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Ammonium tert-butyl H-phosphonate was used for the phosphorylation of Tyr- and Ser-containing peptides synthesized by an Fmoc strategy.
This reaction, leading to a monoprotected peptide phosphate, was found to be highly efficient and generally applicable. Moreover, the method
employed avoids undesired side reactions during chain elongation (pyrophosphate formation and #-elimination catalyzed by piperidine).

The phosphorylation of proteins is probably the most rophosphate formation may take place if an unprotected
important reversible element of the cell regulation. The phosphate moiety is introducéd.

involvement of tyrosine phosphorylation/dephosphorylation 2. |n the case of serine or threonine: after incorporation
in this process is well-known, and a similar controlling of the phosphate moiety, the molecule can undergo different
mechanism involving serine/threonine phosphorylation was side reactions. The most important of these isgredimina-

recently discovered.The isolation of phosphorylated pep- tion catalyzed by piperidine used for Fmoc deprotection

tides/proteins from biological sources for functional or during chain elongation, resulting in a loss of phosphate and
conformational studies is usually not feasible, and there is formation of the corresponding dehydropepfide.

therefore a need for efficient chemical phosphorylation_ To overcome these difficulties, many reagents have been
methods. Although many papers on phosphopeptide synthesisiiaq and introduced into phosphopeptide chemi&trye The
were published in the past decade, a universal method which

can be applied with high efficiency in all cases does not exist. (4) Ferrel, R, E.; Olcott, H. S. Fraenkel-Conrat, HAm. Chem. Soc
From a chemical point of view, the problems arising during 1948 70, 2101. T T T

peptide phosphorylation can be divided into two groups: (5) Ottinger, E. A; Xu, Q.; Barany, GReptide Res1996,9, 223.
. . (6) Lacombe, J. M.; Andriamanampisoa, F.; Pavia, A.I#&. J. Pept.
1. In the case of tyrosine: the decreased nucleophilicity protein Res1990,36, 275.

of the phenolic hydroxyl group inhibits the application of A 57)1536118%5-12-1:}”0", R.; Trzeciak, A.; Bannwarth, Wiielv. Chim.
. . . cta (4, .

phOSpho_“C acid-based phos_phorylatlo_n reagents (.., Phos-"(g) perich, J. W.; Ruzzene, M.; Pinna, L. A.; Reynolds, E.Ig. J.

phochloridate%® or phosphoric anhydride Moreover, py- Pept. Protein Res1994,43, 39.

(9) Bannwarth, W.; Trzeciak, AHelv. Chim. Actal987,70, 175.

(10) Perich, J. W.; Johns, R. Betrahedron Lett1988,29, 2369.

(1) Hunter, T.Cell 2000,7, 113. (11) de Bont, H. B. A.; van Boom, J. H.; Liskamp, R. MT&trahedron
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1989,34, 129. (12) Starker, G.; Jakobsen, M. H.; Olsen, C. E.; HolmTatrahedron
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routinely used P(l1l) phosphoramidite derivati¥e$ can be || NN
applied successfully in phosphotyrosine synthesis. However, 1 pie 1. Phosphopeptide Sequences Synthesized
for phosphoserine/phosphothreonine-containing peptides, ap

plication of these symmetrically protected derivatives may entry Sequence
lead to the above-mentioned side reaction. la S(P)ALPG-OH
To eliminate these problems, one of the most widely used 1b RKKRIS(P)ALPG-OH
and favorable methods makes use of monoprotected phosphate- 2a Y(P)VPMTGP—NH,
2b IQEANY(P)VPMTGP—NH,

containing building blocks of Tyr, Ser, and THrOn the
other hand, the synthesis of these monomers is multistep and 2 (P) denotes side-chain phosphorylation.
tedious. In addition, only benzyl-protected building blocks
of L-Ser,L-Thr, andL-Tyr are commercially available. The
only reagent that can be applied universally to introduce a for Tyr- and Ser-containing peptides, respectively. Phos-
monoprotected phosphate into any hydroxyl group-containing phonylation was performed on the resin directly after
peptide is an unsymmetrically protected phosphoramiflite. incorporation of the free hydroxyl-containing Ser/Tyr residue
Unfortunately, phosphoramidites are difficult to synthesize, through the use of 10 equiv of ammoniutert-butyl
subject to decomposition and oxidation, and expensive to H-phosphonaté and 10 equiv of pivaloyl chloride in 1:1
use. DMF/pyridine for 2 h atroom temperature. Subsequent
Another alternative to prepare monoprotected peptide oxidation was carried out with 1% in 98:2 pyridine/water
phosphates is the use Bfphosphonates (phosphonic acid at room temperature for 2 h. After phosphorylation, chain
monoesters) that have been applied successfully in oligo-elongation was performed in the usual manner (the carbox-
nucleotide synthesi$:'” Subsequent oxidation after phos- amide functions of Gln and Asn were protected with the trityl
phonylation of a free hydroxyl function with the correspond- group). Final cleavage and deprotection (removingeof-
ing H-phosphonate yields the desired monoprotected peptidebutyl, tert-butyloxycarbonyl, trityl, and 2,2,4,6,7-penta-
phosphate. Being P(lll) compounds;phosphonates exhibit  methyldihydrobenzofurane-5-sulfonyl protecting groups from
the same reactivity as phosphoramidites but are much lesghe final product) were carried out with a 95:2.5:2.5 (v/w/v)
sensitive to oxidation and moisture. To date, the only case TFA/DTT/water mixture at room temperature for 2 h.
where theH-phosphonate method has been applied in solid-  To monitor the phosphate incorporation and possible side
phase peptide synthesis is the phosphorylation ofNan  reactions, after phosphonylation followed by oxidation an
terminal Ser residue with benzyH-phosphonaté We aliquot of each peptidelad and2a) was cleaved off the resin.
describe here a universally applicable phosphopeptide syn-LC-MS analyses of the resulting mixtures reveate@0%
thesis involving theH-phosphonate approach, with am- phosphate incorporation for both Tyr and Ser (illustrated for
moniumtert-butyl H-phosphonate as phosphorylating agent Tyr in Figure 1).
(Scheme 1). In our approach the phosphonylation was carried
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out right after the incorporation of the appropriate hy- Figure 1. HPLC chromatogram of crude+peptida. Peaks were
droxyamino acid. This method has several advantages of botr@nalyzed by ESI-MS: (ajvz" 859.6 [M+ H*] of the Met-oxidized
he al | h . yproduct of peptid®a; (b), d), (e) unidentified peaks; (o)/z-
the global and synthon procedures and seems to be applicablgys 1 [M~+ H'] of peptide2a (Mcacq 842.35); (fmiz" 763.4 [M

for multiphosphorylated peptides without the need of selec- + H+] of nonphosphorylated peptidza.
tive protection of the amino acid hydroxyls.
The peptides listed in Table 1 were synthesized by the
Fmoc protocol, applying Tentagel SRAM and HMP resins  Syrprisingly, iodination of the Tyr aromatic ring could not
. be detected (although some small peaks (Figure 1, peaks b,
195%14)1\(’)\’;;(""”1'3""" T Saruta, K.; Yasuoka, J.; KusumotoCBem. Lett: 4 - anq @) could not be identified, thma/z values for the
(15) Kupihar, Z.; Varadi, Gy.; Monostori,.[EToth, G. K. Tetrahedron  monoiodinated or diiodinated peptides were not observed by

Lett. 2000,41, 4457. i i idati i i
(16) Garega. P, 3.: Lindh, 1.; Regberg, T.. Stawinski, J.; Stromberg, R. mass screening), while oxidation of the Met side chain was
Tetrahedron Lett1986,27, 4051.
(17) Froehler, B. C.; Matteucci, M. Dletrahedron Lett1986,27, 469. (19) Kers, A.; Kers, I.; Stawinski, J.; Sobkowski, M.; Kraszewski, A.
(18) Larsson, E.; LUning, BTetrahedron Lett1994,35, 2737. Synthesi€995,4, 427.

1034 Org. Lett., Vol. 3, No. 7, 2001



negligible (<1%, Figure 1, peak a). The desired peptides ||| | | 0N NG

1b and 2b were obtained in high yield, as determined by
HPLC (Figures 2 and 3). Therefore, significgielimination

phosphopeptide 1b
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Figure 2. HPLC chromatogram of crude peptide. Major peak
identified by ESI-MS Wcacq 1204.69, foundm/z™ 1205.1 [M +
H]M).

did not take place during chain elongation for the Ser-
containing peptide.

In summary, we have successfully applied thghos-
phonate method to the phosphorylation of Ser- and Tyr-
containing peptides on solid-phase with high efficiency and
without considerable side reactions during oxidation follow-
ing phosphonylation and chain elongation. Ammonient-
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Figure 3. HPLC chromatogram of crude peptidb.2Major peak
identified by ESI-MS Mcqcq 1398.49, foundn/z- 1399.2 [M +
H]).

butyl H-phosphonate is inexpensive, easy to synthesize and
purify, and less sensitive to oxidation than the phosphor-
amidite reagents. Furthermore, final removal oftéme-butyl
group can be performed under milder conditions than those
for the benzyl group in the previously described benzyl
H-phosphonate. The method published here offers a cheaper
and more convenient alternative over the phosphoramidite
approach for phosphorylation of any hydroxyl group-
containing peptide.
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