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Abstract: Phosphorylated histidine residues occur in a number of signal-transduction pathways in bacteria as
well as in eukaryotes. Phosphohistidine is hydrolytically labile and therefore difficult to study, this by contrast to
stable phosphoserine, phosphothreonine or phosphotyrosine. Here we report the design and enantioselective
synthesis of (4"-phospho-2'-furyl)alanine 1, a non-hydrolyzable analog of 1-phosphohistidine. This novel
amino-acid should be useful to synthesize peptides incorporating a stable analog phosphohistidine. © 1999 Elsevier
Science Ltd. All rights reserved.
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Signal transduction pathways involving series of phosphorylated proteins are central in modulating gene
expression in response to environmental and chemical signals.! Signal transduction pathways involving
phosphoserine, phosphothreonine and phosphotyrosine intermediates have been extensively studied. These
investigations have been greatly facilitated by the fact that these phosphorylated intermediates are hydrolytically
relatively stable. This stability has allowed not only the isolation of many phosphorylated proteins, but also the
production of monoclonal antibodies that selectively recognize these phosphorylated residues specifically. In the
last few years there has been a growing awareness that some phosphorylation pathways involve much less stable
intermediates such as phosphohistidine, phosphoaspartate, phospholysine, phosphoarginine and
phosphocysteine. These intermediates can remain largely undetected due to their hydrolytic lability.2

In relation with our interest in bacterial phosphotransferase systems,3 we have become interested in
studying the mode of action of peptides that become phosphorylated at histidine.# To achieve this goal, we need a
hydrolytically stable analog of phosphohistidine. In vivo histidine residues may be phosphorylated to either 1- or
3-phosphohistidine, but 3-phosphohistidine rearranges spontaneously to 1-phosphohistidine.5 For mimicking
the latter, we substituted simultaneously a carbon atom for the phosphorylated nitrogen atom Nj and an oxygen
atom for the second heterocyclic nitrogen N3, giving (4'-phospho-2'-furyl)alanine 1. In this compound a stable
phosphorus-carbon bond replaces the hydrolytically labile phosphorus-nitrogen bond of 1-phosphohistidine.
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1-phosphohistidine (4'-phospho-2'-furyl)alanine 1
(4'-phospho-2'-furyl)alanine 1 was synthesized from furane 2, which is accessible in four steps from
triethy] phosphite, methy] vinyl ketone and ethy! formiate using a recently reported procedure.® Bromination gave
the sensitive bromide 3, which was alkylated with BOC-protected diethylaminomalonate to give 4.7 Selective

saponification of one of the carboxylic ester functions followed by acidic decarboxylation gave §.
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Kinetic resolution of § was carried out enzymatically (table 1). Kinetic resolution was achieved using the
enzyme papain, which is known to hydrolyze selectively L-configured BOC-protected amino-acid esters.8 The
unreacted ester (R)-§ was recovered by extraction with ethyl acetate.9 BOC-protected amino-acid (5)-6 was then
separated from the enzyme by dialysis of the reaction mixture, acidification and extraction.!0 This procedure
allowed to efficiently recycle the enzyme of several reaction cycles.!! Finally complete acidic hydrolysis of either
(5)-6 or (R)-5 gave the fully deprotected amino-acids (S)-1 and (R)-1.12

Table 1. Kinetic resolution of racemic (4'-phospho-2'-furyl)-alanine ethyl ester 5.

Enzyme? time %ee unreacted isol. yield Joee (S)-6¢
(R)-5b of ($)-6

o—chymotrypsine, 375 U.mL-! 72h 0 0 -

pig liver esterase, 240 U.mL-! 48 h 70 30 60

horse liver esterase, 3 U.mL-! 48 h 60 29 50

papain, 170 U.mL-! 24h >964 40 75

@ Assay conditions: 1 mL 100 mM aq. phosphate, pH 7.5, 10 mg/mL 5, 10 % v/v ethanol, 37 °C. Enzymes were
from Sigma or Fluka. The pH was maintained by periodical addition of 2N NaOH. & The reaction was followed
by HPLC using a chiral column (chiralpak AS from Daicel, 0.45 x 22 cm, 1 mL.min-! hexane/isopropanol 9:1,
tR((R)-5) = 15.3 min, tR((S)-5) = 17.7 min). ¢ The enantiomeric purity of 6 was established by comparison of
its optical rotation with its enantiomer (R)-6 obtained by saponification of unreacted 5 from the papain reaction
(LiOH, THF/H,0, 25 °C, 3h, 100 %).4 No remaining (§)-5 detected by chiral phase HPLC.

Molecular modeling shows that 1-phosphohistidine and (4'-phospho-2'-furyl)alanine 1 are almost exactly
superimposable and display essentially identical electrostatic potential surfaces. The oxygen atom of the furan
replaces the nitrogen atom in position 3 of phosphohistidine and similarly displays an in plane sp? lone pair with
hydrogen-bond acceptor properties. It should be noted that replacing only nitrogen 1 by a carbon would give a
phosphopyrrole compound with an N-H group featuring hydrogen bond donor properties.
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In summary we have reported the design and enantioselective synthesis of phosphofurylalanine, a novel
amino-acid that is a stable analog of 1-phosphohistidine. BOC-protected acid 5 can be used in peptide synthesis.
Peptides incorporating phosphofurylalanine in place of histidine should greatly facilitate the study of
phosphohistidine signal transduction pathway.
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