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One-pot chemical pyro- and tri-phosphorylation of
peptides by using diamidophosphate in water

Pyrophosphopeptides are produced in good vields

from diamidophosphate mediated phosphorylation of
phosphopeptides followed by hydrolysis of the resulting
amidopyrophosphate. The overall reaction proceeds
efficiently in water-ice medium without the need for
protecting groups. The simplicity of this process enables a
repetitive phosphorylation-hydrolysis sequence of reactions
in a single pot that produces triphosphopeptides efficiently.
The potential for continual reiteration of this sequence of
reactions suggests that it can become a practical synthetic
tool for protein polyphosphorylation.

' ROYAL SOCIETY
PP OF CHEMISTRY

Chemical
Science

See Huacan Lin, Luke J. Leman,
Ramanarayanan Krishnamurthy,
Chem. Sci., 2022, 13, 13741.

& )

rsc.li/chemical-science

Registered charity number: 207890



#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

One-pot chemical pyro- and tri-phosphorylation of
peptides by using diamidophosphate in watery

{ ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 13741

*

@ All publication charges for thisarticle  Huacan Lin, ©* Luke J. Leman®* and Ramanarayanan Krishnamurthy

have been paid for by the Royal Society
of Chemistry Protein (pyro)phosphorylation is emerging as a post-translational modification (PTM) in signalling
pathways involved in many cellular processes. However, access to synthetic pyrophosphopeptides
that can serve as tools for understanding protein pyrophosphorylation is quite limited. Herein, we
report a chemical phosphorylation method that enables the synthesis of pyrophosphopeptides in
aqueous medium without the need for protecting groups. The strategy employs diamidophosphate
(DAP)

precursors. This operationally simple method exploits the intrinsic nucleophilicity of a phosphate

in a one-pot sequential phosphorylation-hydrolysis of mono-phosphorylated peptide

moiety installed on serine, threonine or tyrosine residues in complex peptides with excellent
chemoselectivity and good yields under mild conditions. We demonstrate the installation of the
pyrophosphate group within a wide range of model peptides and showcase the potential of this
Received 26th July 2022 thodology by selectivel hosphorylating the highly functionalized Nopp140 tid
Accepted 30th October 2022 methodology by selectively pyrophosphorylating e highly functionalize opp peptide
fragment. The potential to produce higher (poly)phosphorylated peptides was demonstrated as

DOI: 10.1039/d25c04160j a proof-of-principle experiment where we synthesized the triphosphorylated peptides using this
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Introduction

Post-translational modifications (PTMs) play significant roles in
modulating protein function and activity.® Among a broad
range of PTMs,>® protein phosphorylation arguably is the most
widely studied PTM and plays a crucial role in regulating many
other cellular processes. Since its discovery in 1959,” phos-
phorylation has been closely linked with many cellular func-
tions in the cell cycle,® apoptosis,® differentiation'® and others.
Various techniques for enrichment of phosphorylated proteins
as well as their identification and quantitation are accessible
today for the analysis of phosphorylation."* In contrast to
protein phosphorylation, protein pyrophosphorylation is
a poorly characterized PTM. It is known to be mediated by
a group of second messengers termed inositol pyrophosphates
(PP-InsPs)"? which are capable of transferring the beta-
phosphoryl group from 5PP-InsP; in the presence of Mg>" to
a phosphorylated serine residue in protein substrates to
generate a pyrophosphorylated protein (Fig. 1a).**'* Some
significant advancements have been made in understanding
the important roles that inositol pyrophosphates play in various
pathways.”>™® Even so, the biological functions of protein
pyrophosphorylation remain largely unknown due to the
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difficulty in identifying pyrophosphorylated proteins in
complex cellular contexts and the few efficient methodologies
for chemically synthesizing pyrophosphorylated peptides and
proteins in vitro. Thus, there is a need to develop new methods
and expand the toolbox for accessible peptide and protein
pyrophosphorylation.

In 2014, Fiedler and co-workers reported a synthetic
methodology to access pyrophosphorylated peptides and
proteins from phosphorylated precursors (Fig. 1b).***® This
protocol involves pyrophosphorylation of a phosphoserine
residue by using a benzyl phosphorimidazolide reagent in
water/dimethylacetamide co-solvent as the first step, followed
by hydrogenolysis of the isolated benzyl-protected interme-
diates in water/dimethylformamide co-solvent to provide the
pyrophosphopeptides. This protocol also proceeded in water
but with slower reaction kinetics. Surprisingly, there are no
other methods available that allow easy access to pyrophos-
phorylated peptides, despite the considerable number of
synthetic approaches for polyphosphorylation of small
molecules such as nucleosides.”*>* Here, we present a simple
one-pot chemical strategy for the facile synthesis of pyro-
phosphopeptides. Our approach starts from a peptide
precursor bearing a phosphorylated Ser, Thr or Tyr residue,
which site-selectively reacts with diamidophosphate (DAP) in
water to generate an amidopyrophosphorylated intermediate,
followed by nitrous acid-induced hydrolysis to afford the ex-
pected pyrophosphopeptide (Fig. 1c). Distinct from the
existing method, our approach does not require protecting/
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(a) Protein pyrophosphorylation by inositol pyrophosphate messengers (e.g., 5PP-InsPs)
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Fig. 1 Site-selective peptide pyrophosphorylation via a one-pot sequential amidophosphorylation-hydrolysis methodology. (a) Inositol pyro-
phosphate messenger-mediated protein pyrophosphorylation in the presence of magnesium. (b) Chemical pyrophosphorylation of peptides
using phosphorimidazolide reagents.?® (c) Diamidophosphate-mediated site-selective pyrophosphorylation of peptides. The use of dia-
midophosphate in aqueous medium, presented in this work, offers several advantages. Circles represent amino acids; DMA, dimethylacetamide;

DMF, dimethylformamide.

deprotecting group chemistry, or isolation of peptide inter-
mediates. Furthermore, this higher yielding one-pot trans-
formation displays excellent selectivity for phosphate
moieties over the other nucleophilic peptide side chains, and
wide applicability for accessing various synthetic and native
pyrophosphopeptides.

Results and discussion

Previous work from our group showed that DAP, which was
prepared via saponification of phenyl phosphorodiamidate, is
a versatile phosphorylating agent.*® Particularly, DAP reacted
with 5-nucleoside monophosphates (5-NMPs) and 5-nucleo-
side diphosphates (5-NDPs) to generate the corresponding 5'-
amidodiphosphate and 5-amidotriphosphate derivatives,
respectively, and converted 2',3"ribonucleotides to the corre-
sponding 2',3-cyclic-phosphates.?® Recently, we showed that
DAP enables the conversion of 5-NMPs and 5-oligonucleotide
monophosphates into the corresponding nucleoside triphos-
phates (5'-NTPs) and 5"-oligonucleotide triphosphates via ami-
dophosphates in a one-pot amidophosphorylation-hydrolysis
setting in water.>” Inspired by these observations, we reasoned
that phosphopeptides might also undergo a similar
amidophosphorylation-hydrolysis to afford the corresponding
pyrophosphopeptides in one-pot,***® considering the plausible

13742 | Chem. Sci,, 2022, 13, 13741-13747

reactive groups in the side chains (e.g., lysine, aspartate, gluta-
mate, cysteine, etc.).

To test this hypothesis, 1 mM peptide 1
(Ac-WNASANG-CONH,, phosphoserine indicated in bold and
red, prepared by the incorporation of commercially available
Fmoc-O-benzyl-phosphoserine, ESI Fig. S2t),*® was treated
with an excess of DAP (30 equiv.), MgCl, (10 equiv.) and
imidazole (10 equiv.) at pH 5.5 in water at room temperature,
45 °C or —20 °C (in a freezer). The formation of the amido-
pyrophosphopeptide 19 in the crude reaction mixture was
monitored by reverse-phase high-performance liquid chro-
matography (HPLC) and mass spectrometry (MS). Imidazole
acts as a catalyst to increase the efficiency of the amidophos-
phorylation reaction of the phosphopeptide by forming the
amidophosphorimidazolide intermediate in situ.”® Encourag-
ingly, we observed almost full consumption of the starting
peptide 1 after 48 hours to produce amidopyrophosphopep-
tide 19 with 91% conversion at —20 °C as indicated by HPLC,
while significantly lower conversions of 22% and 20% were
obtained at room temperature and 45 °C, respectively (ESI Fig.
S23-5257). The excellent conversion at —20 °C was consistent
with our previous results indicating that the eutectic concen-
trating environment of water-ice enabled efficient formation of
ribonucleoside 2',3"-cyclophosphate from the corresponding
ribonucleoside 3-monophosphates (3-NMPs) in the presence

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04160j

Open Access Article. Published on 31 October 2022. Downloaded on 1/19/2026 1:10:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

of DAP, MgCl, and imidazole.** We attribute this significantly
higher yield observed at —20 °C to (a) the freeze concentration
effect® in co-existing water-ice phases, an effect seen in other
contexts*** and (b) a much slower hydrolytic degradation of
DAP (when compared to room temperature and 45 °C), which
allows the DAP to be available for the phosphorylation reaction
over a longer period of time (see ESI Fig. S26-S317 for details).
Through further investigations, we found that decreasing the
amounts of DAP (5 equiv.), MgCl, (2 equiv.) and imidazole (2
equiv.) still produced 19 with 86% conversion (Table 1, entry 1,
and ESI Fig. S34t). Thus, we adopted these conditions for
future amidophosphorylation reactions.

For the hydrolysis step, 5 equiv. of sodium nitrite were added
to the crude 19 in the same pot and the pH was adjusted to 3.0
and left at —20 °C. Monitoring by HPLC showed complete
conversion of amidopyrophosphopeptide 19 into pyrophos-
phopeptide 35 after an additional 20 hours at —20 °C. This
resulted in overall 85% conversion over two steps starting from
1, as confirmed by LC-MS (Table 1, entry 1 and ESI Fig. S357),
suggesting that the nitrous acid-induced hydrolysis of the
amidopyrophosphate group in 19 was almost quantitative.
Having established appropriate conditions, we sought to eval-
uate the functional group tolerance by incorporating other
amino acids with nucleophiles in their side chains. Peptide 2
(Ac-WKNASANG-CONH,, and ESI Fig. S31) bearing a reactive
lysine proceeded efficiently and produced the expected amido-
pyrophosphopeptide 20 with near quantitative conversion at
96% as confirmed by LC-MS (Table 1, entry 2 and ESI Fig. S367).
Treatment of crude 20 with NaNO, at pH 3.0 produced pyro-
phosphopeptide 36 as the desired product with 95% conversion
over two steps (Table 1, entry 2 and ESI Fig. S377).

As a representative example for investigating the effect of the
position of the phosphate group on the efficiency and selec-
tivity, we chose peptide 3 (Ac-SWHNAANG-CONH,, and ESI Fig.
S47), which has a phosphoserine at the N-terminal residue with
a neighboring histidine unit (Table 1, entry 3). Almost full
conversion to the amidopyrophosphopeptide 21 (97%) and
pyrophosphopeptide 37 (96% over two steps from the starting
peptide 3) were observed under the conditions as indicated by
HPLC analysis (Fig. 2). No other by-products were detectable
during the formation of 21 and 37. Although the retention times
for 21 and 37 were close, the 1-unit difference in [M — H]™ and
0.5-unit difference in [M — 2H]*" between the amidopyr-
ophosphopeptide ion and pyrophosphopeptide ion in the MS
spectra clearly showed the transformation from -NH, in the
phosphate group to -OH (Fig. 2).

Furthermore, a series of model peptides with a sequence
similar to Ac-SWXNAKNG-CONH, where X = cysteine (5), aspartic
acid (7), arginine (8), tyrosine (9), proline (10) or serine (11)
were synthesized and investigated for the scope of this chem-
istry (ESI Fig. S6, S8-5127). As outlined by the results in Table 1
(entries 7-11), the reactions from phosphopeptides 7-11 pro-
ceeded smoothly to afford the amidopyrophosphopeptide
intermediates 23-27 with 93-96% and the corresponding
pyrophosphopeptides 39-43 with 86-92% conversion over two
steps (ESI Fig. S46-S551). Despite the presence of other
nucleophilic residues, the clean conversion indicated exclusive

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amidophosphorylation in the phosphoserine residue without
any interferences from the existing tryptophan, lysine, histi-
dine, aspartic acid, arginine, tyrosine, proline, or (non-
phosphorylated) serine. In contrast, reactions of peptides
lacking a phosphorylated serine gave no amidopyr-
ophosphopeptide products (entries 4 and 6, and ESI Fig. S40
and S457) even in the presence of a reactive hydroxyl and thiol
group, respectively. It is noteworthy that no significant side
reactions were observed during the nitrous acid-induced
hydrolysis with a nucleophilic NH, group in lysine, trypto-
phan, histidine, or arginine residues, thus suggesting the high
reactivity and chemoselectivity of the amino moiety in the
amidophosphate group under our conditions.

Previous studies on peptide ligation® and isocyanate
formation*® showed that the optimal pH value for NaNO,-
mediated oxidation of hydrazides was 3.0-4.0 where all amines
from standard amino acid residues were protonated and thus
rendered unreactive as nucleophiles. In our case, the amido-
pyrophosphate group remained active due to its low value of pK,
=~ 1.2%?* as well as the limited NaNO, added (equivalent
amount to DAP), probably explaining the chemoselective HNO,-
induced hydrolysis. In this context, the reaction of peptide 5
containing a cysteine is notable. As expected peptide 5 under-
went, in the first step of amidophosphorylation, almost quan-
titative conversion (95%) to amidopyrophosphopeptide 22
(Table 1, entry 5, and ESI Fig. S41}). However, in the hydrolysis
step with NaNO,, we observed the formation of the peptide
nitrothioite (RSNO) as the major product - as indicated by the
new peak in the LC-MS being +29 Da heavier than that of the
free thiol peptide. It is known that the thiol group (RSH) could
be oxidized using HNO, to generate nitrothioite (RSNO).**
Nevertheless, the nitrothioite was cleanly reduced back to the
original thiol by adding excess 4-mercaptophenylacetic acid
(MPAA). By utilizing this protocol, the desired pyrophospho-
peptide 38 with native cysteine was obtained with 66%
conversion (ESI Fig. S42-S44t). Methionine, the other sulfur-
containing residue, was reported to be stable with nitrous
acid treatment,* and is, therefore, not expected to interfere in
this protocol as well.

To expand the potential application of this methodology
further, we subjected phosphothreonine- and phosphotyrosine-
containing peptides (12 and 13, and ESI Fig. S13 and S147) to
the one-pot reaction conditions (Table 1, entries 12 and 13).
Gratifyingly, both reactions furnished the expected pyrophos-
phopeptides 44 and 45 with 93% and 83% conversions via
amidopyrophosphopeptides 28 and 29, respectively (ESI
Fig. S56-S591). The reaction of phosphopeptide 14 (ESI Fig.
S15%) containing multiple nucleophilic amino acid residues
proceeded well to afford the expected pyrophosphopeptide 46
with 94% conversion (Table 1, entry 14, and ESI Fig. S60 and
S611). To demonstrate the practicality of the reactions, we
scaled-up the reactions of 3, 9, 11 and 12 and the progress was
monitored by LC-MS (ESI Fig. S62-S697). All reactions pro-
ceeded to near complete conversion over the two steps to afford
the desired pyrophosphopeptides, each of which were purified
and isolated by preparative HPLC in 65%, 63%, 71% and 68%
yields, respectively (Table 1, entries 3, 9, 11 and 12). The

Chem. Sci., 2022, 13, 13741-13747 | 13743
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Table 1 One-pot pyrophosphorylation of peptides using a sequential two-step protocol

—‘ NH o 2E* o 3E*
o8 “ o 2E* HZN\“/ 2 O_\(a _o- \’\D _NH; O\“ O

O
o<

ONa (DAP) _NaNO, pH=3.0
MgCly, imidazole Hz0,-20°C
(W H,0, pH =55 (Z[):EI):)) (Z[)&}I})
-20°C
1-3,5, 7-18 (1 mM) 19-34 35-50
E* = Phosphate counter-ions (H*, Na*, 0.5 Mg?*)
Sequence Amidopyrophosphorylated Pyrophosphorylated product

Entry Substrate peptide sequence® origin product’ (% conversion) (% conversion over two steps)
1 1 Ac-WNASANG-CONH, Random 19 (86) 5(85)
2 2 Ac-WKNASANG-CONH, Random 20 (96) 6 (95)
3 3 Ac-SWHNAANG-CONH, Random 21 (97) 37 (96) (65)°
4 4 Ac-WNASANG-CONH,” Random NR NA
5 5 Ac-SWCNAKNG-CONH; Random 22 (95) 38 (66)
6 6 Ac-WCNAKNG-CONH,” Random NR NA
7 7 Ac-SWDNAKNG-CONH, Random 23 (94) 39 (92)
8 8 Ac-SWRNAKNG-CONH, Random 24 (93) 40 (86)
9 9 Ac-SWYNAKNG-CONH, Random 25 (96) 41 (90) (63)7 (83)°
10 10 Ac-SWPNAKNG-CONH, Random 26 (94) 42 (86)
11 11 Ac-SWSNAKNG-CONH; Random 27 (96) 43 (90) (71)% (87)°
12 12 Ac-TWHNAANG-CONH, Random 28 (94) 44 (93) (68)7 (85)°
13 13 Ac-YWHNAANG-CONH, Random 29 (90) 45 (83)
14 14 Ac-SAGWSQKE-CONH, Random 30 (95) 46 (94)
15 15 NH,-KESDSDSEDE-CO,H RPA190°** 31(82) 47 (79)
16 16 NH,-ESDLEKKRRE-CO,H 1c2c® 32 (63) 48 (60)
17 17 NH,-VNEDSPSSSSKL-CO,H Ger1 *%%7 33 (88) 49 (86)
18 18 NH,-VQEPTEPEDDL-CO,H EIF2S2 %738 34 (70) 50 (68)

“ Amino acids highlighted in bold and red bear a phosphate group. Substrate numbers are given in bold. ? Peptides that do not contain a phosphate
group. ¢ % conversions were estimated by reverse phase HPLC analysis based on the area-under the-curve of the amidopyrophosphopeptide
intermediates 19-34 and pyrophosphopeptides 35-50 vs. sum area of all peptidic-peaks. ¢ The isolated yleld (after two steps) of the purified
pyrophosphopeptide b}r reverse phase HPLC purification. ° The yield (after two steps) determined using standard curves of the purified
pyrophosphopeptides.” NA = not applicable. £ A nitrothioite peptide was observed by LC-MS as the product from oxidation of the thiol group
by HNO,. Pyrophosphopeptide 38 (containing the thiol) was formed from reduction of the nitrothioite-intermediate by the addition of excess 4-
mercaptophenylacetic acid (MPAA). Reaction conditions: (1) peptide (1 mM, 1.0 equiv.), DAP (5 mM, 5.0 equiv.), MgCl, (2 mM, 2.0 equiv.),

imidazole (2 mM, 2.0 equiv.), H,O, pH = 5.5, —20 °C, 48-72 h; (2) NaNO, (5 mM, 5.0 equiv.), H,O, pH = 3.0, —20 °C, 20 h.

identities of the pyrophosphopeptide products were also
established by *'P-NMR (ESI Fig. S73-S787). Four additional
known sequences (15, 16, 17 and 18, and ESI Fig. S16-S197)
containing free N- and C-termini, derived from the DNA-
directed RNA polymerase I subunit RPA190 ** (RPA190, Table
1, entry 15), the cytoplasmic dynein 1 intermediate chain 2
(IC2C, Table 1, entry 16), the glycolytic gene transcriptional
activator***” (Gcer1, Table 1, entry 17) and the mammalian
protein eukaryotic translation initiation factor 2°7°% (EIF2S2,
Table 1, entry 18) were selected as substrates. The one-pot
reactions of all these fully unprotected peptides 15, 16, 17 and
18 proceeded to give desired pyrophosphopeptides 47, 48, 49
and 50 with 79%, 60%, 86% and 68% conversion, respectively
(ESI Fig. S79-S867). The slight drop in yield for 16 and 18 may be
a sequence effect and not due to the unprotected N- or C-
terminus since the unprotected amino and carboxylic side
chains (e.g., in sequences 2 and 7) have not impacted the yields.
The reaction displayed excellent chemoselectivity considering
the presence of multiple nucleophilic amino acids such as
glutamic acid, aspartic acid, serine, and lysine in these
peptides.

13744 | Chem. Sci,, 2022, 13, 13741-13747

Tandem mass spectrometry (MS/MS) was reported to be used
as a fragmentation technique for the identification of serine
and threonine pyrophosphorylation.*> To further confirm the
constitutional integrity of the pyrophosphopeptide product,
peptide 43 was characterized by collision-induced dissociation
(CID) MS/MS spectrometry (Fig. 3). The observed fragment ion
(M-178), generated from 43 by loss of the pyrophosphate motif,
is a clear indicator for the pyrophosphorylated peptide and
supports the assignment of phosphorylated serine as the site of
pyrophosphorylation.*” The b-ions and y-ions with varying
lengths of amino acids retained by the amino and carboxyl-
terminal part of M-178 were identified, precisely confirming
the sequence of 43 as AcNH-ppSWSNAKNG-CONH, (ESI Fig. S87
and S88f). The MS/MS analysis revealed no modification of
tryptophan, serine, or lysine side chains in 43. Combined with
the exclusively single peak observed in HPLC for 43 (ESI
Fig. $671) and *'P NMR (ESI Fig. S75%), this analysis again
demonstrated the efficiency and chemoselectivity of the pyro-
phosphorylation reaction.

Next, we assessed the generality of the one-pot aqueous
pyrophosphorylation strategy with a highly functionalized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Crude LC-MS chromatograms of reaction mixtures confirming
the formation of pyrophosphorylated peptide 37 by a one-pot
sequential amidophosphorylation-hydrolysis scenario. (i) The starting
material 3 and the production of (i) amidopyrophosphopeptide
intermediate 21 and (i) desired pyrophosphopeptide 37. The
conversion in each step, as judged by using the HPLC traces, was
nearly quantitative.

substrate, the Nopp140 peptide fragment containing amino
acids 76-100, which is known to be pyrophosphorylated by
inositol pyrophosphate in vitro.** The Nopp140 peptide frag-
ment, a 25-residue peptide bearing a single phosphoserine,
seven serines/threonines, five lysines, and eight glutamic/
aspartic acids, seemed a challenging substrate to explore
(Fig. 4a). The substrate 52 was synthesized by post-assembly
phosphitylation and oxidation in the solid phase**** in high
efficiency and characterized by LC-MS (Fig. 4b, and ESI Fig. S1,
S20 and S21+1). Peptide 52 was reacted with DAP for 20 hours
and was efficiently amidophosphorylated to form amidopyr-
ophosphopeptide 53 in 75% conversion (Fig. 4a, and ESI
Fig. S89%). Remarkably, subsequent treatment of 53 with
NaNO, in the same pot successfully afforded pyrophospho-
peptide 54 with overall 70% conversion over two steps (Fig. 4a,
and ESI Fig. S907). The identities of 53 and 54 were confirmed
by high-resolution mass spectrometry (HRMS) (Fig. 4c and d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The efficient one-pot pyrophosphorylation of the highly func-
tionalized 52 leading to the formation of 54 once again high-
lighted the high intrinsic nucleophilicity and selectivity of the
phosphoserine residue towards DAP and the superior reac-
tivity of the peptide-amidophosphate towards HNO, even in
a complex sequence. And yields of this one-pot strategy were
much better than the previous results (ca. 11%) of the benzyl
protected diphosphate derivative as reported in the
literature.”®

To further validate our methodology on producing valuable
polyphosphorylated peptides, as a proof-of-principle experi-
ment, we selected phosphoserine- and phosphothreonine-
containing peptides (3 and 12, respectively) to generate tri-
phosphopeptides via a one-pot sequential
amidophosphorylation-hydrolysis scenario in water (Fig. 5). As
observed previously, reactions of phosphopeptides 3 and 12
reached completion to quantitatively afford the pyrophospho-
peptides 37 and 44 via amidopyrophosphopeptides 21 and 28,
respectively (ESI Fig. S92, S93, S97 and S$981). By simply
repeating the second amidophosphorylation and subsequent
hydrolysis steps in the same pot, satisfactory conversions to
final triphosphopeptides 56 and 58 were achieved in 61% and
70% yield, via amidotriphosphopeptides 55 and 57, respec-
tively, as analysed by HPLC and anion exchange chromatog-
raphy (ESI Fig. S$94-S96 and S99-S1017). Successful
triphosphorylation of phosphopeptides 3 and 12 could poten-
tially broaden the applicability of this method in generating
polyphosphorylated peptides.

PPSWSNAKNG
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Fig. 3 CID MS/MS analysis of the pyrophosphopeptide 43 in positive
ion mode, confirming the sequence as
AcNH-ppSWSNAKNG-CONH,. The sequence was identified by
matching b-ion (red) and y-ion (blue) fragments. M-178 was generated
from 43 losing the pyrophosphate motif. The b-ions were retained by
the amino-terminal part of M-178 and the y-ions were retained by the
carboxyl-terminal part of M-178.
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Fig. 4 Formation of the pyrophosphopeptide 54 from the highly functionalized Nopp140 peptide fragment. (a) General reaction scheme
showing the pyrophosphorylation of the Noppl40 peptide fragment 52 to generate 54 via a one-pot sequential amidophosphorylation-
hydrolysis scenario. (b)—(d) High resolution ESI-MS (m/z) spectra in positive ion mode of the starting peptide 52, amidopyrophosphopeptide
intermediate 53, and desired pyrophosphopeptide 54, respectively. Conversions were calculated by analytical HPLC based on the area-under-

the-curve of 53 and 54 vs. sum area of all peptidic peaks.
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Fig. 5 Synthesis of triphosphopeptides 56 and 58 from respective
phosphopeptides 3 and 12 via a one-pot four step sequential amido-
phosphorylation-hydrolysis scenario in water.

Conclusions

In summary, we have developed a one-pot strategy that enables
efficient peptide pyrophosphorylation in water via a sequential
amidophosphorylation-hydrolysis scenario. This method is
operationally simple and highly chemoselective, obviating the
need for orthogonal protecting groups for the canonical amino
acid residues within the peptide. The efficacy of the pyrophos-
phorylation reaction was demonstrated by the broad scope of
phosphopeptide substrates with different amino acid compo-
sitions. Notably, this method allowed the site-selective

13746 | Chem. Sci, 2022, 13, 13741-13747

pyrophosphorylation of complex phosphopeptide targets.
Furthermore, triphosphorylation of phosphopeptides was ach-
ieved by simply repeating the two steps of amidophosphor-
ylation and hydrolysis in the same pot. Given the high yields
and lack of byproducts, it is plausible that the thus-generated
crude pyrophosphopeptides could be used directly in subse-
quent exploratory studies. For example, a repeat of this DAP-
mediated phosphorylation has the potential to produce
peptide- and protein-polyphosphates**** in the same pot. Thus,
we anticipate that this method will serve as a practical tool to
quickly generate biologically relevant pyrophosphopeptides and
explore their biochemistry in the emerging area of protein
pyrophosphorylation.
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