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Abstract

Tyrosine O-sulfation is a common protein post-translational modification that regulates many
biological processes, including leukocyte adhesion and chemotaxis. Many peptides with
therapeutic potential also contain a sulfotyrosine residue(s). We report a one-step synthesis of
Fmoc-fluorosulfated tyrosine. An efficient Fmoc solid-phase peptide synthesis strategy is then
introduced for incorporating the fluorosulfated tyrosine residue into peptides-of-interest. Standard
simultaneous peptide-resin cleavage and removal of the acid-labile side-chain protecting groups
affords the crude peptides containing fluorosulfated tyrosine. Basic ethylene glycol, serving as
solvent and reactant, transforms the fluorosulfated tyrosine peptides into sulfotyrosine peptides in
high yield.

SuFEXx reaction enables sulfotyrosine peptide synthesis

A facile Fmoc solid-phase synthesis of fluorosulfated tyrosine peptides is reported, enabled by a
one-step synthesis of Fmoc-fluorosulfated tyrosine. An efficient ethylene glycolysis method for
the transformation of side-chain deprotected fluorosulfated tyrosine peptides to sulfotyrosine
peptides is central to the efficiency of this methodology.
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Tyrosine O-sulfation is a common enzymatic post-translational modification that occurs
while the secreted and transmembrane proteome traffics through the Golgi compartment of
the cell.[Y] Phosphorylation and sulfation of tyrosine (Tyr) similarly modulate protein-
protein interactions and affect conformational changes within a protein.[2]

Currently, one of several approaches can be used for the solid-phase peptide synthesis
(SPPS) of protein fragments and polypeptides comprising sulfotyrosine (sY) residues. In the
oldest approach, Fmoc Tyr—-0SO3~ *Na (Fmoc = (9H-fluoren-9-ylmethoxy)-carbonyl) is
simply coupled into the growing peptide;[3] however, subsequent couplings can be
challenging and direct incorporation of more than one sY residue often compromises resin
swelling, impeding further amino acid coupling steps.[3¢ 3d] Moreover, acidic deprotection
conditions often lead to desulfation. In an alternative method, the neopentyl (Np;
(CH3)3CCH,-) group is used to protect the sY residue as a neutral sulfate diester, i.e., as Tyr-
0-S0,-ONp.[2: 4] The Fmoc-Tyr(OSO3Np)-OH building block is obtained by a 4-step
synthesis in 66% overall yield and is currently commercially available. Fmoc-based SPPS is
used to incorporate the Np-protected sY diester building block into the peptide-of-interest.
After cleavage of the peptide from the 2-chlorotrityl resin and removal of the standard side
chain protecting groups, the Np group is removed in 1-2 M ammonium acetate at 37 °C over
6-12 h.[2]1 Another option employs a 5-step strategy to synthesize a dichlorovinyl sulfate
ester protected sY residue that is incorporated by SPPS into the desired peptide employing
an Fmoc strategy.[®] Resin cleavage and side-chain protecting group cleavage are performed
as usual (95:2.5:2.5 = trifluoroacetic acid (TFA):triisopropylsilane (TIPS):H,0 or
82.5:5:5:5:2.5 = TFA:phenol:H,0:thioanisole:1,2-Ethanedithiol(EDT)) and then the
dichlorovinyl sulfate ester protecting group(s) is removed in solution by hydrogenolysis
(balloon) using 30 weight % of 10% Pd/C, H, and 9 equiv. of ammonium formate in
methanol at 25 °C for 1 h, minimizing desulfation.[®] The hydrogenolysis step precludes the
incorporation of cysteine (Cys) residues into the peptides. An even more recent strategy
involves the Fmoc-based solid phase synthesis of peptides containing Tyr residues with
distinct phenol protecting groups.[®] These protecting groups are selectively removed while
the peptide is still attached to the resin and the phenol is subjected to tyrosine O-sulfation
employing sulfuryl imidazolium salt treatment (8 equiv./phenol functional group). Acidic
cleavage of the peptide from the resin and removal of the standard side chain protecting
groups are followed by removal of the 2,2,2-trichloroethyl protecting group via catalytic
hydrogenation using Pd(OH), on carbon to afford the sY peptide-of-interest.[6a]

Herein we report a short and efficient route to sY-containing peptides, wherein Fmoc-
protected fluorosulfated tyrosine (Y(OSO5F)) is incorporated into the peptide-of-interest via
a Fmoc solid phase synthesis strategy, either manually or by use of a peptide synthesizer.
Like other sulfur(VI) fluorides, aromatic fluorosulfates are redox stable and hence do not
serve as halogenation agents.[”] They are also very stable toward hydrolysis under neutral
and acidic conditions, and moreover survive in basic milieu (e.g., phosphate buffer at pH
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10).I71 However, the ArOSO,-F linkage becomes reactive in the presence of an appropriate
nucleophile only if the reaction conditions meet the stringent needs for the departure of the
“F from its covalent link to the S(V1)-center.[7-8] In the case at hand, the contrast between
high stability alongside the activatable sulfur(V1) fluoride exchange (SUFEX) reactivity
pushes this latest click reaction to the very top; only the CUAAC process is still standing in
this rarified territory of click chemistry.l7-9] Click reactions are defined as processes that
proceed under operationally simple conditions and generate products in high yields with
minimal requirements for purification.[”. 9]

The ease of obtaining the Fmoc-protected Y(OSO,F) SPPS building block and the high
stability of aromatic fluorosulfates enables the efficient synthesis of peptides containing the
Ar-O-SOF side chain using an Fmoc chemistry strategy. The Fmoc-Y (OSO5F)-OH amino
acid (1) used in SPPS is prepared in one step in 96% yield by reacting commercially
available Fmoc-protected Tyr and sulfuryl fluoride (gas) in a biphasic solvent system
(CH,Cl,/saturated aqueous Borax buffer; Scheme 1). The synthesis was performed ona 5 g
scale and is expected to be amenable to scaling up. After removal of CH,Cl; at reduced
pressure and addition of 1 M HCI, the precipitated product is removed by filtration, washed
with water, dried, and used without further purification in SPPS. The Fmoc primary amine
protecting group is removed during each SPPS cycle (Scheme 2) using 2-methyl-piperidine
(2-MP)B3b. 101 to avoid a small but observable reaction between piperidine and the
fluorosulfate functionality that lowered the yield and purity of the desired Y (OSO,F)-
containing peptides.[*1] The fluorosulfate functional group is stable under the standard
acidic Rink amide resin-peptide cleavage conditions (95:2.5:2.5 = TFA:TIPS:H,0) used to
liberate the side chain deprotected peptide from the resin. The resin-free Y (OSO,F)
substructure(s) in the peptide-of-interest is then converted into the sY functionality by
employing ethylene glycol as reactant and solvent along with a base (Cs,COg, or 1,8-
diazabicyclo[5.4.0]undec-7-ene(DBU)) (Scheme 3).

Five sY-containing peptides, 2—6 (Table 1), were prepared using this optimized Fmoc SPPS
strategy followed by arylfluorosulfate ethylene glycolysis. The peptides were purified by
high performance liquid chromatography (HPLC) as explained in more detail below. The
peptide DADESYL-NH, (2) comprises a sequence in the epidermal growth factor receptor
(EGFR), which when tyrosine O-sulfated is expected to be a good inhibitor of protein
tyrosine phosphatase 1B.[12] The monosulfated peptide YEsYLDYDF-NH, (3) and the
trisulfated peptide SYESYLDsYDF-NH, (4) correspond to residues 5-12 of mature P-
selectin glycoprotein ligand 1 (PGSL-1) that binds to P-selectin and plays an important role
in the rolling adhesion of leukocytes on vascular endothelium.[3¢: 131 Disulfated peptide
TTPDsYGHsYDDKDTLDLNTPVDK-NH> (5) is a substructure of C5aR, a classical G-
protein-coupled receptor that is implicated in many inflammatory diseases.[!4] The
tetrasulfated peptide DADSENSSFsYsYsYDsYLDEVAF-NH, (6) corresponds to residues
14-33 of chemokine receptor D6, which scavenges extracellular pro-inflammatory CC
chemokines and suppresses inflammation and tumorigenesis.[5] The respectable isolated
yields of peptides 4-6, which contain multiple sY residues, reflects the efficiencies of
incorporating Y (OSO,F) and arylfluorosulfate ethylene glycolysis in different peptide
sequences (Table 1).
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For all SPPS couplings, including the coupling of amino acid 1, we used 5 equiv. of the
appropriate side chain protected amino acid preactivated with HCTU/HOBt/DIPEA (1:1:1)
for 30 min. The activated amino acid was added to the resin-bound primary amine with
stirring or shaking for a coupling period of 30-60 min. Every Fmoc protecting group was
removed employing 3 applications of 20% 2-MP in dimethylformamide or N-methyl-2-
pyrrolidone (alternative solvent) for 10 min. We used and prefer the 95:2.5:2.5 =
TFA:TIPS:H,0 deprotection solution (25 °C, 180 min) to cleave the peptide-of-interest off
the Rink resin and to liberate the standard side chain protecting groups; however, the other
cleavage/deprotection cocktail mentioned above was used without a noticeable change in the
purity of the crude peptide generated. The Y(OSO5F)-containing peptides can be easily
purified by reverse phase (RP)-HPLC, exemplified by DADEY (OSO,F)L-NH; (7) in a 64%
yield. Arylfluorosulfate ethylene glycolysis of 7 using Cs,CO3 revealed complete
conversion to 2, without any noticeable additional peak in the analytical HPLC
chromatogram (Figure 1A, S1 and S2). However, there is no need to purify the crude

Y (OSO,F) peptides before ethylene glycolysis. The crude Y(OSO,F)-containing peptides
can be directly subjected to arylfluorosulfate ethylene glycolysis using Cs,COg as the
base.[16] The sY peptides were then purified by semi-preparative RP-HPLC using a C18
column and a 20 mM ammonium acetate/CH3CN mobile phase gradient (minimizes
desulfation by maintaining a near neutral pH). Using this approach, sY peptides 2—-6 were
obtained in 36-67% yield (Table 1) after RP-HPLC purification.

In the optimization of the hydrolysis of Y (OSO,F)-containing peptide 7 to sY-containing
peptide 2, we observed significant desulfation of sY in the presence of base in aqueous
solutions. In addition, upon treating peptide 7 with Cs,CO3 dissolved in methanol, we
observed the apparent methylation of peptide 7, presumably owing to the formation of a Tyr-
0-S0,-OCHg intermediate, which appears to transfer a methyl group to a neighboring
carboxylate side chain (Figure S3). Neighboring acidic residues are common at sites of
protein tyrosine sulfation, thus it is important to solve this problem.[10. 1¢. 171 while
utilization of methanol/NH3(2M)/Cs,CO3 attenuated methylation, it was still observed.
Utilizing Cs,CO3 dissolved in ethanol resulted in peptide ethylation, consistent with
formation of a Tyr-O-SO,-OCH,CHys intermediate (Figure S4). With Cs,CO3 dissolved in
isopropanol or tertiary butyl alcohol, no reaction occurred. Notably, while ethylene
glycol/Cs,CO3 and 1,4 butanediol/Cs,CO3 combinations afforded quantitative lysis with no
side reactions, 1,3 propanediol/Cs2CO3 afforded < 50 % yield of sY peptide 2 and numerous
side products (Figure S5). We hypothesized that efficient cyclic ether formation is key to the
mechanism of arylfluorosulfate ethylene glycolysis (Scheme 4). To support this hypothesis,
we explored the ethylene glycolysis of the small molecule Ph-O-SO»-F (5 mmoles),
employing Cs,CO3 or DBU as the base. This relatively large-scale ethylene glycolysis
reaction generated gaseous ethylene oxide, whose identity was confirmed by 1H and 13C
NMR employing a distillation-like capture in cold CDCl3 (Figure S6-S8).

The crude peptide GDY (OSO,F)DSMKEPCFR-NH>, (8) (Table 1), containing Cys and
methionine residues, was successfully synthesized using the SPPS strategy and side chain
deprotection/resin cleavage approach outlined above. Peptide 8 was then HPLC purified in
an isolated yield of 40 % (based on resin loading) in order to optimize the hydrolysis
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strategy for affording sY peptides containing Cys, in this case peptide GDsYDSMKEPCFR-
NH, (9; Table 1). This was done because the ethylene glycolysis/Cs,CO3 method generated
a S CH,-CH»-OH functional group on the Cys side chain of 9, as discerned by high
resolution mass spectrometry (Figure $9).[18] The optimized protocol for the ethylene
glycolysis of peptide 8 employed 5% DBU as the base in ethylene glycol containing 0.5%
dithiothreitol (DTT). This ethylene glycolysis solution converted 8 into 9, without any
discernable byproduct based on HPLC reaction monitoring (Figure 1B, S10 and S11).
Adding DTT was the key to minimizing the ethylene oxide-derived thiol alkylation
mentioned above. This approach afforded sY peptide 9 in 35% isolated yield (Table 1) based
on resin loading. Peptide 9 comprises residues 19-30 of CXCR4, which is crucial for
embryonic development and has been implicated in cancer metastasis and HIV infection.[19]

In summary, we have described a one-step synthesis of the Fmoc-Y(OSO,F) amino acid
used without purification for the synthesis of Y(OSO,F)-containing peptides. We
demonstrate that the Fmoc synthesis of Y(OSO,F)-containing peptides is both practical and
efficient. Standard side chain deprotection and resin cleavage solutions perform well. Two
different fluorosulfate ethylene glycolysis protocols are introduced for the efficient
production of sY peptides depending on whether the peptide lacks or contains a Cys residue.
The facile synthesis described herein takes advantage of the unique reactivity of sulfur(\V1)
fluorides. Our approach can easily be implemented by commercial and academic peptide
synthesis facilities, since the Fmoc-Y(OSO,F) amino acid is commercially available.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Monitoring the ethylene glycol-mediated hydrolysis of purified Y(OSO5F) peptides 7 and 8,

affording sY peptides 2 and 9, respectively, by RP-HPLC using 20 mM ammonium
acetate/CH3CN mobile phases. Purified 7 (gray line in A) and 8 (gray line in B) dissolved in
ethylene glycol were analyzed by analytical RP-HPLC with tg = 22.8 and 24.7 min,
respectively. After adding Cs,CO3 for 7 and DBU/DTT for 8 and stirring for 120 min, the
samples were analyzed using the same gradient. sY Peptides 2 and 9 eluted at tg = 17.5 and
21.3 min, respectively. The absorption in B between 5 and 17 min is from DBU and DTT.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chen et al. Page 8

o) o)
OH SOze (1 atm) - OH
NHFmoc  saturated Borax/CH,Cl,, 25 °C FO,S0 NHFmoc

HO

Scheme 1.
Synthesis of Fmoc-fluorosulfated tyrosine 1.
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Scheme 2.
Overview of Y(OSO,F) peptide synthesis
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Scheme 3.
Overview of arylfluorosulfate hydrolysis to afford sY peptides.
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Scheme 4.
Proposed mechanism of arylfluorosulfate ethylene glycolysis
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Amino acid sequences and isolated yields of sY and Y(OSO,F) peptides.

Table 1

N

]

o 0 b~ W

Protein Subsequence  Amino Acid Sequence

EGFR(988-993) DADESYL-NH,
PGSL-1(5-12) YESYLDYDF-NH,

PGSL-1(5-12) SYEsYLDsYDF-NH,

C5aR(7-28) TTPDsYGHsYDDKDTLDLNTPVDK-NH,
D6(14-33) DADSENSSFsYsYsYDsYLDEVAF-NH,
EGFR(988-993) DADEY (OSO,F)L-NH,

CXCR4(19-30) GDY(OSO,F)DSMKEPCFR-NH,
CXCR4(19-30) GDsYDSMKEPCFR-NH,

Isolated Yield
67%
54%
58%
54%
36%
64%
40%
35%
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