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An oxazetidine amino acid for chemical protein
synthesis by rapid, serine-forming ligations

Ivano Pusterla' and Jeffrey W. Bode'?*

Amide-forming ligation reactions allow the chemical synthesis of proteins by the union of unprotected peptide segments,
and enable the preparation of protein derivatives not accessible by expression or bioengineering approaches. The native
chemical ligation (NCL) of thioesters and N-terminal cysteines is unquestionably the most successful approach, but is not
ideal for all synthetic targets. Here we describe the synthesis of an Fmoc-protected oxazetidine amino acid for use in the
a-ketoacid-hydroxylamine (KAHA) amide ligation. When incorporated at the N-terminus of a peptide segment, this four-
membered cyclic hydroxylamine can be used for rapid serine-forming ligations with peptide a-ketoacids. This ligation
operates at low concentration (100 pM-5 mM) and mild temperatures (20-25 °C). The utility of the reaction was
demonstrated by the synthesis of SI00A4, a 12 kDa calcium-binding protein not easily accessible by NCL or other amide-

forming reactions due to its primary sequence and properties.

logical science. As a complement to recombinant protein

expression, the chemical synthesis of proteins has emerged
as a viable approach to some protein targets and offers advantages
including homogeneity, the potential to incorporate any unnatural
amino acid or post-translational modification, and the ability to
prepare protein enantiomers!. The native chemical ligation
(NCL) of thioesters and N-terminal cysteines—reported by Kent
and co-workers over twenty years ago—has been a transformative
advance in protein synthesis, but is not ideal for many synthetic
targets®. To identify more general and complementary protein lig-
ation reactions, numerous groups have pursued the development
of novel methods and ligation partners>.

Our own research efforts identified the union of a-ketoacids and
hydroxylamines (KAHA ligation) as a promising new chemoselec-
tive protein ligation®”. We have synthesized proteins including
Pup, CspA, UFM1 and SUMO2/3 by KAHA ligations between
C-terminal peptide a-ketoacids and segments bearing an N-term-
inal 5-oxaproline residue (5-Opr)®. This ligation has proven to be
remarkably robust, but has limitations including the introduction
of a non-canonical homoserine residue at the ligation site, the for-
mation of esters as the primary ligation products’®, and a preference
for relatively high concentrations (10-20 mM) and temperatures
(50-60 °C). The success of the 5-Opr, a cyclic five-membered ring
hydroxylamine, in the ligation appears to derive from ring strain;
analogous acyclic hydroxylamines are unreactive. Based on this
observation, we postulated that oxazetidine monomers—four-mem-
bered ring hydoxylamines—would address all of the remaining
limitations of the KAHA ligation for protein synthesis by providing
native serine or threonine residues, operating at lower concen-
trations and temperatures due to increased reactivity, and affording
directly the amide products.

Here, we describe the first synthesis of an oxazetidine amino acid
by a chemoselective and stereospecific rearrangement to form the
four-membered ring hydroxylamine. When incorporated at the
N-terminus of a peptide segment, this highly strained—but suffi-
ciently stable—amino acid residue can be used for rapid serine-
forming ligations with the KAHA amide-forming reaction. It

Q ccess to proteins is essential for modern medicine and bio-

operates at low concentrations (100 pM-5 mM) and mild tempera-
tures (20-25 °C) with short reaction times. The utility of this amino
acid was demonstrated in the synthesis of SI00A4 (metastasin), a
12 kDa calcium-binding protein not easily accessible by NCL due
to its primary sequence and properties.

Results

At the outset of our studies it was unclear whether the necessary 1,2-
oxazetidines could be synthesized or if they would be stable despite the
high inherent ring strain (25 kcal mol™, Fig. 1a)'*—higher even than
the well-studied three-membered ring oxaziridines (23 kcal mol™).
Furthermore, no previous examples of unsubstituted (that is, N-H)
oxazetidine had been reported!'! and only one example of a protected
oxazetine (N-Boc) has appeared, although a single computational
study suggested that such compounds might be stable!’.

Our early attempts at devising a synthetic entry to 1, including
intramolecular N-alkylation'?, intramolecular C-alkylation'® and
[2+2] cycloadditions, were complicated by the unique reactivity of
the N-O bond in our system and the well-known difficulty of
closing four-membered rings!*. We reasoned that if a hydroxyl-
amine-epoxide (Fig. 1b) underwent an intramolecular cyclization,
it could potentially give the oxazetidine by a 4-exo-tet pathway
rather than the disfavoured 5-endo-tet closure!>!%, as a similar strat-
egy has proven successful for cyclobutane formation!’. A carba-
mate-protected hydroxylamine 2 (Fig. 1b) was synthesized and
subjected to cyclization conditions, which cleanly, but unfortu-
nately, delivered 3 by 6-exo-tet ring closure of the Boc oxygen
atom!'®. A similar cyclization, followed by Bu migration to give 4,
occurred when 2 was treated with BF;-OEt, (Fig. 1b). We opted
instead for N-benzyl protected substrate 5, which cannot close to
form a six-membered ring, and was prepared in good yield.
During its preparation, we serendipitously found that it easily
cyclized to the undesired isoxazoline 6, presumably via the interme-
diacy of an alkyl chloride. Although we initially expected the desired
cyclization to proceed under basic conditions, this substrate resisted
even harsh treatments (for example, potassium hexamethyldisily-
lamide (KHMDS), 80°C, in dimethyl sulfoxide (DMSO))¥.
Continued studies revealed a critical role for Lewis acid activation
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Figure 1| Synthesis of enantioenriched Fmoc-oxazetidine amino acid 1. a, Ring strain in 1,2-oxazetidine and parent compounds. Calculated or experimental
strain energies are shown in parentheses (see Supplementary Information for calculations). b, Cyclizations from the bifunctional epoxide-hydroxylamine.

¢, Characterization of the oxazetidine. d, Synthetic route to Fmoc-protected amino acid 1. DMAP, 4-dimethyaminopyridine; TBS, tert-butyldimethylsilyl; DDQ,
2,3-dichloro-5,6-dicyano-1,4-benzoquinone; Fmoc, 9-fluorenylmethyloxycarbonyl; DIPEA, diisopropylethylamine; TFA, trifluoroacetic acid.

of the epoxide, and treatment of 5 with BF;-OEt, in CH,Cl, furn-
ished the desired oxazetidine 7 in excellent yield. Unfortunately,
while the N-Bn group could be easily removed from five-membered
ring 6 without affecting the hydroxylamine, all attempts at N-Bn
removal from 7 resulted in N-O bond cleavage, reflecting the
much higher ring strain. This reduction confirmed the structure
by comparison to known compound 8, an assignment further ver-
ified by X-ray analysis of ester derivative 9 (Fig. 1c). Unfortunately,
these results exposed 7 as a dead-end for the synthesis of the
N-Fmoc oxazetidine amino acid 1.

A literature survey of N-alkyl protecting groups that can be
removed under neutral, non-reducing conditions provided little
encouragement. Despite the fact that almost no examples of amine
deprotections of oxidatively removable 2,4-dimethoxybenzyl were
known®, we selected this group in the hope of identifying conditions
for its removal without destruction of the oxazetidine ring. After
extensive optimization, we found that it could be removed by treat-
ment with DDQ to give an N-unprotected oxazetidine that was
immediately protected with FmocCl. On the basis of these results,
we developed a scalable synthesis of enantioenriched monomer 1 by
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Figure 2 | A comparison between KAHA ligations with oxazetidine- and oxaproline-containing peptides. The plot shows relative conversion to the product
at 20 mM, 40 °C and in the presence of oxalic acid (0.1 M), which are the optimal conditions for 5-Opr ligation.

alkylation of hydroxamic acid 10 with (25)-(-)-glycidyl tosylate
followed by cyclization with BF;-OEt,. Remarkably—and fortunately—
the cyclization proceeds via an Sy2 mechanism to give the (S)-config-
ured oxazetidine product in 98% enantiomeric excess (e.e.). Protection
of the primary alcohol, oxidative 2,4-dimethoxybenzyl removal and
Fmoc protection provided 15. Finally, tert-butyldimethylsilyl depro-
tection and a careful two-step oxidation of the alcohol gave the
Fmoc-protected amino acid 1 (Fig. 1d).

With compound 1 in hand, we tested its stability and perform-
ance in KAHA ligations. We found that 1 is stable for months if
kept at a low temperature (-20 °C) and could be coupled under
standard solid phase peptide synthesis (SPPS) conditions using
common coupling reagents. Interestingly, MALDI analysis of
peptides containing the Fmoc-Ozt often showed the mass of a
retro [2+2] cycloreversion, a fragmentation not observed by electron
spray ionization analysis. We were pleased to find that the Fmoc
protecting group could be removed with N,N-diethylamine
without decomposition of the oxazetidine, although care in
handling of the unprotected oxazetidine was needed and storage
of the unprotected Ozt is not recommended. This is true only of
the unprotected oxazetidine peptides; the Fmoc protected forms
are completely stable to storage and other manipulation. When
the deprotected oxazetidine-peptides were exposed to a-ketoacids
in aqueous DMSO solutions, they underwent rapid and chemo-
selective ligation. Even at low concentrations (100 uM-1 mM) and
at room temperature the reaction was complete within minutes.
NMR and HPLC studies of a model peptide showed that the
primary product of the oxazetidine ligation is the amide—no trace
of the ester was detected—and the ligation furnished the product
without detectable epimerization. A screening of the ligation
conditions showed that the reaction worked well in aqueous
N-methyl pyrrolidine (NMP) or DMSO with no additional
additives. Under these conditions, the reaction proceeded to
completion at room temperature within 30 min at 1 mM (Fig. 2).
Competition experiments between peptides bearing 5-Opr and Ozt
under standard KAHA conditions (20 mM, 40 °C) exclusively gave
the Ozt-ligated product, suggesting that the Ozt ligation is at least
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100 times faster. Treatment of the data shown in Fig. 2 gives an
approximate second-order rate constant for Ozt of ~0.1 M1,
while for 5-Opr it is ~0.001 M~'s™'. For comparison, the
second-order rate constant of NCL is ~0.3 M ' s™".

We applied 1 to the synthesis of human S100A4 (also known as
metastasin)*?2, a 100-residue, calcium-binding protein of the $100
family*®. S100A4 contains four cysteine residues in its primary
sequence (Cys3, Cys76, Cys81, Cys86), but these are not in strategic
positions for NCL and are critical to the folding and function of the
protein. The required segments were prepared by SPPS according to
the strategy showed in Fig. 3. Three mutations were into the syn-
thetic protein (Thr39Ser, Asn68Gly, Ser80Hse). The Ser80Hse
mutation arose from early attempts that were plagued by poor solu-
bility of the intermediates. These difficulties were overcome by
taking advantage of the ester-forming ligation of 5-Opr and
keeping the assembled segments as the ester until folding into a
more soluble form. The Asn68Gly was chosen due to large
amounts of aspartimide formation from the neighbouring Asp
during the synthesis of segment two and the fact that most other
S100 proteins have Gly at this residue. The Thr39Ser mutation
allowed us to both demonstrate the ability to carry the protected
Ozt-residue through multiple ligation steps and conduct the final
ligation under lower (1-5 mM) concentrations.

The first KAHA ligation between segment 2 a-ketoacid (17)
bearing the Fmoc-protected Ozt and segment 3 5-oxaproline 18
furnished the ligated ester, which was kept in this form to
improve handling and solubility**?*. Fmoc-deprotection revealed
N-terminal oxazetidine 20, which was ligated with two equivalents
of segment 1 a-ketoacid 21. As hoped, the reaction gave the
desired product 22 at mild temperatures (22 °C) and at low con-
centrations (2-5 mM), which circumvented aggregation or solubi-
lity issues, and the ligation was complete within hours. The
unprotected amines, carboxylic acids and thiols present in the
peptide segments did not interfere with the ligation or attack
the oxazetidine ring. The identity and purity of 22 were confirmed
by high-resolution mass-spectrometry and HPLC. Treatment of
22 with basic carbonate buffer resulted in Fmoc-deprotection

3
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Figure 3 | Structure and synthesis of SI00AA4. a, Structural motifs, metal-binding sites and synthetic strategy. b, Assembly of STO0OA4 by the combination of
KAHA ligation with 5-Opr and Ozt. The final ligation was carried out at 5 mM and 22 °C. TCEP, tris(2-carboxyethyl)phosphine; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid.

and O-to-N acyl shift to give 23, which was folded in the
presence of Ca®". The folding and metal binding was confirmed
by circular dichroism (CD) spectroscopy (Fig. 4). Evaluation of
this synthetic S100A4 in an adipocyte proliferation assay con-
firmed its biological activity.

In conclusion, the synthesis of an enantioenriched oxazetidine
amino acid—formally an oxidized form of serine—enables the
first native amide-forming ligation reaction that compares to the
venerable NCL in both reaction rate? and chemoselectivity. By
operating at prevalent serine (6.8% abundance)*”?%, rather than
cysteine (1.8% abundance), this ligation offers greater flexibility in
synthetic planning. Serine residues can also easily replace many
other residues without affecting protein folding or function. We
have recently introduced solid supported linkers for Fmoc-SPPS
that afford peptide a-ketoacids directly upon resin cleavage®. As
these resins and the Fmoc-(S)-Ozt monomer become widely avail-
able, we expect that this variant of the KAHA ligation will emerge as
a leading approach to chemical protein synthesis due to its ease of
execution, traceless ligation of the peptide segments and facile
implementation of multiple segment couplings.
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