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We have developed a synthesis of phosphoarginine containing
peptides using a bis(2,2,2-trichloroethyl) protected phosphoarginine
derivative as building block. Binding studies and computer
modelling demonstrate the ability of the SH2 domain from Src
kinase to recognize a phosphoarginine-containing peptide in a
phosphoryl group-dependent manner.

Reversible phosphorylation of protein side chains is a central
mechanism in signal transduction and is therefore of key
interest to further the understanding of cell signalling and
the development of therapeutic interventions. Consequently,
much attention has been focused on the complex network of
kinases and phosphatases that control the phosphorylation
state of thousands of serine, threonine and tyrosine side
chains. In addition, phosphorylation of histidines, arginines
and possibly lysines' > may also contribute to phosphoproteomes,
but their role in signal transduction is far less well understood.
Recent accounts on phosphohistidine (pHis) containing proteins
in mammalian cells,>* the development of stable pHis analogs
and pHis-specific antibodies™® promise exciting insight into
the physiological role of this posttranslational modification
(PTM). Meanwhile, the discovery of a bacterial arginine
kinase which phosphorylates a heat-shock regulator provided
the first example of a signalling mechanism based on
phosphoarginine (pArg).” This well characterized system
complements previous reports on protein arginine kinase
activity in several mammalian tissues and a number of pArg
containing  proteins.*'>  However, more systematic
prospecting of cellular pArg sites will be necessary to gauge
their physiological role.

Synthetic access to specifically modified peptides has proven
to be an important tool for the study of PTMs but current
methods for arginine phosphorylation are either unspecific'®
or designed to prepare pArg as the free amino acid.'*'> To
overcome this limitation we here present the synthesis of
peptides containing specific pArg residues by solid phase
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peptide synthesis (SPPS). For this building block approach
the choice of protecting groups for the phosphoguanidinium
moiety is crucial. Most widely used phosphate protecting
groups require acidic conditions for their removal which
would also cleave acid labile N-P bonds. Alternatively,
trichlorethyl (Tc) protecting groups may be cleaved by
hydrogenolysis at slightly alkaline pH after global deprotection
of the peptide by acidic cleavage cocktails (Scheme 1).'6"?
If so, Tc protecting groups may prove suitable for the
preparation of N-phosphorylated peptides.

To test this idea, we prepared bis(2,2,2-trichloroethyl) and
Fmoc protected pArg (Scheme 1, 1) in a four-step synthesis from
Z-Arg-OH with an overall yield of 37% (see ESI) and prepared
three phosphopeptides using Fmoc-SPPS.? Peptides 2 and 3
(Scheme 2) represent the acetylated N- and C-termini of histone 3
which have been identified as substrates for arginine kinase
activity in mammalian cells.® Peptide 4a was designed as a
potential ligand for the phosphotyrosine (pTyr) binding SH2
domain from Src kinase as detailed below. After peptide
assembly, cleavage from the solid support with trifluoroacetic
acid (TFA) yielded essentially pure bis(2,2,2-trichloroethyl)
protected phosphoarginyl peptides, confirming that 1 is well suited
for routine SPPS (Fig. S1, S4 and S7, ESI¥).%° Hydrogenolytic
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Scheme 1 (i) BnBr, NMP, 5 h; (i) bis(2,2,2-trichloroethyl)phosphor-
yloxychloride, NEt;, CH3CN, 7 h; (iii) H,, Pd/C, AcOH/TFA; (iv)
Fmoc-OSu, NEt3, CH;CN, 1 h; (v) Fmoc-SPPS, 92.5% TFA; sca-
vengers; (vi) H,, Pd/C, pH 9.2.
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Scheme 2 pArg containing peptides an artificial SH2 ligands. 2 and 3
are phosphorylated derivatives of the N- and C- terminus of histone 3.
4 - 7 are potential SH2 ligands.

cleavage of the Tc groups in ammonia buffered aqueous ethanol
at pH 9.2 released 69-75% 2, 3, and 4a while causing less than
2% dephosphorylation (Fig. S2, S5 and S8, ESIt). Minor side
products were removed by preparative HPLC using an
acetonitrile gradient in alkaline aqueous buffer as a mobile phase
(Fig. S3, S6 and S9, ESIf). We also enquired whether phospho-
peptides generated by this methodology are stereochemically
homogeneous. As an example, peptide 4a was dephosphorylated
in 50 mM HCI and compared with the two authentic
diastereomers 4¢ and 5 (Scheme 2). HPLC analysis of the three
peptides showed that more than 99% of dephosphorylated 4a
co-cluted with 4¢ suggesting that racemization is insignificant
throughout the synthesis of 1 and that this building block is not
prone to epimerization during Fmoc-SPPS (Fig. S10, ESI¥).

As a first application of synthetic pArg containing peptides
we studied a model protein—protein interaction mediated by
this PTM. Modulation of protein complex stabilities is a major
mechanism by which phosphorylated residues control protein
activity as exemplified by SH2 domains, which recognize pTyr
within short peptide motifs.?! The human genome codes for
more than one hundred SH2 domains which direct the cellular
localization of a vast array of proteins by phosphate-
dependent interactions. Because analogous pArg receptors are
still unknown, we were interested in whether an SH2 domain
could also recognize pArg in place of pTyr, and could ultimately
serve as a blue print for designing phosphoarginine receptors.

The SH2 domain from Src kinase binds a phosphorylated
peptide motif (pTyr-Glu-Glu-Ile) with a K4 of 180 nM while
discriminating against the unphosphorylated version by
10*fold.? Peptides with phosphoserine (pSer)** or pHis> in place
of pTyr are also poor ligands, demonstrating that the SH2
domain is highly sensitive to the length and geometry of the
phosphate-bearing side chain. The side chain of pArg is longer
than that of pSer and more flexible than that of pHis, and
might therefore be a better match for the pTyr binding pocket.

To test this possibility we compared the affinities of the SH2
domain for peptides containing either pArg (4a) or arginine

Table 1 Binding affinity (K,) of SH2 complexes with compounds 4- 7
determined by a fluorescence polarization based displacement assay”
or by direct fluorescence polarization”

Compound Kyq/uM

4a® 550 + 150
4b° 0.13 + 0.094
4c” > 10000

6a’ 0.052 + 0.012
6b” 2.9 +0.31

74 270 + 35

@ Fluorescence polarization based displacement assay. ” Fluorescence
polarization.

(4¢) in place of pTyr (4b). These measurements were per-
formed using a fluorescence polarization based displacement
assay>* 2% in which a complex between the SH2 domain and a
fluorescein-labelled sensor peptide (6a) is titrated with the
unlabeled analytes 4a—c. We demonstrated that this assay is
suitable for detecting low affinity interactions by measuring a
K4 of 270 4+ 35 uM (Fig. S11, ESI¥) for the SH2 complex with
phenyl phosphate (7) which is consistent with previous
measurements using scintillation proximity binding.?” We then
determined the dissociation constants for the SH2 complexes
with peptides 4b (Kyq = 130.0 &+ 9.4 nM) and 4a (Kq = 550 +
150 uM) but we were unable to detect any interaction with 4¢
below 10 mM (Table 1, Fig. S11-S12, ESIf). These data
clearly establish phosphoryl-group dependent recognition of
4a by the SH2 domain. However, exchanging pTyr with pArg
results in a 4 x 10%-fold lower SH2 affinity for the
phosphopeptide.

To characterize the structural basis for this behaviour we built
a model of the SH2 domain in a complex with a set of pArg
rotamers based on commonly occurring Arg rotamers in the
protein data bank (PDB).?® We used the Rosetta software suite®
to screen each of these rotamers by replacing the pTyr side chain
in the crystal structure of the SH2 domain bound to pYEEI
(PDB access code 1SHD).* Consistent with the observed
recognition of peptide 4a by the SH2 domain we found several
pArg rotamers to project the phosphoryl group to a similar
position and orientation as that of pTyr, allowing it to form
equivalent interactions with ArgBBS and ArgaA2 of the SH2
domain (Fig. 1, numbering according to ref. 22). The two salt
bridges between these arginine side chains and the dianionic
phosphate group on pTyr are crucial for high-affinity recognition
by the src SH2 domain.?* It is possible that the interaction with
the monoanionic phosphoguanidinium side chain of pArg
(Scheme 2) is weak predominantly because of a missing salt
bridge. To quantify the effect of this missing charge we compared
the affinities of the SH2 domain for peptide 6a and the
corresponding sulfotyrosine containing peptide 6b (Scheme 2).
The two compounds also differ by one negative charge but are
otherwise strictly isosteric.?! In a fluorescence polarization assay
the sulfopeptide proved a 55-fold weaker SH2 ligand (Table 1,
Fig. S13, ESI¥) than 6a, suggesting that charge difference alone is
not the dominating factor in the 4 x 10°-fold discrimination
between pArg and pTyr.

Reinspection of our model points to additional challenges in
pArg recognition. The SH2 domain recognizes pTyr by two
cation-r interactions involving the side chains of ArgaA2 and

10336 | Chem. Commun., 2011, 47, 10335-10337

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1cc13341a

Published on 19 August 2011. Downloaded by Universidad de Oviedo on 30/10/2014 11:24:13.

View Article Online

Fig. 1 Overlay of a pArg rotamer onto the Src SH2 domain in a
complex with a pTyr containing peptide. ArgBB5 and ArgaA2 shown
in space filling representation.

LysBD6 on either side of the aromatic ring (Fig. S14, ESI¥).
While these cationic sidechains form stabilizing interactions
that contribute additional affinity for pTyr, we expect their
contribution on the basic portion of the pArg side chain to
instead be destabilizing due to direct electrostatic repulsion.
The lack of a favourable electrostatic environment for pArg is
further compounded by the greater loss of conformation
entropy required for localization of the phosphoryl group in
pArg relative to pTyr. Structural analysis of other SH2
domains may reveal those most suitable for pArg recognition,
on the basis of the chemical character of the side chains
forming the binding pocket.

In conclusion, we have presented a general method for the
synthesis of pArg-containing peptides using 1 as a building
block for SPPS coupled with selective deprotection of the
phosphoryl group. Affinity measurements based on fluorescence
polarization demonstrated phosphoryl group-dependent
recognition of an arginine-phosphorylated peptide by the
SH2 domain from Src kinase. This result in conjunction with
computational modelling suggests that pTyr-binding proteins
may serve as starting points for development of high-affinity
reagents for the detection of proteins with phosphorylated
arginine side chains.
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