these residues
are often present as sulfonium derivatives after being alkylated.
The most abundant alkylated derivative found in animals is S-
adenosyl-L-methionine, which plays a critical role as a
cosubstrate for many methyltransferases.3 Furthermore, S-
methylmethionine is found in plants, sometimes at even higher
concentrations than Met.4

During chemical peptide synthesis, the formation of Met(O)
and S-tert-butylated Met is an important side reaction. Both
take place during acidic treatments, in contrast to amino acid
residues such as Lys, Cys, and His, which are highly reactive at
neutral pH and above but lose their reactivity at acidic pH due
to the protonation of their functional groups. However, Met
thioether is highly resistant to protonation and is a reactive
nucleophile at pH < 3. Thus, in tert-butoxycarbonyl (Boc)/
benzyl (Bzl) SPPS, tert-butylation is a greater issue than in
fluorenylmethoxycarbonyl (Fmoc)/tert-butyl (tBu) SPPS,
since tert-butylation can occur during the removal of the Boc
group in each synthetic cycle in addition to the final cleavage
from the resin. Oxidation in both strategies takes place during
the final cleavage, although in Boc/Bz, it can also occur in
some extension during the Boc-removal. In long peptides, the

Received: February 16, 2023
Accepted: March 22, 2023
Published: April 20, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

15631
https://doi.org/10.1021/acsomega.3c01058

ACS Omega 2023, 8, 15631−15637

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+P.+Nandhini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahama+Alhassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clinton+G.+L.+Veale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Albericio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+G.+de+la+Torre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c01058&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
https://pubs.acs.org/toc/acsodf/8/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


removal of these impurities is not straightforward and it can
hinder the purity of the final product.

These two side reactions can be minimized by the inclusion
of appropriate additives (commonly named scavengers) in the
acidic solution used for cleavage and final deprotection. Such
molecules can scavenge the tBu cation,5 prevent oxidation, or
reduce the already formed sulfoxide. With respect to Boc/Bzl
chemistry, Tam et al.6,7 studied the minimization of these side
reactions extensively and Nicolaś et al.8 proposed the use of
TFA-NH4I-Me2S for the reduction of Met(O), without
disrupting disulfide bridges. In the Fmoc/tBu strategy,
unspecific cleavage using TFA-based reagents has mostly
been described,9 with reagent H (TFA/phenol/thioanisole/
1,2-ethanedithiol/H2O/Me2S/NH4I (81:5:5:2.5:3:2:1.5)10

being the only one specifically designed for preventing Met
oxidation. Furthermore, the addition of NH4I to other reagents
reduces the formation of sulfoxide.11,12 However, this salt
shows poor solubility in TFA and high solubility in H2O and
thus its use makes workup extremely difficult.

Herein, we studied the development of a reagent for
minimizing these two side reactions. This reagent is compatible
with the presence of protecting groups that are difficult to
remove (Trt from Cys) and in the presence of sensitive
residues such as Cys and Trp.

■ EXPERIMENTAL PART
Materials and Methods. All reagents and solvents were

from commercial suppliers and used without further
purification. Fmoc amino acids and 2-CTC resin (loading
0.86 mmol/g) were from Purolite (UK). DIC and OxymaPure
were gifts from Luxembourg Biotech (Ness Ziona, Israel), and
N,N-diisopropylethylamine (DIEA), acetic acid, and piperidine
were supplied by Sigma-Aldrich (St. Louis, Missouri, USA).
Organic solvents [DMF, CH2Cl2 (DCM)] and HPLC quality
acetonitrile (MeCN) were purchased from Merck (Kenilworth,
New Jersey, USA). Milli-Q water was used. LC−MS was
performed on an UltiMate 3000, Aeris 3.6 μm-wide pore
column, Phenomenex C18 (150 × 4.6 mm), over a 5−95%
gradient of MeCN (0.1% HCOOH)/H2O (0.1% HCOOH)
for 15 min, if not stated otherwise.

Peptide Synthesis. All peptides were manually synthe-
sized following the standard Fmoc/tBu protocol in a syringe
fitted with a porous polyethylene disc. The syntheses were
carried out on 2-CTC resin, which was activated with 50%
thionyl chloride in DCM for 2 h. Then, resin was washed
properly with DCM and first coupling was done with Fmoc-
Asp(tBu)-OH (3 eq) in DCM in the presence of DIEA (10
eq) for 2 h, and then MeOH (50 μL) was added for capping
the unreacted Cl groups for 30 min at room temperature
(loading 0.86 mmol/g). For Fmoc removal, treatment with
20% piperidine in DMF for 7 min was done at each cycle. The
remaining couplings were done with a threefold excess of
Fmoc-amino acid, N,N′-diisopropylcarbodiimide (DIC), and
OxymaPure in a 1:1:1 ratio for 45 min. At the end of the chain
elongation, peptides were acetylated at the end terminus using
acetic anhydride (10 eq) and DIEA (20 eq) in DMF for 45
min.

Ac-Met-Glu(tBu)-Glu(tBu)-Pro-Asp(tBu)-CTC resin was
dried under vacuum aliquoted in 10 mg portions, which
were used for testing the different cleavage conditions and
mixtures described in Tables 1 and 2. In all cases, at the end of
the cleavage reaction, chilled ether was added to precipitate the
peptides, and after centrifugation and decantation, the peptides

were taken up in water. The crude products obtained were
analyzed by LC−MS (SI, Figure S1−S28).

Peptide Cleavage. The peptides were cleaved from the
resin using the conditions described in Tables 1 and 2 in a
ratio resin/cleavage mixture 1:10 (W:V). The best conditions
were achieved by treatment at RT for 1 h with the mixture
TFA/An/TMSCl/Me2S/0.1% PPh3 (85:5:5:5) except in the
case of the Cys-containing peptide, in which TIS has to be
added to the mixture to entrap Trt carbocation; thus, the final
cocktail has to be TFA/An/TMSCl/TIS/Me2S/0.1% PPh3
(80:5:5:5:5).

Total Procedure to Obtain Ac-MEEPD-OH Free of
Both Side Products [Met(O) and M(tBu)]. Ac-Met-
Glu(tBu)-Glu(tBu)-Pro-Asp(tBu)-CTC resin was synthesized
in a 0.1 mmol scale following the same procedure described
above. The cleavage and total deprotection was carried out
using best-performing cleavage conditions found (Table 2,
#11). Then, the peptide was precipitated using chilled ether,
followed by centrifugation and decantation of the ether
mixture. The dried crude was then dissolved in water and
lyophilized. Then, the lyophilized peptide was dissolved in 10
mL of 5% acetic acid solution and heated in a water bath at 40
°C. A sample (5 μL of the solution) was taken at different
times, diluted with H2O (45 μL), and injected into the LC−
MS to monitor the evolution of the conversion of Ac-
M(tBu)EEPD-OH into Ac-MEEPD-OH.

■ RESULTS AND DISCUSSION
The peptide sequence target for this study, Ac-Met-Glu-Glu-
Pro-Asp-OH, was prepared on 2-chlorotrityl chloride (2-CTC)
resin following the standard Fmoc/tBu strategy. Initially, an
aliquot of the peptide resin was cleaved under standard
conditions, i.e., TFA/TIS/H2O (95:2.5:2.5), for 1 h. This
result was used as a reference for the other conditions tested.
The HPLC trace from the crude peptide obtained showed two
side products (Figure 1A,B). The most polar compound
showed an m/z of 718.52, corresponding to the alkylated Met
peptide [Ac-M(tBu)EEPD-OH, 3], which accounted for 23.9%
of S-tert-butylated Met by UV integration. The second peak of
m/z 677.68 was identified as the oxidized Met peptide [Ac-
M(O)EEPD-OH, 2], accounting for 1.4%. The main peak
(74.7%) corresponded to the target peptide [Ac-MEEPD-OH
(1)], which had an m/z of 662.45 (Figure 1 and Figures S1−
S4).

The first point to be clarified was whether the N-terminal
position of the Met residue favored the formation of the alkyl
derivative since a slight change in the structure often has an
important impact on the formation of side reactions.13 Thus,
the sequence Ac-Glu-Glu-Met-Pro-Asp-OH was synthesized
and cleaved under the same conditions as described above.
The crude peptide was analyzed by HPLC (Figure 1C). As
before, the most polar compound 3′ (m/z 718.52)
corresponded to the alkylated Met peptide (Ac-EEM(tBu)-
PD-OH), accounting for 24.4% by UV integration. The second
peak (m/z 677.68) was the oxidized Met peptide [Ac-
EEM(O)PD-OH, 2′], representing 2.9%. The main peak (m/
z 662.45), the target peptide [Ac-EEMPD-OH, 1′], accounted
for 72.7%. These results indicated that the extension of the side
reactions is not determined by the order of the amino acids in
the sequence but by the amino acid content itself.

Searching for a different set of scavengers to minimize or
prevent the Met side reactions, the effect of the cleavage
reaction time and the temperature was studied (Table 1,
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Figures S5−S8). Two samples of peptide resin were cleaved
again using TFA/TIS/H2O (95:2.5:2.5), one for 30 min and
the other for 2 h. The HPLC analyses of the crude mixtures
obtained were compared with the profile of the 1 h reaction
time (Table 1, nos. 1, 2, 3). These data indicated that the
alkylated by-product was reduced when the time was
shortened from 1 to 0.5 h (Table 1, no. 2 vs 1). On the

other hand, when the cleavage was extended from 1 to 2 h, the
increase in the formation of the alkylated compound was less
than expected. This result can be explained by the fact that
alkylation can be reverted in acidic media. Therefore, the
alkylation can even be minimized by a longer reaction time.
Regarding the effect of the temperature, two additional
cleavage reactions were run, one at 40 °C and the other at 6

Figure 1. Chemical structure and expected mass of the side products and the target peptide (A). HPLC trace after standard cleavage with TFA/
TIS/H2O (95:2.5:2.5) for 1 h at RT of crude Ac-Met-Glu-Glu-Pro-Asp-OH (B) and HPLC Ac-Glu-Glu-Met-Pro-Asp-OH (C).
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°C, (Table 1 nos. 4, 5), for comparison with that at 25 °C
(Table 1, no. 1). As expected, the higher the temperature, the
greater the amount of by-products. From the experiment at 40
°C, where the alkylated Met peptide was the main product, we
deduced that the alkylation of Met was faster than the
oxidation. At 6 °C for 1 h, the by-products were formed in a
similar fashion as at 25 °C for 0.5 h. The oxidation of side-
product Met(O) merits further discussion. At first glance, it
appears that the oxidation did not follow a rational trend but
that the extra alkyl group acts as protecting group, preventing
oxidation. In this regard, 1 h at 40 °C (Table 2, no. 4) and 2 h
at 25 °C (Table 2, no. 3) gave the highest amount of oxidized
product with respect to the target peptide.

Considering the previous results, we set as standard
condition 1 h of cleavage at 25 °C. We then tested the
capacity of different scavengers and/or reducing agents to
suppress or minimize the two side reactions (Table 2 and
Figures S9−S19).

First, anisole (An), which has been previously demonstrated
to trap the tBu carbocation,14 was used as the sole scavenger
(Table 2, no. 2) and in the presence of H2O (Table 2, no. 3)
and TIS (Table 2, no. 4), the latter being a mild reducing
agent. In all three cases, the results in terms of reducing the
alkylation were slightly better than those achieved under
standard conditions (Table 2, no. 1), with ratios of tBu and
sulfoxide side product formation, fluctuating slightly. In turn,
for the sulfoxide reduction, the best was when An and H2O
were used (Table 2, no. 3). The use of TMSCl (Table 2, no. 5)
as the only additive rendered slightly better results for both
side reactions, while when used in combination with An (Table
2, no. 6), or An and TIS (Table 2, no. 7), the minimization of
both side reactions was more pronounced.

This effect was enhanced when another reducing agent,
namely, Me2S, which reduces sulfoxide to sulfenyl, was used

instead of TIS in the An-TMSCl mixture (Table 2, no. 8). The
simultaneous presence of both reducing agents, TIS and Me2S
(Table 2, no. 9), did not improve the results in comparison
with those achieved in the presence of only Me2S. In the next
round of conditions tested, the addition of a tiny amount of
another reducing agent, PPh3 (0.1%), in addition to TIS
(Table 2, no. 10) or Me2S (Table 2, no. 11), rendered
interesting results. While the addition of PPh3 to the TIS
mixture resulted in a moderate setback in the formation of side
reactions (Table 2, no. 10), the addition of PPh3 to Me2S
(Table 2, no. 11) provided the best conditions, with no
sulfoxide being detected, alongside a roughly 5% alkylated
product. From experiments 7−11 (Table 2), it can be
concluded that the combination of Me2S and PPh3 minimized
the Met side reactions. Finally, in experiment 12 (Table 2), the

presence of TIS together with Me2S and PPh3 did not confer
any additional advantage. In conclusion, the TFA/An/
TMSCl/Me2S/0.1% PPh3 combination prevented the oxida-
tion reaction and minimized the alkylation side reaction (from
approximately 20 down to 5%), thus providing optimal
conditions. The presence of TMSCl and PPh3 plays a crucial
role in the mixture, probably through a mechanism (Figure 2)
similar to the one based on the reduction of sulfoxides to
sulfides with thionyl chloride and triphenylphosphine proposed
by Jang et al.15

These optimized conditions were then used for the global
deprotection of peptides containing not only Met but also Cys
or Trp, the latter two possibly being sensitive to the
components of the TFA mixture. For instance, Trp can be
reduced if triethylsilane (TES) is used instead of TIS during a
normal global deprotection. Thus, two hexapeptides with
sequences Ac-Cys-Met-Glu-Glu-Pro-Asp-OH I and Ac-Trp-
Met-Glu-Glu-Pro-Asp-OH II were assembled on 2-CTC resin.

Peptide resin I was subjected to standard cleavage condition
no. 1 (Table 2) resulting in the two-oxidation (7.6%) and

Table 1. Effect of Reaction Time and Temperature on the
Formation of Oxidized and Alkylated Met By-Products

cleavage
conditions no. t (h)

T
(°C)

Ac-
MEEPD-

OH
Ac-

M(tBu)- Ac-M(O)-

TFA/TIS/H2O 1 1 25 74.8 23.6 1.6(2.1)a

95:2.5:2.5 2 1/2 25 86.8 11.4 1.8(2.0)a

3 2 25 71.7 26.0 2.3(3.2)a

4 1 40 26.2 71.9 1.9(7.3)a

5 1 6 85.9 12.4 1.7(2.0)a

aWith respect to the target peptide.

Table 2. Conditions Developed to Eradicate the Two Major
Side Reactions in Cleaving Met-Containing Peptides

no. cleavage conditions

Ac-
MEEPD-

OH
Ac-

M(tBu)-
Ac-

M(O)-

1 TFA/TIS/H2O (95:2.5:2.5)RT, 1 h 74.8 23.60 1.6
2 TFA/An1 (95:5)RT, 1 h 78.03 20.20 1.77
3 TFA/An/H2O (95:2.5:2.5)RT, 1 h 77.92 20.98 1.10
4 TFA/An/TIS (95:2.5:2.5)RT, 1 h 79.50 18.98 1.52
5 TFA/TMSCl (95:5)RT, 1 h 80.70 18.12 1.18
6 TFA/An/TMSCl (95:2.5:2.5)RT,

1 h
87.64 11.47 0.89

7 TFA/An/TMSCl/TIS (85:5:5:5)RT,
1 h

88.54 10.99 0.48

8 TFA/An/TMSCl/Me2S (85:5:5:5)
RT, 1 h

93.14 6.72 0.14

9 TFA/An/TMSCl/TIS/Me2S
(85:5:5:5) RT, 1 h

93.76 5.81 0.43

10 TFA/An/TMSCl/TIS/0.1%
PPh3(85:5:5:5) RT, 1 h

88.92 10.20 0.88

11 TFA/An/TMSCl/Me2S /0.1%
PPh3(85:5:5:5) RT, 1 h

94.58 5.42 0

12 TFA/An/TMSCl/TIS/Me2S/0.1%
PPh3(80:5:5:5:5) RT, 1 h

93.43 6.57 0

Figure 2. Mechanism proposed for avoiding the formation of Met(O)
in the final peptide by using TMSCl and PPh3.
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alkylation (3.9%) impurities (Figure 3A). The peptide resin
was stored for 1 year at +4 °C, and peptide cleavage was then

repeated under the same conditions (Table 2, no. 1). In the
second experiment, an important increase on the impurity’s
percentage [oxidation (19.8%); alkylation (12.8%)] was
observed. Furthermore, a tiny amount of a compound with a
mass of +32 amu was observed, presumably as a result of
oxidation from sulfoxide to sulfone in the peptide (Figure 3B).
To test the scope of our method for minimizing Met-
associated side reactions, the “aged” peptide resin was used.
Under the optimized conditions (no. 11, Table 2), the main
peak (61.3%) corresponded to the peptide containing a Trt
moiety (Figure 3C). Moreover, the formation of some disulfide
dimer was observed (15.6%) (Figure 3C). These results
highlight the importance of an adequate scavenger in the
removal of the Trt group from Cys, which is known to be a
reversible reaction. Thus, condition no. 12 (Table 2), which is
similar to no. 11 (Table 2) plus TIS, proved effective at
removing Trt from Cys, although the disulfide dimer was still
present (24.1%), as were the two key impurities [oxidation
(2.8%); alkylation (4.2%)] (Figure 3D). Finally, condition no.
12 (Table 2), with an increase in the amount of TMSCl and
P P h 3 [ T F A / A n / T M S C l / T I S / M e 2 S / 0 . 2 % P P h 3
(75:5:10:5:5)], proved optimal because Trt was removed,
with no dimer formation, nor the presence of the other
impurities (Figure 3E). It is important to note that the Cys
residue was unaffected by the presence of TMSCl.

Recently, synthesized peptide resin II was subjected to
standard cleavage condition no. 1 (Figure 4A), yielding crude
peptide Ac-WMEEPD-OH with a purity of 84.6%, while

oxidation and alkylation were present at 10.2 and 5.2%,
respectively. However, under condition no. 1, cleavage of the
same peptide resin stored at +4 °C for 1 year resulted in
greater amounts of the two impurities [oxidation (19.8%);
alkylation (13.2%), Figure 4B]. Finally, the cleavage of this
“aged” peptide resin in condition no. 11 rendered the target
peptide with a purity of 95.2%, with the presence of the tBu
impurity of 4.8% (Figure 4C). As in the case of Cys, the Trp
residue was also stable to TMSCl.

From the previous experiments, we can conclude that the
use of either condition no. 11 or no. 12 (with TIS, for Cys-
containing peptides, Table 2) practically eradicated the
undesired oxidation reaction, but approximately 5% of the S-
alkylated (sulfonium salt) side product was consistently
present. However, it is well known that the alkylation reaction
is reversible in a mild acidic medium. Thus, Ac-MEEPD-OH
was cleaved from the CTC-resin using the best-performing
cleavage condition (Table 2, no. 11). The peptide was
obtained at a purity of 96.0% with 4.0% of the S-alkylated
peptide, and no traces of the sulfoxide side product were
detected, as shown by LC−MS (Figure 5, 0 min). The
lyophilized peptide was treated with 5% acetic acid at 40 °C for
24 h. The in-between analysis of the same peptide solution by
LC-MS showed that S-alkylation was eliminated by 24 h,
yielding the target peptide with excellent purity (Figure 5).

The same experiment (5% acetic acid at 40 °C) was also
repeated using ultrasound giving slightly poorer results.
Moreover, the results became worse when 5% TFA (without
and with ultrasound) was used (no shown).

■ CONCLUSIONS
Met-containing peptides are known to produce some inevitable
side products during the final acidolytic cleavage step in the
Fmoc/tBu SPPS strategy. The two most common side
reactions are oxidation and S-alkylation, with the formation
of Met(O) and sulfonium salt residues, respectively. Although
a large number of cleavage conditions have been described in
previous literature, they do not fully arrest these side reactions.
Here, we have demonstrated that the presence of TMSCl and

Figure 3. HPLC chromatograms of crude Ac-Cys-Met-Glu-Glu-Pro-
Asp-OH. (A) Freshly synthesized peptide after cleavage using
condition no. 1 (Table 2); (B) aged peptide after cleavage using
condition no. 1 (Table 2); (C) aged peptide after cleavage using
condition no. 11 (Table 2); (D) aged peptide after cleavage using
condition no. 12 (Table 2); and (E) aged peptide after cleavage using
condition no. 12 (Table 2) increasing the amount of TMSCl and
PPh3. For MS spectra, see Figures S20−S25.

Figure 4. HPLC chromatograms of crude Ac-Trp-Met-Glu-Glu-Pro-
Asp-OH. (A) Freshly synthesized peptide after cleavage using
condition no. 1 (Table 2); (B) aged peptide after cleavage using
condition no. 1 (Table 2); (C) aged peptide after cleavage using
condition no. 11 (Table 2). For MS spectra, see Figure S26−S28.
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PPh3 in the cleavage condition is key for the minimization and
even eradication of the oxidation side reaction.

TFA/An/TMSCl/Me2S (85:5:5:5) containing 1 mg of Ph3P
per mL of reagent (Table 2, no. 11) and TFA/An/TIS/
TMSCl/Me2S (85:5:5:5:5) containing 1 mg of Ph3P per mL of
reagent (no. 12) eradicated Met(O) and reduced S-alkylation
in all the peptides containing Met. The presence of TIS is
imperative for the removal of Trt of the Cys residue. This is a
reversible reaction, which is displaced to the free Cys by
scavenging the Trt carbocation. Both reagents (Table 2, nos.
11 and 12) gave excellent results for the peptides involving
sensitive amino acids such as Cys and Trp. TMSCl did not
affect any of these amino acids. These reagents circumvent the
need for NH4I in a late stage of the treatment. This is a
considerable advantage as NH4I is insoluble in organic solvents
and soluble in aqueous ones, thus making its removal from the
final peptide tedious as well as hindering the workup.

Reversing the sulfonium salt of the peptide to the free
thioether peptide after lyophilization was also accomplished by
heating the peptide at 40 °C for 24 h in 5% AcOH.
Interestingly, Met-containing peptide resins stored at 4 °C for
several months rendered larger amounts of the two side
products when standard cleavage conditions were used (no. 1,
Table 2). This phenomenon should be further studied.

Met(O) has been used in the solid-phase synthesis of
hydrophobic protected peptides to facilitate the further
assembly by trouble-free management and purification of the
peptides.16 In this regard, reagent developed herein can favor
this strategy.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c01058.

Characterization of the peptides on HPLC and LCMS
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Fernando Albericio − Peptide Science Laboratory, School of
Chemistry and Physics, University of KwaZulu-Natal,
Durban 4000, South Africa; CIBER-BBN, Networking
Centre on Bioengineering, Biomaterials and Nanomedicine,

and Department of Organic Chemistry, University of
Barcelona, 08028 Barcelona, Spain; orcid.org/0000-
0002-8946-0462; Email: albericio@ukzn.ac.za

Beatriz G. de la Torre − KwaZulu-Natal Research Innovation
and Sequencing Platform (KRISP), School of Laboratory
Medicine and Medical Sciences, College of Health Sciences,
University of KwaZulu-Natal, Durban 4041, South Africa;

orcid.org/0000-0001-8521-9172;
Email: garciadelatorreb@ukzn.ac.za

Authors
K. P. Nandhini − KwaZulu-Natal Research Innovation and
Sequencing Platform (KRISP), School of Laboratory
Medicine and Medical Sciences, College of Health Sciences,
University of KwaZulu-Natal, Durban 4041, South Africa;
Peptide Science Laboratory, School of Chemistry and Physics,
University of KwaZulu-Natal, Durban 4000, South Africa

Mahama Alhassan − Peptide Science Laboratory, School of
Chemistry and Physics, University of KwaZulu-Natal,
Durban 4000, South Africa

Clinton G. L. Veale − Department of Chemistry, University of
Cape Town, Cape Town 7700, South Africa; orcid.org/
0000-0002-4043-7106

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c01058

Author Contributions
The strategy was designed by all of the authors. Experimental
works were executed by K.P.N. and M.A. All of the authors
discussed the results and prepared the manuscript. All of the
authors approved the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was partially funded by the National Research
Foundation (NRF) (Blue Sky’s Research Program no.
120386).

■ REFERENCES
(1) Aledo, J. C. Methionine in proteins: The Cinderella of the

proteinogenic amino acids. Protein Sci. 2019, 28, 1785−1796.
(2) Brot, N.; Weissbach, L.; Werth, J.; Weissbach, H. Enzymatic

reduction of protein-bound methionine sulfoxide. Proc. Nat. Ac.
Sci.USA 1981, 78, 2155−2158.

(3) Struck, A. W.; Thompson, M. L.; Wong, L. S.; Micklefield, J. S-
Adenosyl-methionine-dependent methyltransferases: highly versatile
enzymes in biocatalysis, biosynthesis and other biotechnological
applications. ChemBioChem 2012, 13, 2642−2655.

(4) Augspurger, N. R.; Scherer, C. S.; Garrow, T. A.; Baker, D. H.
Dietary S-methylmethionine, a component of foods, has choline-
sparing activity in chickens. J. Nutr. 2005, 135, 1712−1717.

(5) Taichi, M.; Kimura, T.; Nishiuchi, Y. Suppression of Side
Reactions During Final Deprotection Employing a Strong Acid in Boc
Chemistry: Regeneration of Methionyl Residues from Their
Sulfonium Salts. Int. J. Pept. Res. Ther. 2009, 15, 247.

(6) Tam, J. P.; Heath, W. F.; Merrifield, R. B. SN 1 and SN 2
mechanisms for the deprotection of synthetic peptides by hydrogen
fluoride. Int. J. Pept. Prot. Res. 1983, 21, 57−65.

(7) Tam, J. P.; Heath, W. F.; Merrifield, R. B. Mechanisms for the
removal of benzyl protecting groups in synthetic peptides by
trifluoromethanesulfonic acid-trifluoroacetic acid-dimethyl sulfide. J.
Am. Chem. Soc. 1986, 108, 5242−5251.

Figure 5. HPLC chromatograms showing the conversion of the
lyophilized peptide containing the sulfonium salt into the right
peptide by heating at 40 °C in 5% acetic acid.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01058
ACS Omega 2023, 8, 15631−15637

15636

https://pubs.acs.org/doi/10.1021/acsomega.3c01058?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01058/suppl_file/ao3c01058_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Albericio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8946-0462
https://orcid.org/0000-0002-8946-0462
mailto:albericio@ukzn.ac.za
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+G.+de+la+Torre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8521-9172
https://orcid.org/0000-0001-8521-9172
mailto:garciadelatorreb@ukzn.ac.za
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+P.+Nandhini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahama+Alhassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clinton+G.+L.+Veale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4043-7106
https://orcid.org/0000-0002-4043-7106
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?ref=pdf
https://doi.org/10.1002/pro.3698
https://doi.org/10.1002/pro.3698
https://doi.org/10.1073/pnas.78.4.2155
https://doi.org/10.1073/pnas.78.4.2155
https://doi.org/10.1002/cbic.201200556
https://doi.org/10.1002/cbic.201200556
https://doi.org/10.1002/cbic.201200556
https://doi.org/10.1002/cbic.201200556
https://doi.org/10.1093/jn/135.7.1712
https://doi.org/10.1093/jn/135.7.1712
https://doi.org/10.1007/s10989-009-9185-0
https://doi.org/10.1007/s10989-009-9185-0
https://doi.org/10.1007/s10989-009-9185-0
https://doi.org/10.1007/s10989-009-9185-0
https://doi.org/10.1111/j.1399-3011.1983.tb03078.x
https://doi.org/10.1111/j.1399-3011.1983.tb03078.x
https://doi.org/10.1111/j.1399-3011.1983.tb03078.x
https://doi.org/10.1021/ja00277a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00277a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00277a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01058?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(8) Nicolás, E.; Vilaseca, M.; Giralt, E. A study of the use of NH4I
for the reduction of methionine sulfoxide in peptides containing
cysteine and cystine. Tetrahedron 1995, 51, 5701−5710.

(9) Dick, F. In Peptide Synthesis Protocols; Pennington, M. W. D. B.
M., Ed.; Humana Press, Totowa, NJ: 1994, p 63−72.

(10) Huang, H.; Rabenstein, D. L. A cleavage cocktail for
methionine-containing peptides. J. Pept. Res. 1999, 53, 548−553.

(11) King, D. S.; Fields, C. G.; Fields, G. B. A cleavage method
which minimizes side reactions following Fmoc solid phase peptide
synthesis. Int. J. Pept. Prot. Res. 1990, 36, 255−266.

(12) Albericio, F.; Annis, I.; Royo, M.; Barany, G. In Fmoc Solid
Phase Peptide Synthesis: A Practical Approach; Chan, W., White, P.,
Eds.; Oxford University Press: 1999, p 77−114.

(13) Teixidó, M.; Albericio, F.; Giralt, E. Solid-phase synthesis and
characterization of N-methyl-rich peptides. J. Pept. Res. 2005, 65,
153−166.

(14) Lundt, B. F.; Johansen, N. L.; Vølund, A.; Markussen, J.
Removal of t-Butyl and t-Butoxycarbonyl protecting groups with
trifluoroacetic acid. Int. J. Pept. Prot. Res. 1978, 12, 258−268.

(15) Jang, Y.; Kim, K. T.; Jeon, H. B. Deoxygenation of Sulfoxides to
Sulfides with Thionyl Chloride and Triphenylphosphine: Competi-
tion with the Pummerer Reaction. J. Org. Chem. 2013, 78, 6328−
6331.

(16) Lloyd-Williams, P.; Albericio, F.; Giralt, E. Convergent solid-
phase peptide synthesis. Int. J. Pept. Prot. Res. 1991, 37, 58−60.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01058
ACS Omega 2023, 8, 15631−15637

15637

https://doi.org/10.1016/0040-4020(95)00234-Y
https://doi.org/10.1016/0040-4020(95)00234-Y
https://doi.org/10.1016/0040-4020(95)00234-Y
https://doi.org/10.1034/j.1399-3011.1999.00059.x
https://doi.org/10.1034/j.1399-3011.1999.00059.x
https://doi.org/10.1111/j.1399-3011.2004.00213.x
https://doi.org/10.1111/j.1399-3011.2004.00213.x
https://doi.org/10.1111/j.1399-3011.1978.tb02896.x
https://doi.org/10.1111/j.1399-3011.1978.tb02896.x
https://doi.org/10.1021/jo4008157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4008157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4008157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0076-6879(97)89054-4
https://doi.org/10.1016/S0076-6879(97)89054-4
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

