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Abstract

A set of synthetic phosphorylated peptidomimetic inhibitors of spleen tyrosine kinase (Syk), targeted towards its twi
tandem Src homology-2 (SH2) domains, was studied by nano-electrospray tandem mass spectrometry in both positive ¢
negative ionisation mode. The design of the peptidomimetic compounds was based on the replacement of the interve
ing amino acid sequence of a Syk-binding di-phosphopeptide by non-peptide spacers based on either ethylene glycol
amino-propynyl-benzoate. Collision-induced dissociation (CID) spectra of the protonated molecular o] fMallowed
full characterisation of the peptide hybrids. Preferred cleavage at the amide bond N-terminal to the adjacent polyethyle|
glycol (PEG) and the propynyl-benzoate (PrB) linkers was observed. In general, it thus appears that preferred sequential am
acid fragmentation takes place from the N-terminus up to the linker molecule followed by subsequent internal fragmentatic
starting at the C-terminus. Additionally, tandem CID spectra of the doubly de-protonated molecular ions {MeReijery
compound showed the/z 79/97 phosphate-specific iopkis a remarkably intense ion a¥z297. The mechanism proposed
for the m/z 297-ion occurrence goes through a five-membered ring formation giving an N-terminal pyroGlu structure as
derived from MS spectra.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphorylation plays a crucial role in signal trans-
duction within the cell. A family of functional modules
* Corresponding author. Tek:31-30-2536797; often found in signalling proteins comprises the Src
fax: +31-30-2518219. homology-2 (SH2) domaird.,2]. Molecular recogni-
E-mail address: a.j.r.heck@chem.uu.nl (A.J.R. Heck). . .. .
LPresent address: Department of Chemistry, Oregon State tion of these domains is based on their binding to phos-
University, USA. photyrosine (pTyr) motifs of both catalytic proteins
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(kinases, phosphatases, and lipases) and non-catalytigroup of constructs was peptoids or peptoid—peptide
proteins (adapters and transcription factggg) hybrids. Peptoid—peptide hybrids are oligomeric pep-
The intervention of signalling cascades by SH2 tidomimetics that contain one or more N-substituted
domain inhibitors is an interesting recent therapeutic glycine residues (se&cheme 1 compoundll). In
avenuel[4]. Since tyrosine-phosphorylated peptides these hybrids, the side chains of one or several amino
are the natural substrates of SH2 domains, theseacids are shifted from thex-carbon atom to the
peptides have been used as lead structures. Bornamide nitrogen. The third group comprised divalent
out of the need to have peptide-like structures that constructs. Two short mono-phosphorylated peptides
are proteolysis-resistant and capable of crossing resembling the pY-binding patches (pYTGL and
membrane boundaries, there is a strong interest in pYETL) of the phosphorylated ITAM motif are linked
designing peptidomimetics mimicking their natural by non-peptide spacers. These non-peptide spacers
peptide lead. The cytoplasmic tyrosine kinase p72Syk are either ethylene glycol or amino-propynyl-benzoate
(commonly referred as Syk, spleen tyrosine kinase) based (se&cheme L The idea of this third group of
is a very interesting target because of its potential compounds is to generate a divalent inhibitor, whereby
relevance to asthma and type-l allergic reactions the linker between the two pY-binding patches can be
[5]. An interesting feature of Syk is that it contains varied and thus optimised for Syk inhibition. Indeed,
two SH2 domains in tanderf6]. Syk plays a cru-  these novel constructs show affinities comparable to
cial role in mast cell signalling via the high-affinity the interaction between the native Syk tandem SH2
receptor for IgE (FeRI). Syk binds to the phos- domain and the di-phosphorylated ITANM,9].
phorylated immunoreceptor tyrosine-based activation In earlier reports of our laboratory, we described
motifs (ITAM) located on the cytosolic tail of the the use of soft ionisation techniques combined with
v-subunit of FeRI. The ITAM motif on thewy-chain collision-induced dissociation (CID) for the unam-
of FceRI for Syk has the amino acid sequence KA- biguous characterisation of peptoids and isomeric
DAVpPYTGLNTRSQETPPYETLKHEK. Phosphory- peptide—peptoid hybridfl0-12] In this paper, em-
lation of both tyrosine residuegY) in this ITAM is phasis is directed towards a novel class of diva-
required for high affinity binding to Sykr]. lent SH2 potential inhibitors containing non-peptide

As mentioned above, a unique feature of Syk is that
it contains two SH2 domains (in tandem). Binding of
the tandem SH2 domain of Syk to the phosphorylated
ITAM motif results in conformational changes which
activates Syk’s tyrosine kinase domain and initiates
downstream signalling. The interaction of Syk with
the ITAM motifs of they-chain of FeRI is one of
the critical steps during early activation ofdRl sig-
nal transduction in mast cells. It is hypothesised that
prevention of the interaction of Syk with &Rl will
interrupt mast cell activation and prevent allergic re-

spacers studied by both positive and negative
nano-electrospray ionisation (nano-ESI) tandem mass
spectrometry.

2. Experimental

2.1. Peptide synthesis

Peptoids and di-phosphorylated peptidomimetic
compounds were synthesised as previously described

actions. Thus, research efforts are directed towards the[8,9,13] Briefly, compounds were prepared by solid-
development of novel therapeutics that act as specific phase peptide synthesis (SPPS) on Rink amide resin

inhibitors of F&RI Syk interaction. For this purpose,
we have synthesised SH2 domain potential inhibitors
belonging to three different classes. The first class

represents selected amino acid residues of the con-

sensus sequence of thelTAM motif. The second

using the Fmoc-based peptide chemistry. Couplings
were accomplished with a mixture of the (Fmoc-)
amino acid, benzotriazol-1-yloxy-tris(dimethylamino)
phosphonium hexafluorophosphate (BOP) ahi-
diisopropylethylamine (DiPEA) itN-methyl-2-pyrro-
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Scheme 1. Chemical structures of the compounds used in this stullyepresents a phosphotyrosine peptoid, PEG stands for polyehtylene
glycol and PrB for amino-propynyl-benzoate.
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lidinone (NMP) for 1h. Deprotection of the Fmoc mass-selecting the whole isotope-envelope of the pre-
group was accomplished by treatment with 20% cursor ions in the ion trap, followed by resonant RF
piperidine in NMP 2x 8 min. After cleavage and de-  excitation collisional activation.

protection, the peptides were purified by preparative

reversed-phase high-performance chromatography

(RP-HPLC) on a C18 column. 3. Results and discussion

2.2. Mass spectrometers 3.1. Peptoids fragmentation pattern in positive ES

Mass spectrometric measurements were per- Earlier reports from our laboratories showed mass
formed on a quadruple time-of-flight (Q-TOF) in- spectrometry as a key player in the unambiguous
strument (Micromass, Manchester, UK) and/or on an characterisation of peptoid40-12} In the first two
ion trap (LC-Q) mass spectrometer (Finnigan, San reports, fast atom bombardment (FAB) ionisation
Jose, CA). Both instruments were equipped with a in combination with high-energy CID tandem mass
nano-electrospray source: the Q-TOF instrument with Spectrometry was used to obtain spectra of the proto-
a Z-nano-electrospray source (Micromass) and the nated molecular ions of peptoids and their isomeric
LC-Q with a nano-flow electrospray source (Protana, peptides. Increased abundances of tHeiohs [14]
Odense, Denmark); operating in either positive or in the spectra of peptoids were observed when com-
negative ionisation mode. Nano-electrospray nee- pared with the corresponding isomeric peptides. In
dles were made from borosilicate glass capillaries the third report{12], nano-electrospray ionisation in
(Kwik-Fil, World Precision Instruments, Sarasota, combination with low-energy CID was used to char-
FL) on a P-97 puller (Sutter instruments, Novato, acterise a set of peptoid—peptide hybrids and peptoids
CA). Needles were coated with a thin gold layer derived from the phosphopeptide Ac-pYETL-HH
(~500A) using an Edwards Scancoat Six sputter (Scheme lcompound). Isomeric compounds could
coater. All spectra were recorded from aqueous solu- be distinguished since characteristic fragment ions
tions of acetonitrile (50%) and formic acid (1%) at a Were observed in the peptoid spectra when compared
peptide concentration of typicallyBM. to its isomeric peptide. For instances, a relatively

In the case of the Q-TOF instrument, the potential intensem/z 187 ion would be apparent if a peptoid
between the nano-spray needle and the orifice of the phosphotyrosine residue was incorporatgdhieme 1
mass spectrometer was normally set to 1.2 kV, and the compoundll); this ion would come from the posi-
cone voltage was varied from 30 to 80V. In MS/MS tively charged side chain of the peptoid phosphotyro-
mode, the quadruple was used to select the precursorsine residugl2].
ions, which were fragmented in the hexapole collision
cell, generating product ions that were subsequently 3.2. Linker-peptidomimetics fragmentation pattern
mass analysed by the orthogonal reflectron TOF massin positive ES
analyser. For CID MS/MS measurements, the voltage
over the hexapole collision cell was set to approxi- 3.2.1. PEG-linked divalent SH2 potential inhibitors
mately 35V, and argon was used as collision gastoa As reference compound, the naturally occur-
pressure of typically 11 kPa. ring high binding affinity peptide was chosen, i.e.,

In the case of the LC-Q instrument, the potential the di-phosphorylated ITAM motif of sequence
between the nano-spray needle and the orifice of pYTGLNTRSQETpPYETL (Scheme 1 compound
the mass spectrometer was normally set to 2.0kV, I11). The CID spectra of the singly protonated molec-
and the capillary voltage/tube lens offset was varied ular ion of compound|l (m/z 1977.8) showed the
from 20 to 80V. CID spectra were recorded by first typical Y’- and B-type ion serie§14] (data not
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shown). For the PEG-linked divalent phosphopeptides, These internal fragments at®sYg)3, (DsY7); and
the intermediate amino acid sequence “NTRSQET” (DsYg); atm/z 315.3, 214.3 and 157.3, respectively,
of compoundlll was replaced by an hexa- and a where(D,Y,), is an internal fragment ion, and the
tetra-polyethylene glycol linker giving compounidé suffixesr ands indicate the bonds cleaved, counting
andV, respectively $cheme 1 from the N- and C-termini, respectively. The subscript
The singly protonated molecular ions of compound nindicates the number of amino acid residues retained
IV (pYTGL(PEG)spYETL, n/z 1481.6) and com- in the internal fragment ion.
poundV (pYTGL(PEG)4pYETL, nvVz 1393.5) frag- The PEG linkers were found back as protonated
mented in a similar way when subjected to CID tan- amino-polyethylene glycol ions at/z 282.3 and/z
dem MS. Roepstorff and Fohlman nomenclatjir4] 194.3, for compoundbV andV, respectively.
was used, and the complete linker region was consid-
ered as one residue. Both compounds gave thiyge 3.2.2. PrB-linked divalent SH2 potential inhibitors
ions ranging from Y, to Y{, and the less intense For the PrB-linked divalent phosphopeptides the
B-type ions ranging from Bto Bg (seeFig. 1a and h intermediate amino acid sequence “NTRSQET” of
In either of the MS/MS spectra, thezYon was the compound Il was replaced by a di-amino-propynyl-
far most intense fragment ion at'’z 925.4 and 837.3  benzoate (PrB)and a Gly-amino-propynyl-benzoate-
for compounddV andV, respectively. Notably, the  Gly (G(PrB)G) linker giving the compoundgl and
Y{ ion is the one formed when all amino acids up VII (Scheme }, respectively. As for the former
to where the PEG linker starts are cleaved off, start- PEG-linked peptides, the (PrB)and (PrB) linker
ing at the N-terminus. From this {Yion onwards, regions were, respectively, considered as one residue.
a B-type-like ion fragmentation pathway seemed to  The singly protonated molecular ion of compound
occur Scheme 2a In the spectra we did observe VI (pYTGL(PrB)2pYETL, mVz 1474.5) fragmented
these internal fragment ions generated from tHe Y giving a series of B-type ions, followed by loss of
ion, being the (BYs)s, (B7Y5)3 and (BsYs)2 ions at H20, namely B, B7, Bg, B4 and Bs, as well as the
m'z 795.4, 694.3 and 565.2 for compouhd, and at  Y”-type ions ranging from 8 to 5 (sd€g. 29. Inter-
m/z 707.2, 606.2 and 477.2 for compould where esting is that all Y ions could form internal B-type
(B,Y,). is an internal fragment ion, and the suffixes fragment ions, resulting in the (B;), internal frag-
r ands indicate the bonds cleaved, counting from the ment ions (for nomenclature see above) as shown in
N- and C-termini, respectively. The subscripindi- the spectrum ofFig. 2a From the Y; ion, the (BYg)7,
cates the number of amino acid residues retained in the(B7Ys)s and (BsY g)s internal fragments atvz1059.5,
internal fragment ion. As for normal (underivatised) 958.4 and 829.3, respectively, were obtained; as from
peptides, no (BYs)1-type ion was found14,15} the Y7 ion, the (BY 7)s, (B7Y 7)s and (BsY 7)4 internal
Another interesting ion atVz600.3 was observedin  fragments atwz 958.4, 857.3 and 728.3, respectively;
the MS/MS spectra of both compounidé andV, this as from the ¥ ion, the (BYs)s ion at m'z 901.3;
ion can be considered as a D-type ion with the struc- and as from the ¥ ion, the (BYs)4, (B7Ys)3 and
ture depicted irSscheme 2bFor conventional peptides,  (BeYs)2 ions atm/z 788.3, 687.2 and 558.2, respec-
D-type ions are usually not very abundant and typi- tively, were also observed. In order to make clearer
cally formed via high-energy processes. The relative the internal fragments which are formed from thé Y
high abundance of theddon is, therefore, most likely ~ ions we have depicted iScheme 2¢he structure of
a consequence of the particular chemical structure asthe Yg ion and its derived B-type internal fragments
it results from the cleavage between the peptide and as an example. ThegYion is one of the most intense
the linker moiety. This @ ion seems to have a highly  Y” ions (Fig. 29 and is formed by the removal of all
basic site at its C-terminus promoting the formation the N-terminal amino acid residues up to the linker
of internal fragments giving a series of' Xype ions. region.
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Fig. 1. Positive-ESI MS/MS spectra of the singly protonated PEG-linked divalent SH2 potential inhibitors. (a) Spectra of cohwpound

(hexa-PEG linked), and (b) spectra of compoundtetra-PEG linked).
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Scheme 2. Abundant fragment ions formed by selective cleavage of all amino acids up to the linker moiefyis(&)eYion formed when

all amino acids, up to where the PEG linker starts, are cleaved off at the N-terminus. This ion fragments further from the C-terminu
leading to the (BY;), ions. (b) B; is the ion formed when all the N-terminal amino acids including the PEG linker are cleaved off.
This ion fragments further from the N-terminus leading to the depi¢iBd ), ions. (c) Y is the ion formed when all amino acids, up

to where the (PrB) linker starts, are cleaved off at the N-terminus. This ion fragments further from the C-terminus leading to depicted
(B/Y,)n ions. (d) Y; is the ion formed when all amino acids, up to where the G-(PrB) linker starts, are cleaved off at the N-terminus.

This ion fragments further from the C-terminus leading to the depicted! (B ions.
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Fig. 2. Positive-ESI MS/MS spectra of the singly protonated PrB-linked divalent SH2 potential inhibitors. (a) Spectra of compound
(di-amino-propynyl-benzoate linked). The asterisks locate th& % ion atm/z 1059.5 and the (BY7)s ion atm/z 857.3. (b) Spectra of
compoundVIIl (Gly-amino-propynyl-benzoate-Gly linked). The asterisk locates theY(B)g ion at m/z 1016.4.
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The singly protonated molecular ion of compound
VIl (pYTGLG(PrB)GpYETL, m/z 1431.5) frag-
mented giving a series of B ions, followed by loss
of H,0, namely Bo, Bg, Bg, B7, Bs, B4 and Bs, as
well as the Y-type ions ranging from 10 to 7 (see
Fig. 2b. As for the former PrB-linked compound,
all these Y ions formed internal B-type fragment
ions as shown irFig. 2b Namely, from ion Y/, the
(B1oY10)9, (BoY10)s and (BsY 10)7 internal fragments
at m'z 1016.4, 915.4 and 786.4, respectively; from
the Yg ion, the (BioYo)s ion atm/z 915.5; from the
Yg ion, the (BioYs)7 ion atm/z 858.4, and, from the
Y7 ion, the (BioY7)s, (BoY7)s and (BsY7)4 internal
fragments atn/z 745.4, 644.4 and 515.3, respectively.
For nomenclature see above.

In order to clarify the internal fragments which
are formed from the ¥ ions we have depicted in
Scheme 2dhe structure of the ¥ion and its derived
B-type internal fragments. TheZYion is one of the
most intense Y ions Fig. 2b) and that it is formed by
the removal of all the N-terminal amino acid residues
up to the linker region.

3.3. Linker-peptidomimetics fragmentation pattern
in negative ES

As a typical example, the CID tandem mass spec-
trum of the [M—H]" ion (m/z 644.3) of peptidel

Mass Spectrometry 228 (2003) 879-890 887

(PYETL) is shown inFig. 3a The major peaks are

at m/z 79 and 97, corresponding to the ions O

and [HLPOy] —, respectively. A third major peak cor-
responds to then/z 297 ion. The CID tandem mass
spectra of the [M—2H}~ ion of the di-phosphorylated
compoundsV andVI are depicted irFig. 3b and ¢

As for the reference peptide the most abundant ions
correspond taw/z 79 and 97 from phosphate-specific
marker ions. Intriguingly, a third major peak corre-
sponding to then/z 297 ion also appears in all the
different spectra. As this fragmentation pattern was
observed for the [M—2H]™ ions of all compounds we
proceeded to investigate the structure of thie 297

ion in MS™ experiments with the prospect of finding a
potential new marker ion. All peptide/peptidomimetics
share the consensus amino acid sequence pYETL,
which seemed, at first glance, the candidate sequence
from which the ionm/z 297 would originate.

The MS spectrum of the de-protonated peptide
showed the prominent ions withVz 546, 341 and 297
(Fig. 49. Subsequent MSon vz 341 resulted in a
singly predominant ion atVz297 as shown iifrig. 4h
Further MS onnvz 297 resulted in an 18-@0) loss,
giving them/z 279 ion (spectrum not shown). M®n
the latter ion disclosed the/z 151 and 127 fragment
ions Fig. 49.

The mVz 546 ion obtained from the MSfragmen-
tation came from the 98 mass loss (presumably from

PO, M-H] pYETL (1)
79 HPO, 644
@ "10 7 27 5
[ 1 196 20 138 34 g3 545 500
0 1 1 T 1 II ‘ Wl 1 lI T T 1 ‘I T 1 T 1 T
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Fig. 3. Negative-ESI MS/MS spectra. The CID spectrum of the [M=litin of reference compoundis shown in (a). CID tandem mass
spectra of the [M—2H{~ ions of the di-phosphorylated compoundsand VI is shown in (b) and (c), respectively.
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HPG; and HO losseq[16]) from the de-protonated
peptide ion vz 644); further, MS on this ion Wz
546) showed/z 323 and 240 as predominant ions.
Following MS* on m/z 323 gave themvz 279 ion,
which ultimately resulted in thew/z 151 and 127
ions by MS. The conclusion to be drawn from the
MS™ spectra of than/z 546 ion was that thevz 297
fragment under investigation lacked the phosphate.
The negative charge was to be held in other acidic
group/s.

The proposed mechanism for the formation of the
m/z 297 ion is the one representedriy. 4. The frag-
mentation proceeds with a five-centred nucleophilic
attack of the amide nitrogen of Glu at the carboxyl car-
bon (1) forming a pyroGlu structure, which fragments
into an N-terminal pyroGlu atvz 341 @) and releases
Ac-pY/H20 as neutrals, as described previoydly].
Loss of mass 44 follows, corresponding to the charac-
teristic loss of the Thr side chaii8,19] giving the
m/z 297 ion @B). A second five-centred nucleophilic
attack of the amide nitrogen at the C-terminus to the
contiguous carbonyl group will result in the 184@))
loss giving them/z 279 ion @). Subsequent fragmen-
tation will result in two cyclic ions ofwz 127 (pyr-
role ring) and 151 (imidazole ring), respectively, as
depicted inFig. 4 (5).

4. Conclusions

A set of synthetic phosphorylated peptidomimetic
inhibitors of Syk tandem SH2 domain was studied
by nano-electrospray tandem mass spectrometry in
both positive and negative ionisation mode in order
to elucidate their fragmentation pattern with view to
large-scale peptide libraries synthesis and identifica-
tion. CID spectra of the protonated molecular ions
[M + H]™ allowed full characterisation of the peptide
hybrids. Multiple cases of charge sequestering with en-
hanced amide bond-cleavage were observed. Multiple
internal fragment ions, namely (B;) and (DsY)”
ions, were also detected. Most of the former internal
ions derived from the very abundant Yon generated
upon loss of the N-terminal amino acid residues up
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to the linker region, resulting in a very characteristic
fragmentation pattern of these hybrid compounds.

Tandem CID spectra of the doubly de-protonated
molecular ions [M-2Hi~ showed a common pattern
for all the compounds, i.e., the phosphate-speaific
79/97 ionsplus a remarkably intense ion at/z 297.
The mechanism proposed for th#z 297-ion occur-
rence proceeds with a five-centred nucleophilic attack
of the amide nitrogen of Glu at the carboxyl carbon
forming a pyroGlu structure as determining step. The
phosphate group-specific ions in the negative ion mode
constitute an excellent marker for phosphopeptides, as
well as them/z 297 ion represents an excellent marker
for these compounds in the negative ion mode.
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