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Utility of the Phenacyl Protecting Group in Traceless
Protein Semisynthesis through Ligation-Desulfurization

Chemistry

Maria Matveenko, Stefanie Hackl, and Christian F. W. Becker*

Semisynthesis of proteins via expressed protein ligation is a
widely applicable method, even more so because of the possi-
bility of ligation at non-cysteine sites using [3-mercapto amino
acids that can be converted to the corresponding native
amino acids by desulfurization. A drawback of this ligation—
desulfurization approach is the removal of any unprotected
native cysteine residues within the ligated protein segments.
Here, we show that the phenacyl (PAc) moiety can be success-
fully used to protect cysteines within recombinantly generated
protein segments. As such, this group was selectively append-
ed onto cysteine side chains within bacterially expressed poly-
peptides following intein cleavage, which reveals a rather sen-
sitive thioester at the C-terminus. The PAc group proved to be
compatible with native chemical ligation, radical desulfuriza-
tion, and reverse-phase HPLC conditions, and was smoothly re-
moved at the end. The utility of the PAc protecting group was
then demonstrated by the ‘traceless’ semisynthesis of two pro-
teins containing one or two native cysteines: human small
heat shock protein Hsp27 and murine prion protein.

Expressed protein ligation (EPL) is a versatile method for pro-
tein semisynthesis that has tremendously expanded the range
of achievable targets and enabled a multitude of discoveries
regarding protein structure, function, localization, and other
properties. This method relies on the native chemical ligation
(NCL)® reaction between two protein segments, either of
which can be produced recombinantly or synthetically, one
containing a C-terminal thioester and the other containing an
N-terminal cysteine (Cys), and which react by means of transes-
terification and rearrange through an S-to-N acyl shift to form
a native peptide bond.

The initial requirement for N-terminal cysteine residues,
which occur at a low frequency of approximately 1.7 % in pro-
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teins,” has subsequently been abrogated, largely by the devel-
opment of the ligation—-desulfurization strategy, which com-
bines the use of introduced cysteines or non-natural beta-mer-
capto derivatives of amino acids with desulfurization to clip off
the thiol moiety and reveal the native alanine or other protei-
nogenic amino acids at the ligation site.” This strategy, pio-
neered by Yan and Dawson, who demonstrated the reductive
desulfurization of Cys to Ala following NCL (Scheme 1),"* was
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Scheme 1. Overview of the ligation-desulfurization approach.

made widely applicable by the development of mild, metal-
free radical desulfurization methods,**' as well as the use of
other - or y-mercapto amino acids"9* and selenocysteine.”
The ligation—desulfurization chemistry has greatly increased
the flexibility of the semi- and total synthesis approaches
toward proteins. The potential drawback of most of these
methods, besides when using selective desulfurization of f3-
mercapto aspartate” or selenocysteine,” is the concomitant
desulfurization of any unprotected native cysteines, usually
found in the larger recombinant segments of the protein of in-
terest, as those in the synthetic part can be easily protected or-
thogonally during solid-phase peptide synthesis (SPPS). Both
the removal of any native cysteines as well as the incorpora-
tion of non-native thiol-containing amino acids is often unde-
sirable, as these residues are capable of forming disulfide
bridges that greatly affect the tertiary structure and moreover
can themselves be functionally significant.

During our studies on the semisynthesis of human small
heat shock protein, Hsp27, through the ligation-desulfurization
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strategy, the unwanted thiol removal of the single native cys-
teine residue (Cys137) was encountered (Scheme 2). The 205
amino acid protein was generated through NCL between the
recombinant Hsp27(1-172) segment carrying a C-terminal thio-

intein HS
Expression leavage = recombinant O synthetic SPPS K _O
inE.coli 7 Hsp27(1-172) —/< HoN Hsp27(174-205) =~
r SR o resin-

Cys137 SH bound

Cys173
Lys205

1) NCL
2) radical desulfurization
(one pot)

semisynthetic Hsp27

7 /
H,C HC

Ala137 Ala173

Scheme 2. Overview of the previous ligation-desulfurization approach ap-
plied to the semisynthesis of Hsp27, generating a Cys137Ala mutation.”

ester and the smaller synthetic fragment Hsp27(173-205),
wherein Ala173 had been replaced with a Cys residue, fol-
lowed by desulfurization. Fortunately, the ensuing Cys137Ala
modification had previously been investigated and rendered
inconsequential in the context of our functional characteriza-
tion of the protein.”’ Nevertheless, we decided to solve the un-
desired desulfurization issue and, thus, to achieve a ‘traceless’
semisynthesis of Hsp27, keeping Cys137 intact. Two variants of
this protein were pursued in accordance with our previous
work: one carrying a non-enzymatic posttranslational modifica-
tion argpyrimidine (Apy) at residue 188, termed Hsp27*", and
the control, non-modified (NM) variant, referred to as Hsp27"™.

To this end, we searched for a suitable protecting group
that would temporarily mask the native Cys137 of Hsp27 and
satisfy several criteria. Firstly, this protecting group has to be
selective for cysteine residues, as it needs to be appended fol-
lowing thiol-mediated intein cleavage of the long, recombi-
nantly produced protein segment containing many nucleophil-
ic side chains. In addition, the conditions for this protection
need to be mild, so as not to compromise the unstable C-ter-
minal thioester moiety. Protection prior to intein cleavage and
concomitant thioester formation is not possible, owing to the
requirement for the free thiol group of the critical cysteine resi-
due in intein to be next to the cleavage site. Secondly, the re-
sulting protected thiol has to be stable enough to withstand
the NCL reaction followed by desulfurization of the ligation-
site cysteine, thus excluding any groups that are sensitive to
reducing, basic, and radical conditions. Finally, it should be
straightforward to remove such a protecting group by using
reasonably mild reagents. Based on these criteria, two candi-
dates were selected, trityl (Trt)"” and phenacyl (PAC)"" groups,
both of which were attractive as they had previously been suc-
cessfully used for similar purposes, although neither has been
used to protect a thioester-containing peptide."®" Specifical-
ly, Trt was utilized by Mochizuki et al. to protect two internal
Cys sulfhydryls within a 32-amino-acid-long synthetic peptide,
which was then deprotected at the N-terminal cysteine and li-
gated to a C-terminal thioester fragment, followed by desulfur-
ization, Trt-deprotection, oxidation, and purification, to obtain
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the desired product in 42% overall yield from the Trt-free pep-
tide."” Kawakami and co-workers, on the other hand, used the
PAc moiety, first applied in the protection of amino and thiol
functions by Tang et al.,"" to mask two cysteines within a re-
combinant C-terminal fragment of histone H3.1. After success-
ful introduction of the PAc groups, the orthogonally protected
N-terminal cysteine was revealed and the resulting fragment
underwent NCL, desulfurization, and PAc-deprotection to
afford semisynthetic H3.1 in 18% yield over six steps from the
protecting-group-free recombinant fragment.'? With these
two promising candidates in mind, we decided to use wild-
type (WT) recombinant, HPLC-purified Hsp27 (Hsp27"") as a
model system for the comparison of the protecting groups
(Scheme 3).

TrtOH, PACBr,
Hsp27VT HFIP Hsp27VT pH 7.2 Hsp27VT
T g s~ PAc.
l NCL conditions Cys137 l NCL conditions
(a) (a)
Hsp27WT Hsp27WT
TS PAC. o
desulfurization desulfurization
conditions conditions
(b) (b)

Hsp27 VT Q o O ; Hsp27 VT
Tn\s) L PAc\S)
; Cﬂ 0 :

l deprotection
(c)

Hsp27VT
HS)

Scheme 3. Overview of the process to find a suitable cysteine protecting
group to enable the ‘traceless’ semisynthesis of Hsp27. Reagents and condi-
tions: a) 6m Gdn-HCl, 0.2 m NaPi, 0.25m MESNA, 50 mm TCEP, pH 7.8, 37 °C,
48 h; b) 6 M Gdn-HCl, 0.2 m NaPi, 0.2m TCEP, 50 mm MESNA, 16 mm V-50,
pH 6.7, 40°C, 16 h; c) Zn, MPA (15% v/v in 6 m Gdn-HCI).

Gratifyingly, both Trt and PAc protecting groups could be in-
troduced easily onto Cys137 within the model system Hsp27""
by alkylation with either Trt cation, generated from TrtOH in
the presence of a moderately acidic hexafluoroisopropanol
(HFIP), or PAcBr used in slight excess at a carefully controlled
pH (Scheme 3) under the published reaction conditions.'>"d
The ESI-MS spectra of the ensuing proteins (Figures S1 and S2)
indicated a clean conversion, and thus the respective buffers
were exchanged, without isolation of proteins, with that re-
quired for an NCL reaction. In previous work, we were able to
conduct the ligation and the desulfurization steps in one pot
by using sodium 2-mercaptoethanesulfonate (MESNA) as the
mediator for NCL, as this reagent is compatible with the subse-
quent radical-mediated step.”'? Thus, the S-protected proteins
were submitted to these optimized conditions, consisting of
6M Gdn:-HCl, 50 mm tris(2-carboxyethyl)phosphine (TCEP) and
250 mm MESNA at pH 7.8. Both protecting groups performed
well under these conditions, and the corresponding protein
samples remained unaffected even after 48 h (the typical reac-
tion time from previous studies), as judged by their LC-MS
spectra (Figures S3 and S4). The more critical test was the sub-
sequent radical desulfurization process, for which the reaction

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mixtures were diluted (4 %) with a buffer containing additional
TCEP to serve as the thiyl radical acceptor, and the water-solu-
ble radical initiator V-50,“"' whereas the remaining MESNA (ca.
50 mm final concentration) should function as the hydride
source. After 16 h at 40°C,”” the LC-MS spectrum of the Trt-
protected protein (Figure S5) showed a mixture of products, in-
cluding deprotected but not desulfurized proteins, indicating
that the easily formed and stable trityl radical had potentially
compromised the stability of the protecting group and the re-
action itself. On the other hand, the spectrum of the PAc-pro-
tected Hsp27"" did not change, showing only the protected
proteins (Figure S6) and indicating that only the PAc group
was suitable for our purposes. In the last hurdle, this moiety
was then smoothly cleaved by treatment with powdered Zn
under acidic conditions [mercaptopropionic acid (MPA) in 6m
Gdn-HCl, pH~ 1, unadjusted]."' After 30 min, the peak for the
substrate was already undetectable in the LC-MS spectrum of
the reaction mixture, and the deprotected protein was isolated
by HPLC (recovery >60% over 4 steps; see Figure S7 for char-
acterization). Notably, Katayama and Hojo have demonstrated
that such reducing conditions do not affect acetamidomethyl
(Acm) or p-methoxybenzyl groups,"™® which are commonly
used for Cys protection should such orthogonality be of use.

o
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In this way, the PAc group was selected and was then used
to synthesize the non-Apy-modified (Hsp27™") and Apy-modi-
fied (Hsp27”™) proteins that retain their native Cys137 residues
(Scheme 4). PAcBr could then be smoothly reacted with
Hsp27(1-172)-thioester 1 to produce the corresponding
Cys137-protected variant 2; the formation of which was veri-
fied by LC-MS analysis of the reaction mixture (mass difference
owing to PAc addition = + 118 Da; Figure S8). The only inho-
mogeneity in the ensuing mass spectrum (Scheme 4A) arises
from the presence of traces of the corresponding C-terminal
acid of 2 (mass deviation from desired product = —124 Da),
formed by hydrolysis during the preceding MESNA-mediated
intein cleavage. On the other hand, the doubling of the main
peak is the result of the inconsequential incomplete cleavage
of the N-terminal methionine by bacterial peptidases, which
often occurs during expression in E. coli™ Subsequently,
buffer exchange to the NCL conditions followed by addition of
the N-terminal Cys-carrying peptide 3 in a slight excess gener-
ated, after 48 h, ligation product 4, as indicated by LC-MS anal-
ysis of the crude reaction mixture and the ensuing mass spec-
trum (Scheme 4B), which also shows traces of unreacted 2 as
well as the corresponding acid. Buffer exchange and submit-
ting the crude 4 to radical desulfurization resulted in clean
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Scheme 4. Semisynthesis of Hsp27 variants through traceless one-pot ligation-desulfurization by using the PAc protecting group. Reagents and conditions:

a) [11=0.5 mm, PAcBr (2.5 equiv), 6 M Gdn-HCl, 0.4 m NaPi, pH 7.15, 25°C, 1 h; b) [2]=0.3 mwm, 3 (3 equiv), 6 M Gdn-HCl, 0.2 m NaPi, 0.25m MESNA, 50 mm TCEP,
pH 7.8, 37°C, 48 h; ¢) 6 M Gdn-HCl, 0.2 m NaPi, 0.15m TCEP, 0.125m MESNA, 13 mm V-50, pH 6.6, 40°C, 16 h; d) powdered Zn (37 mgmL™"), MPA (7.5% v/v in

6 M Gdn-HCl), 25°C, 1 h, 35% over four steps. A-C) Mass spectra obtained by LC-MS analysis of crude reaction mixtures of 2, 4, or 5. D, E) Analytical HPLC

traces (A =214 nm) and ESI-MS spectra of isolated 6, 7.
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conversion into compound 5 (Scheme 4C), which was then de-
protected as described above and purified by the single appli-
cation of reverse-phase HPLC to provide Hsp27"" still contain-
ing Cys137 (6, 35% from thioester 1, 2.0 mg). The Apy-modi-
fied variant 7 was generated by identical means, but using the
Apy-derivatized variant of 3 in 38% yield (2.2 mg) over four
steps. The proteins were obtained in good purity, as judged by
analytical HPLC chromatograms and ESI-MS  spectra
(Schemes 4D and 4E), although both samples contained small
amounts of the unreacted acid Hsp27(1-172)—OH, which also
retained Cys137. The two samples were analyzed by far-UV cir-
cular dichroism (CD) spectroscopy and analytical size-exclusion
chromatography (Figures S11 and S12, respectively). We did
not observe any major differences between the properties of
the two variants or, moreover, to those obtained previously
and containing the Cys127Ala modification (Figures S11 and
$12).9

To probe the scope of the PAc-protection approach, we
chose another recombinant protein segment that had been
utilized in the semisynthesis of a lipidated prion protein (PrP)
variant in our laboratories. The C-terminal thioester of N-termi-
nally truncated PrP (residues 90-231, T PrP-SR, 8; Scheme 5)
contains two cysteines, Cys178 and Cys213, and was previously

HS S

N N i PAC”T Y N
_/< LY PrP(90-231) J(

PrP(90-231)
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Scheme 5. Traceless semisynthesis and characterization of lipidated T PrP
variant. Reagents and conditions: a) [8]=0.4 mm, PAcBr (5 equiv), 6 M
Gdn-HCl, 0.4m NaPi, pH 7.15, 20°C, 1 h; b) [10]=0.6 mwm, 9 (2.5 equiv), 6™
Gdn-HCl, 0.2 m NaPi, 30 mm MPAA, 20 mm TCEP, pH 7.2, 37°C, 6 h, ca. 30%
over two steps; ¢) 6 M Gdn-HCl, 0.2 m NaPi, 0.25m TCEP, 0.1 M MESNA, 20 mm
V-50, pH 6.7, 40°C, 16 h; d) Zn (180 mgmL "), AcOH (45% v/v in 6m
Gdn-HCl), 25°C, 1 h, 65-90% over 2 steps. A) Analytical HPLC trace (baseline
corrected) and ESI-MS spectrum of isolated 11. B) Far-UV CD spectrum of
folded 11.
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ligated to a synthetic C-terminal peptide 9 that features a non-
native Cys232 residue at its N-terminus for NCL, with two
lysine-bound palmitoyl groups to serve as a membrane anchor
and a polymer tag to enhance solubility."" The introduced li-
gation site Cys was left un-desulfurized in the previous synthe-
ses, which could potentially be problematic for the folding of
the protein, as it involves the Cys178-Cys213 disulfide forma-
tion. In an attempt to achieve a ‘traceless’ semisynthesis of lipi-
dated T PrP, we obtained the bis-Cys-protected product 10
(Scheme 5 and Figure S13). Ligation of this thioester to peptide
9 (2.5 equiv) did not proceed with MESNA as a mediator, and
the more reactive thioester-forming mercaptophenylacetic acid
(MPAA) had to be utilized, which resulted in rapid and efficient
ligation (Figure S14). Unfortunately, this aromatic thiol was not
compatible with the radical desulfurization reaction, owing to
its radical-quenching properties and, moreover, it could not be
removed sufficiently by using precipitation or buffer-exchange
methods. Thus, the ligation product was isolated by reverse-
phase HPLC (Figure S15), and then submitted to the optimized
desulfurization conditions. The readily formed Cys232Ala prod-
uct (Figure S16) was then treated with the PAc-deprotection
mixture used previously. Unfortunately, the reaction was very
sluggish in this case, producing insoluble material and unable
to reach completion. Although even worse results were ob-
served with Mg as the metal, using Zn in AcOH (45% v/v in
6M Gdn-HC)™ allowed the desired product to be formed
with full conversion in 60 min, as indicated by LC-MS. After
centrifugation and isolation by reverse-phase HPLC, the de-
sired lipidated T PrP variant 11 was isolated in 65-90% yield
over two steps and characterized by ESI-MS and analytical re-
verse-phase HPLC (Scheme 5A). The semisynthetic PrP samples
were folded, as described previously,'* and analyzed by CD
spectroscopy (Scheme 5B), which showed that they adopt a
secondary structure similar to that observed for the samples
containing the additional Cys232 residue (Figure S17 and
Table S1), corroborating the previous results.

Overall, the PAc moiety proved to be a useful cysteine pro-
tecting group that can be appended onto recombinantly pro-
duced protein segments containing a sensitive thioester
moiety. The group remains unaffected during the NCL and rad-
ical desulfurization reactions as well as reverse-phase HPLC,
and can be cleanly removed under reductive, acidic conditions
that are orthogonal to the deprotection of common cysteine
protecting groups. Therefore, this methodology may help to
achieve even more precise semi- and total synthesis ap-
proaches for proteins in the future.

Experimental Section

Procedures and characterization data can be found in the Support-
ing Information.
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