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ABSTRACT: A highly selective and convenient method
for the synthesis of pyrophosphopeptides in solution is
reported. The remarkable compatibility with functional
groups (alcohol, thiol, amine, carboxylic acid) in the
peptide substrates suggests that the intrinsic nucleophil-
icity of the phosphoserine residue is much higher than
previously appreciated. Because the methodology operates
in polar solvents, including water, a broad range of
pyrophosphopeptides can be accessed. We envision these
peptides will find widespread applications in the develop-
ment of mass spectrometry and antibody-based detection
methods for pyrophosphoproteins.

T o diversify the proteome, eukaryotic cells rely on an array
of posttranslational modifications (PTMs)." These
chemical alterations can control the enzymatic activity of
proteins, modulate their association with other biomolecules, or
determine their location in the cell. Among the extensive
repertoire of PTMs, protein phosphorylation is one of the most
common, and it is universally regarded that reversible protein
phosphorylation is a signaling mechanism involved in almost all
cellular processes.”> The availability of phospho-specific
antibodies has made the detection of distinct phosphoproteins
possible, and modern phosphoproteomic methods can provide
detailed snapshots of phosphorylation-dependent signaling
pathways.>

Protein pyrophosphorylation, a more recently described
modification, is poorly understood by comparison. Snyder and
co-workers discovered that a group of second messengers, the
inositol pyrophosphates,” are able to transfer the high-energy f3-
phosphate group to protein substrates in an enzyme-
independent fashion that requires only Mg*" as a cofactor.’
In fact, the S-phosphate group of the inositol pyrophosphate is
added onto a pre-existing phosphoserine residue, yielding a
pyrophosphorylated protein (Figure 1).° Genetic perturbation
of the enzymes involved in inositol pyrophosphate biosynthesis
results in a number of interesting phenotypes.” Most notable is
the intimate involvement of the pyrophosphate messengers in
insulin signaling and body weight regulation in mice and
humans.® To what extent protein pyrophosphorylation
contributes to these phenotypes has not been determined
and remains an area of intense investigation.

While in vitro pyrophosphorylation has been well charac-
terized, many questions surrounding this modification still
linger. What is the detailed mechanism for this unique
phosphoryl-transfer reaction? Is a phosphoserine residue
sufficiently nucleophilic? Furthermore, direct evidence that
protein pyrophosphorylation plays a regulatory role in vivo is
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Figure 1. Proteins can be pyrophosphorylated by inositol
pyrophosphate messengers in the presence of magnesium.

missing to date. A dearth of suitable methods has precluded the
identification of pyrophosphorylated proteins in complex cell
lysates. Neither an antibody-based approach nor proteomic
platforms are currently available. Evidently, new tools for the
analysis of protein pyrophosphorylation in different cellular
contexts are much needed.

Our interest in protein pyrophosphorylation led us to engage
in the chemical synthesis of pyrophosphopeptides. To
determine the optimal strategy, we synthesized pyrophospho-
serine model compound 1 and evaluated its chemical stability
(Table 1, Scheme S1). The pyrophosphate moiety exhibited
considerable stability over a wide pH range (pH 4.5-9.5) and
in the presence of various Lewis acidic metal cations (Table
S1). Basic conditions resulted in complete loss of the
pyrophosphate group via f-elimination (Table 1, entry 7),
while treatment with 0.1 M HCI (Table 1, entry 1) caused a
substantial amount of hydrolysis. The acid sensitivity prompted
us to investigate the compatibility of the pyrophosphate
functional group with solid phase peptide synthesis (SPPS)
conditions.” When 1 was exposed to TFA cleavage cocktails
frequently used in SPPS, a significant quantity of hydrolyzed
product was observed (Table 1, entries 8—9)."> Consequently,
an SPPS-based method did not appear feasible. Instead, we
chose to install the pyrophosphate group in solution."' With
this approach, we can take full advantage of the well-established
procedures to obtain phosphopeptides'* and incorporate the
relatively labile pyrophosphate functional group in the last
synthetic step.

Traditional phosphorylation methods rely on electrophilic
phosphorus(III) and phosphorus(V) reagents."> Therefore, as
illustrated in Scheme 1, three distinct pyrophosphorylation
methods were tested and optimized on an N- and C-terminally
protected phosphopeptide (S), which was initially devoid of
reactive amino acid side chains. Reaction of 5 with
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Table 1. Stability of a Pyrophosphoserine Analog”
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entry buffer pH (rt) (50 °C)
1 0.1 M HCl 0.97 22.5 100.0
2 NHHCO, 4.53 0.2 4.3
3 imidazole 7.18 1.0 2.9
4 HEPES 7.22 1.2 2.6
S TRIS HCI 7.50 2.4 3.0
6 CHES 9.30 1.0 1.7
7 0.1 M NaOH 13.06 63.6° 100.0¢
8 TFA Mix A? 25.0 N/D
9 TFA Mix B¢ 114 N/D

“Standard conditions: 90 mM buffer, 1 mM substrate, 24 h. N/D =
Not determined. “Normalized to time £ = 0. “% f-elimination reported
for these entries. %95% TFA + 2.5% H,0 + 2.5% triisopropylsilane; 3
h. °1% TFA in DCM; 3 h.

phosphoramidite 2, followed by oxidation, proceeded cleanly to
intermediate 9a (Method A, Table 2, entry 1). Subsequent
hydrogenolysis afforded the desired pyrophosphopeptide 13.
Negative ion mode electron spray mass spectrometry
confirmed the product via the detection of the [M — H]~
ion (918.2561), and *P NMR spectroscopy unequivocally
corroborated the formation of the pyrophosphate group, as can
be seen by two diagnostic doublets at —6.5 and —10.5 ppm
(Figure S1). In comparison, much shorter reaction times were
required when the more electrophilic phosphoryl chloride 3
was used to produce 9a in high conversion (Method B, Table 2,
entry 2). Finally, we tested phosphorimidazolide 4 as a source
of electrophilic phosphorus(V) with restrained reactivity
(Method C)."* Using the imidazolide, peptide 5 was efficiently
converted to intermediate 9b in 90 min at 45 °C with ZnCl, as
an additive (Table 2, entry 3).1810

Given the functional diversity of peptides, we next
determined the side chain functional group compatibility of
the pyrophosphorylation methods. The phosphoramidite
chemistry (Method A) was tolerant of lysine (Table 2, entry
4), but exhibited significant cross-reactivity with the thiol group
of cysteine (Table 2, entry S). A dehydrated product was
observed with aspartic acid containing substrate 8, presumably
due to competing cyclization of an activated acyl-phosphate
intermediate (Table 2, entry 6). Dehydrated byproducts of
peptide 8 were also observed with the phosphoryl chloride
reagent (Method B) (Table 2, entry 9). Method B, however,
did not exhibit cross-reactivity with cysteine (Table 2, entry 8).
By far the best functional group compatibility was achieved
using phosphorimidazolide 4 for the pyrophosphorylation
reaction (Method C). The presence of an amine, thiol, or
carboxylic acid did not significantly interfere with formation of
the desired product in N,N-dimethylacetamide (DMA) (Table
2, entries 10—12)."” Analysis of the crude reaction mixtures by
3P NMR revealed that the formation of P-N and P—S bond-
containing species was negligible. Also, primary alcohols did
not impair pyrophosphorylation, as the reaction proceeded
smoothly in methanol."® The high tolerance toward numerous
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Scheme 1. Peptide Pyrophosphorylation Using Different
Electrophilic Phosphorus Reagents
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H
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H
O

E* = Phosphate counter-ions (H, Li*, Na*, H*NEt;)

Table 2. Optimized Pyrophosphorylation Conditions on
Diverse Peptide Substrates”

entry method Xxx solvent % conversion (yield)b
1 A None DMF 88 (40)°
2 B None DMA 88 (42)°
3 C None DMA 90 (54)°
4 A Lys DMF 93
s A Cys DMF 18
6 A Asp DMF 38
7 B Lys DMA 0?
8 B Cys DMA 67
9 B Asp DMA 53
10 C Lys DMA 79
11 C Cys DMA 93
12 o Asp DMA 87

“Reagents and conditions: Method A: (1) 2, NEt;, 1-H-tetrazole, 16 b,
1t, (2) tBuOOH, 16 h, 0 °C to rt; Method B: 3, NEt;, 2h, 0 °C to rt;
Method C: 4, ZnCl,, 1.5 h, 45 °C. YConversion determined by HPLC
assay to desired pyrophosphopeptide intermediates 9a, 10a, 11a, 12a
(Method A and B) or 9b, 10b, 11b, 12b (Method C). Identification of
significant byproducts discussed in Supporting Information “Two-step
isolated yields of hydrogenated product 13 reported in parentheses. a5
presumed trifluoroacetylated peptide formed as the major product. See
Supporting Information

functional groups was unexpected and suggests that, when
presented with the appropriate electrophile, the intrinsic
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nucleophilicity of phosphoserine is higher than typically
presumed.’

In contrast to phosphoramidites and phosphoryl chlorides,
phosphorimidazolide reagents are stable to aqueous environ-
ments.** We therefore tested whether the pyrophosphorylation
reaction with phosphorimidazolide 4 could be carried out in
water. Since 4 can tolerate both amine and carboxylic acid
functionalities (as discussed in the previous section) the N- and
C-terminally deprotected phosphopeptide 16 was prepared and
used as a substrate. The standard conditions of Method C
yielded 17% of pyrophosphorylated peptide 17 when water was
used as the sole solvent. By increasing the amount of
phosphorimidazolide reagent and zinc additive in combination
with lengthening the reaction time, 85% conversion to the
pyrophosphopeptide 17 was obtained (Scheme 2, Table SS).

Scheme 2. Optimized Method on a Deprotected Peptide

'09,5/0' ] 2et

]
o
16
H,oN-Trp-Asn-Ala N Ala-Asn-Gly-COOH
H
o
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To maintain a constant pH, the aqueous reactions were
buffered near pH 7. Notably, imidazole buffer did not slow
down pyrophosphorylation, indicating that the imidazole
moiety, as encountered in a histidine side chain, is also well
compatible with our method.* With DMA as the solvent,
peptide 16 was fully converted to benzyl-protected inter-

mediate 17 and subsequent hydrogenolysis provided pyrophos-
phopeptide 18.

To demonstrate the general utility of this pyrophos-
phorylation strategy, we applied our method to a highly
challenging substrate, a Nopp140 peptide fragment (amino acid
76—100). Nopp140 is a mammalian protein, and the peptide
fragment (2a76—100) is known to undergo inositol pyrophos-
phate mediated pyrophosphorylation in vitro.> The peptide
contains 25 amino acids and is densely functionalized (S lysine,
7 serine/threonine, and 8 glutamic/aspartic acid residues,
Figure 2). Remarkably, when treated with phosphorimidazolide
4, the Nopp140 peptide 19 was selectively phosphorylated on
the phosphoserine residue. Both mass spectrometry and *'P
NMR clearly confirmed the formation of the desired pyro-
phosphopeptide 20 (Figure 2).

The observed specificity of the pyrophosphorylation reaction
with a functionally complex peptide substrate underlines the
unique reactivity of the phosphoserine residue toward the
phosphorus(V) electrophile. Considering phosphoserine’s high
intrinsic reactivity provides a first clue as to how Nature may
accomplish the formation of pyrophosphoproteins without the
involvement of an enzyme.

In summary, we have described a method that provides easy
access to pyrophosphopeptides. The procedure operates in
polar protic and aprotic solvents and can thus be applied to a
wide range of peptides. These peptides will be essential
reagents for elucidating the cellular functions of protein
pyrophosphorylation. For example, they can be used to
optimize mass spectrometry techniques for the detection of
pyrophosphopeptides in complex cell lysates. Likewise, to raise
antibodies, the pyrophosphoserine residue needs to be
incorporated into various amino acid sequences, and the
availability of pyrophosphopeptides will be an integral part of
the process.

Since peptide pyrophosphorylation can be carried out in
water, we envision that further reaction development can
provide a unique bioconjugation method. It is now possible to
site-specifically incorporate phosphoserine residues into
proteins using amber codon suppression.”> The phosphopro-
teins could then be pyrophosphorylated with our approach to
characterize the in vitro biochemical and biophysical effects of
protein pyrophosphorylation. In all, the accessibility of
pyrophosphopeptides by the reported methodology provides

o
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19 2 [M+3H]*
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Figure 2. Chemical pyrophosphorylation and characterization of highly functionalized Nopp140 peptide fragment. (a) General reaction scheme to
synthesize pyrophosphopeptide 20. (b) Mass spectrometry analysis of 20. (c) *P NMR spectrum of 20.
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the necessary gateway for entering this emerging area of signal
transduction research.
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Supporting schemes, tables, and figures as well as experimental
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material is available free of charge via the Internet at http://
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