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An efficient method has been developed for the salicylaldehyde
ester-mediated ligation of unprotected peptides at serine (Ser) or
threonine (Thr) residues. The utility of this peptide ligation ap-
proach has been demonstrated through the convergent syntheses
of two therapeutic peptides—ovine-corticoliberin and Forteo—and
the human erythrocyte acylphosphatase protein (~11 kDa). The req-
uisite peptide salicylaldehyde ester precursor is prepared in an epi-
merization-free manner via Fmoc—solid-phase peptide synthesis.

synthetic protein | acyl transfer | chemoselective ligation

andmark advances in the field of synthetic protein chemistry
have enabled the preparation of complex, homogeneous
proteins (1-3), including those that carry specific posttranslational
modifications (PTMs) (4-11). Of particular significance, Dani-
shefsky and coworkers have obtained glycosylated human follicle-
stimulating hormone (7) and erythropoietin (11), solely through
chemical synthesis. In general, protein synthesis consists of two
key phases: (i) solid-phase peptide synthesis (SPPS) allows for the
generation of moderately sized peptide segments (up to ~30 amino
acids) (12); and (if) chemical ligation serves to chemoselectively
join these synthetic peptide fragments (13-16). In the 1970s, Kemp
and coworkers conceptually devised a promising peptide ligation
strategy, involving prior capture followed by acyl transfer, which
has laid the foundation for the development of chemical ligation
in the convergent peptide synthesis (17-22). A milestone advance
in the field was the discovery, by Kent and coworkers, of native
chemical ligation (NCL) (13), in which a C-terminal peptide
thioester and an N-terminal cysteine-containing peptide—both in
side-chain unprotected forms—are selectively coupled to generate a
natural peptidic linkage (Xaa-Cys) at the site of ligation. Because
the Kent NCL approach exploits the unique nucleophilicity of the
cysteine thiol group, the relatively low abundance of cysteine
residues in natural proteins can pose a significant challenge to
NCL-based protein synthesis efforts. In an effort to expand the
scope of NCL, a number of research groups have developed var-
iants, wherein f- or y-thiol containing amino acids are temporarily
installed on the peptide N terminus, thus promoting NCL-like
ligation. Subsequent desulfurization serves to restore the natural
amino acid at the site of ligation (23-26). Whereas this NCL-
desulfurization strategy has been widely used in protein synthesis,
a menu of complementary thiol-independent ligation approaches
(27-34) may offer new opportunities for convergent protein syn-
thesis. Nevertheless, these thiol-independent ligations require the
installation of unique reaction functionalities, often tediously, on
both sides of the N-terminal peptide segment and the C-terminal
peptide segment to induce a chemoselective coupling reaction.
Along these lines, our laboratory has been pursuing the deve-
lopment of methods for ligation at N-terminal serine and threo-
nine residues to generate natural Xaa—-Ser/Thr linkages directly,
using natural serine or threonine residues at the reacting N ter-
minus. In an encouraging precedent, Kemp and coworkers have
examined the hemiaminal-mediated acyl transfer of 8-acetoxy-1-
naphthaldehyde and 2-acetoxybenzaldehyde reacting with primary
amines. Under the optimal conditions, O — N acyl transfer to the
less-hindered amine (i.e., glycine and benzylamine) was observed
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(17, 35). Subsequently, an approach involving reductive amination
was developed to facilitate acyl transfer (36, 37). Using such an
imine-induced intramolecular acyl transfer concept, Tam et al. have
demonstrated that a peptide containing a C-terminal glycoaldehyde
can couple with a second peptide, containing an N-terminal Cys,
Thr, or Ser residue, to generate a pseudoproline structure (thia-
zolidine or oxazolidine) at the site of ligation (14, 38, 39). However,
the resultant oxazolidine, being quite stable, has not been dem-
onstrated to be cleavable to restore the natural peptidic linkage.
In a preliminary disclosure, our laboratory recently described the
coupling of an O-salicylaldehyde ester of a single amino acid or
dipeptide with the 1,2-hydroxylamine moiety as found in serine
and threonine, to form an N,O-benzylidene acetal linked interme-
diate, which, without isolation, is readily converted to the natural
peptidic linkage (i.e., Xaa—Ser/Thr, Fig. 1) (40).

Having established the validity of this approach, we sought to
expand upon the general concept, with the ultimate goal of de-
veloping a versatile and efficient solution to the challenge of native
Ser and Thr peptide ligation (Fig. 1). We identified two significant
issues that must be addressed before our concept could be suc-
cessfully extended to peptide synthesis applications. First, we would
need to develop a robust method for the preparation of peptide
salicylaldehyde esters, which would be compatible with standard
SPPS strategies. In our previous study, we had used direct cou-
pling to prepare salicylaldehyde esters of Fmoc-protected single
amino acids and pseudoproline-containing dipeptides. However,
the analogous esterification of large peptide fragments via direct
coupling would not be feasible, due to the potential for epime-
rization of the C-terminal amino acid. Second, we would need to
demonstrate that the coupling reaction between peptide salicy-
laldehyde esters and N-terminal Ser- or Thr-containing peptides
could be compatible with fully unprotected peptide substrates. We
were well aware that the diverse functionality present in large side-
chain unprotected peptides could potentially complicate efforts
to achieve the high levels of chemoselectivity, efficiency, and
preservation of chirality required for peptide ligation reactions.

The objectives outlined above have now been met, and a work-
able thiol-free Ser/Thr peptide ligation method has been developed.
We describe herein the identification of epimerization-free con-
ditions for the synthesis of peptide salicylaldehyde esters via
Fmoc-SPPS, and the successful ligation of these substrates with
unprotected N-terminal Ser or Thr peptide fragments. Moreover,
the utility of this protocol has been demonstrated in the context of
several biologically compelling target systems, including the human
erythrocyte acylphosphatase protein.
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Fig. 1. Principle of salicylaldehyde ester-mediated peptide ligation at serine/
threonine sites.

Results and Discussion

Synthesis of Peptide Salicylaldehyde Esters. We first sought to devise
a practical synthesis of side-chain unprotected peptide salicylalde-
hyde (SAL) esters. Due to the lability of the O-SAL ester under
piperidine-mediated Fmoc deprotection conditions, direct prep-
aration of the peptide SAL ester via Fmoc-SPPS would not be
feasible. Inspired by recent methodological advances in Fmoc-
SPPS of peptide thioesters used in NCL (41), we adopted a post-
Fmoc-SPPS derivatization approach. We thus developed a process
wherein the peptide SAL ester could be obtained via on-resin
phenolysis of the peptide N-acyl-benzimidazolinone (Nbz) (42)
(Fig. 2). The optimized process is as follows: First, the resin-bound

peptide Nbz is generated via Fmoc-SPPS, under the conditions
developed by Blanco-Canosa and Dawson (42). The resin-bound
peptide Nbz is then suspended in dry dichloromethane (DCM)/
THEF (1/3, volvol), and salicylaldehyde dimethyl acetal and Na,CO;
are added to the flask. The reaction mixture is stirred at room
temperature for 16 h and the concentrated filtrate is treated with
TFA-based mixture to remove the side-chain protecting groups,
affording the desired peptide SAL ester. Alternatively, the peptide
Nbz may be cleaved from the Rink resin, before in-solution phe-
nolysis. In the original Blanco-Canosa and Dawson report (42), the
peptide thioester was prepared via in-solution thiolysis of the peptide
Nbz. However, in our experience, the on-resin phenolysis approach
provided peptide SAL esters more efficiently and cleanly. The liquid
chromatography-mass spectrometry (LC-MS) trace of the crude
filtrate, following on-resin phenolysis, reveals the desired peptide
SAL esters, along with excess salicylaldehyde (Fig. 3).

Using this method, we prepared and purified, by reverse-phase
HPLC, a series of peptide SAL esters of various lengths (6-21
amino acids) in overall yields of 20-30%, based on resin loading.
To ascertain whether epimerization occurs during on-resin phe-
nolysis, we synthesized epimeric Z-DTTADA-SAL ester and
Z-DTTADa-SAL ester. We were pleased to observe no epime-
rization of the C-terminal Ala residues of these SAL esters, as
determined by HPLC analysis. This strategy thus provides a re-
liable and facile solution to the SPPS-compatible preparation of
peptide SAL esters.

Serine/Threonine Peptide Ligation. With a menu of peptide SAL
esters in hand, we were now poised to investigate the extension
of our salicylaldehyde ester-induced coupling to the significantly
more challenging context of convergent peptide synthesis. Thus,
peptide segment 1, incorporating a C-terminal SAL ester, was
exposed to peptide 3, presenting a Ser residue at its N terminus,
in pyridine acetate buffer. In the event, the two side-chain un-
protected peptide segments reacted smoothly to produce the
coupled peptide in nearly quantitative conversion, within 8 h.
Following acidolysis (TFA/H,O/iPr;SiH for 10 min), the desired
product, incorporating the Ala—Ser peptidic bond at the ligation
site, was in hand (Table 1, entry 1). In a key demonstration,
Z-DTTADa-SAL ester (2) was observed to react with the same
N-terminal peptide segment (3, entry 2), with no epimerization
at the site of ligation, as indicated by LC-MS analysis (Fig. 4).
It is known that peptides containing C-terminal asparagine
thioesters can be resistant to ligation under standard NCL con-
ditions, due to the propensity of the substrates to undergo cycliza-
tion to form unproductive C-terminal succinimides (43). However,
under our conditions, ligation of peptides 4 and 5 proceeded
rapidly, and without incident, to deliver the desired adduct,
bearing an Asn-Thr sequence at the site of ligation (entry 3).

PlG PG
Fmoc— A1 An... A4A3A2A1 YO 1. p-NO,-phenyl
/@ Fmoc-SPPS chloroformate
@ ]@)J\ 2. DIEA, DMF
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2. TFA, H,0

Fig. 2. Fmoc-SPPS of peptide SAL esters via on-resin phenolysis. The resin-bound peptide Nbz is generated via Fmoc-SPPS, which is subsequently subjected
to on-resin phenolysis (salicylaldehyde dimethyl acetal, Na,CO3, DCM/THF, 16 h; TFA/H,0) to afford the necessary peptide salicylaldehyde ester. PG: amino

acid side-chain protecting group.
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Fig. 3. Representative analytical HPLC traces of the crude reaction mixture revealing the formation of the peptide SAL ester from on-resin phenolysis.
Both epimeric Z-DTTADA-SAL ester and Z-DTTADa-SAL ester were synthesized to demonstrate that no epimerization occurred at the C-terminal Ala residues

of these peptide SAL esters.

Moreover, we note that the presence of unprotected Lys residues
and a primary N-terminal amine does not adversely impact the
efficiency of this ligation. Although the free amino groups likely
compete with the N-terminal Thr/Ser residue for reaction with the
SAL aldehyde functionality, which could theoretically induce the
hemiaminal-mediated peptide acyl transfer according to the work
of Kemp and Vellaccio (35), we did not observe the unwanted
product via such a pathway. Indeed, Kemp has shown that the
reaction between certain amines with 8-acetoxy-1-naphthaldehyde
or 2-acetoxybenzaldehyde stopped at the imine stage, without
inducing acyl transfer. Under our conditions, these reversibly
formed imines represent transient and nonproductive interme-
diate species.

We next applied our protocol to the convergent syntheses of
two peptides of significant therapeutic importance, namely:
ovine corticoliberin (0CRH), a 41-amino acid peptide used in
the treatment of conditions of the hypothalamic pituitary adrenal
axis (44); and Forteo, a 34-amino acid fragment of human
parathyroid hormone used for the treatment of osteoporosis
(45). To avoid the potential for self-cyclization, we elected to
protect the N-terminal serine residues of the peptide SAL ester
substrates with azido and Msz groups, respectively. In the event,
the projected ligations proceed readily to afford oCRH (entry 4)
and Forteo (entry 5) with excellent conversion. No significant side
reactions were observed, apart from a minimal amount of hydro-
lysis of the peptide SAL ester.

Table 1. Convergent synthesis of peptides via serine/threonine ligation

Entry Peptide C-SAL-ester* N-terminal peptide Time, h' Conversion, %* Product (size)
1 Z-DTTADA- (1) H-SRQQGESNQERGARARL-NH, (3) 8 >95 Model (23 aa)
2 Z-DTTADa- (2) H-SRQQGESNQERGARARL-NH, (3) 8 >95 Model (23 aa)
3 H,N-VIGGVGNN- (4) H-TLHAPTD-OH (5) 2 >95 Model (15 aa)
4 N3-SQEPPISLDLTFHLLREVLEM- (6) H-TKADQQAHSNRKLLDIA-OH (7) 12 >90 oCRH (41 aa)
5 Msz-SVSEIQLMHNLGKHLN- (8) H-SMERVEWLRKKLQDVHNF-OH (9) 1 >95 Forteo (34 aa)

*Prepared via on-resin phenolysis of the peptide Nbz from Fmoc-SPPS on a Rink resin.

"Room temperature.
*Analysis by HPLC traces of the crude reaction mixture.
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Fig. 4. Analytical HPLC traces of the ligation reaction revealing that no epimerization occurred. (Top) Crude reaction mixture of ligation using Z-DTTADA-SAL
ester. (Middle) Ligation product using Z-DTTADa-SAL ester. (Bottom) Coelution of two ligation products.

Application of Ser/Thr Ligation to the Synthesis of Acylphosphatase.
Finally, with the goal of evaluating the applicability of our Ser/Thr
ligation method for the assembly of complex targets of biological
interest, we undertook the synthesis of a challenging protein target:
the human erythrocyte enzyme, acylphosphatase. Acylphosphatase
(~11 kDa), which catalyzes the hydrolysis of acylphosphates, is
widely distributed throughout the three domains of life, although its
biological roles are not fully understood (46). The human eryth-
rocyte acylphosphatase is composed of 98 amino acid residues (47)
and an acetylated NH, terminus. Because it incorporates a number
of well-distributed Ser and Thr residues, but no Cys residues, this
enzyme represents an attractive platform for the demonstra-
tion of our recently developed Ser/Thr ligation capabilities.

As shown in Fig. 5, we identified potential ligation sites at
Gly*-Thr*® and Gly**-Ser’®, which would allow us to divide the
protein into three fragments of roughly equivalent size. Sequential
Ser and Thr ligations, with unprotected peptide substrates, should
deliver the acylphosphatase protein with optimal convergence. We
also noted that, because both ligation sites incorporate C-terminal
Gly residues, each requisite SAL ester should be readily accessed
through direct coupling between the precursor peptidic acid and
salicylaldehyde dimethyl acetal, without concern for epimerization.

In the event, each of the three peptide substrates (10, 11, and
12) was assembled via Fmoc-SPPS on a 2-chlorotrityl chloride
resin, and release from the resin was achieved through the action
of 2, 2, 2-trifluoroethanol (TFE)/DCM/AcOH. With the side-
chain protecting groups still in place, the intermediates corre-
sponding to segments (46-69) and (1-45) were equipped with the
requisite SAL ester functionalities through esterification with
salicylaldehyde dimethyl acetal, with the aid of N, N-dicyclohexyl-
carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP). Sub-
sequent exposure to a trifluoroacetic acid (TFA)-based mixture
afforded the SAL esters, 10 and 12.

6660 | www.pnas.org/cgi/doi/10.1073/pnas.1221012110

We first attempted Ser ligation between peptide segments 10
and 11. Peptide 11 (1.2 equiv) and peptide SAL ester 10 were
combined in a pyridine acetate buffer (25 mM, mole:mole, 1:1).
After 10 h at room temperature, the ligated product was seen in
95% conversion, determined by LC-MS analysis. Then, the re-
action mixture was treated with TFA/H,O (10 min), to afford the
desired ligated peptide, corresponding to segment (46-98), in 31%
yield following reverse-phase HPLC purification. Fmoc removal
was achieved with Et,NH/CH,Cl, (1.5 h) and the resultant peptide
segment (13) was used in the next step without further purification.
Solubility issues encountered with peptide fragment 12 necessi-
tated a switch to a different solvent system for the final Thr ligation
step. Thus, peptides 12 and 13 underwent ready ligation in a pyri-
dine/acetic acid (1:10) solution, to deliver the full-length poly-
peptide, 14, in 34% isolated yield. The electrospray ionization mass
spectrometry (ESI-MS) spectrum of the purified acylphosphatase
is shown in Fig. 5. The significance of the polypeptide synthesized,
which comprises 19 of the 20 proteinogenic amino acids found in
nature, is the demonstration of the high chemoselectivity and
regioselectivity of this serine/threonine ligation strategy.

Having successfully synthesized homogeneous human eryth-
rocyte acylphosphatase, we next hoped to evaluate its biological
activity. The synthetic acylphosphatase was subjected to the folding
buffer (47). The hydrolytic activity of the synthetic acylphosphatase
was assayed by incubating the enzyme at 25 °C with benzoylphos-
phate as the substrate in 0.1 M acetate buffer, pH 5.3 (48). Fig. 6
shows the UV-absorption spectra, in the region of 260-300 nm,
of benzoylphosphate before, during, and after complete hydrolysis.
These spectra confirm that our synthetic acylphosphatase does, in
fact, exhibit the reported hydrolytic activity (48).

In summary, we have developed a robust protocol for the liga-
tion of peptides at Ser or Thr residues. This method is distinct in its
freedom from dependence on thiol-bearing residues at the ligation

Zhang et al.
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Fig. 5. Total synthesis of human erythrocyte acylphosphatase. (Upper) Synthetic scheme. Two ligations conducted at Gly**~Thr* and Gly®°-Ser’®, respectively.
(Lower) Analytical HPLC trace and electrospray mass spectrum of the synthetic human erythrocyte acylphosphatase (observed molecular mass 11,173.4 Da;

calculated molecular mass 11,173.1 Da).

site and indeed, the method employs native serine/threonine resi-
dues at the reacting N-terminal peptide segment and hence
requires no postligation modifications. The requisite peptide sal-
icylaldehyde esters on the reacting C-terminal peptide segment
are readily produced via Fmoc-SPPS. This method offers a number
of practical advantages: it features a simple operational strategy,
it does not involve complex chemical methodology, and it uses
readily accessible materials. Moreover, our method is tolerant of
a diverse array of functionality, including unprotected amino acid
residues, free N-terminal amines, and often-problematic C-terminal
asparagine residues. Normally sensitive C-terminal amino acid
residues do not appear to be susceptible to epimerization under
our coupling conditions. Finally, our highly convergent synthesis
of the human erythrocyte acylphosphatase serves to highlight the
practical utility of this Ser/Thr ligation method.

The ability to engineer protein sequences using chemical syn-
thesis will be invaluable for exploring the relationships between
PTM protein structure and function/activity, and for the gener-
ation of synthetic biologics with improved properties. Considering
the high abundance of serine and threonine residues in natural
proteins—particularly those containing posttranslational modi-
fications (e.g., phosphorylated or glycosylated residues)——we
anticipate that this method will find wide application in the
expanding field of protein chemical synthesis and provide a
useful chemical biology tool to decipher the code of the protein
posttranslational modifications.

Materials and Methods

All commercial materials were used without further purification. All solvents
were reagent grade or HPLC grade. Anhydrous THF was freshly distilled from
sodium and benzophenone. Dry DCM was distilled from calcium hydride
(CaHy). All separations involved a mobile phase of 0.05% TFA (vol/vol)
in acetonitrile (solvent A)/0.05% TFA (vol/vol) in water (solvent B). HPLC
separations were performed with a Waters HPLC system equipped with a

Zhang et al.

photodiode array detector (Waters 2996) using a Sunfire C18 column
(5 pm, 4.6 x 150 mm) or Vydac C18 column (5 pm, 4.6 x 150 mm) at a flow
rate of 0.6 mL/min for analytical HPLC; Sunfire prep C18 optimum bed

—— 0 min
5 min
10 min

——— 30 min
1hr
2hr
3hr
4 hr

——5hr

Abs

T T 1 T
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Fig. 6. UV-absorption spectra of the enzymatic hydrolysis of benzoylphos-
phate using the synthetic enzyme. Benzoylphosphate (1 mM) and synthetic
acylphosphatase (60 nM) were mixed in 100 mM acetate buffer solution
(pH 5.3). The reaction progress was monitored by UV absorption, indicating
the complete hydrolysis of benzoylphosphate after 4 h. Before hydrolysis:
UV-absorption maxima at 275 nm and shoulder at 285 nm; after hydrolysis:
UV-absorption maxima at 269 nm and shoulder at 277 nm.
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density (OBD) column (10 pm, 19 x 250 mm) or Vydac prep C18 column
(10 pm, 22 x 250 mm) at a flow rate of 10 mL/min for preparative HPLC.
Low-resolution mass spectral analyses were performed with a Waters
3100 mass spectrometer. The UV-absorption spectra in the region 250-
350 nm were measured with a Varian CARY 50 Bio UV-visible spectrom-
eter. A detailed description of materials and methods is given in S/ Text.
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