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ABSTRACT: Preparing phosphorylated peptides with multiple adjacent phosphorylations is synthetically difficult, leads to β-
elimination, results in low yields, and is extremely slow. We combined synthetic chemical methodologies with computational studies
and engineering approaches to develop a strategy that takes advantage of fast stirring, high temperature, and a very low concentration
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to produce multiphosphorylated peptides at an extremely rapid time and high purity.
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Phosphorylation plays an important role in regulating
protein function in health and disease, and it is the most

common post-translational modification. Most phosphopro-
teins are phosphorylated at multiple sites, creating clustered
regions of phosphorylations.1−4 Since enzymatic phosphor-
ylation of proteins leads to heterogeneous mixtures,5 the
biological effect of phosphorylation patterns is usually studied
using synthetic, homogeneous multiphosphorylated peptides
(MPPs).6−12

Fmoc-based solid-phase peptide synthesis (SPPS) of MPPs
with up to three phosphorylation sites is relatively straightfor-
ward in most cases.13,14 However, the synthesis of MPPs
containing more than four phosphorylation sites (p-sites),
especially clustered ones, is extremely difficult.15 First, the
Fmoc-Ser/Thr(HPO3Bzl)-OH precursors used for the syn-
thesis are sterically hindered and cause electrostatic repulsion,
which decreases coupling yields. Second, protected phosphory-
lated Ser or Thr are prone to β-elimination under the alkaline
conditions used for Fmoc deprotection (Figure 1).16,17 Manual
and automated methods that enable the synthesis of MPPs rely
on frequent adjustment of reaction conditions during the
process and especially require systematic variation in the
reaction temperature.13−15 This allowed the synthesis of MPPs
with up to nine p-sites with minimal risk of β-elimination

byproducts, but the process is very tedious and time-
consuming.18 An average synthesis time of an MPP via one
of the above methods ranges from several hours to days
depending on the sequence and the phosphorylation pattern
and is much slower than the synthesis of nonphosphorylated
peptides.19,20 Accelerated SPPS processes are in high demand
as peptide libraries are an essential tool for biological studies.
Many strategies have been developed to produce peptides in
minutes. These strategies could not be applied for MPP
synthesis, because the high temperature, used for accelerating
coupling reactions, promotes β-elimination of protected
phosphorylated Ser/Thr during Fmoc deprotection (Figure
1).21

The ability to shorten solid-phase synthesis reaction times is
driven by the diffusion rate of the reagents and can be achieved
by a combination of high temperature, efficient mixing,
constant conditions, and a continuous process.19,22,23 We
have recently introduced a setup that combines overhead
stirring and constant high temperature for allowing accelerated
SPPS at low reagent concentration (high-temperature fast-
stirring peptide synthesis, HTFSPS).23−25 HTFSPS allows us
to maximize diffusion dependent processes and enhance the
efficiency of solid phase transformation in a short reaction
time. HTFSPS was used for synthesizing short- to medium-size
peptides of various levels of complexity in record time. Since
HTFSPS proved its efficiency for various unmodified peptides,
we assumed that it can be used also for the challenging
synthesis of post translationally modified peptides like MPPs.
Here we took advantage of the high temperature and fast

stirring setup to develop a method for accelerated multi-
phosphorylated peptide synthesis (AMPS) while minimizing β-
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Figure 1. Fmoc deprotection (blue) and β-elimination (red) of
protected phosphorylated Ser/Thr are competing reactions that take
place under basic conditions. The common deprotection protocol,
using 20% piperidine solution, results in complete deprotection at RT
while promoting β-elimination at high temperature (right). New
conditions are required for minimizing β-elimination during Fmoc
deprotection at high temperatures (left).
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elimination (Figure 1). Since MPPs suffer from several
synthetic drawbacks, we tailored the chemistry to take
advantage of the simplicity of HTFSPS while enabling the
acceleration of the process. We looked for specific conditions
that would enable removing Fmoc at a very short time and at
high temperature without promoting β-elimination. We used
those conditions to synthesize a library of MPPs derived from
different phosphoproteins.
The type of base, its concentration, the reaction time, and

the temperature can modulate the deprotection/elimination
ratio. Hence, the study started with the search for a specific
base and conditions that will allow for rapid Fmoc
deprotection at high temperatures without promoting β-
elimination (Figure 1).
The suppression of β-elimination using DBU, piperazine,

and morpholine bases was previously demonstrated at 40 °C.21
20% piperidine led to significant β-elimination at 40 °C,
proving that this base cannot be used at the standard
concentration under high temperatures. Since we aimed to
perform the accelerated MPP synthesis at 90 °C using fast
overhead stirring, we tested low concentrations of these four
bases: 10% morpholine, 1% piperazine, 0.5% and 5%
piperidine, and 0.5% DBU. These bases differ in their pKb
values and were all shown before to remove Fmoc at lower
temperatures.26−29

We tested the ability to selectively remove Fmoc from the
model phosphopeptide, Fmoc-pS(OBzl)LGLGLG (Fmoc-a),
at 90 °C by treating the peptide with different base solutions
for short, 5 min, and longer, 2 h, incubation periods. Fmoc-a
contained Fmoc to assess the efficiency of its deprotection
using different bases. It had a protected and phosphorylated
pSer at its N terminal which is reported to be very sensitive
toward β-elimination. In addition, a Leu-Gly linker was added
to facilitate its purification. The efficiency and selectivity of the
reactions were determined by HPLC (Table 1).
Our results show that using 0.5% and 5% piperidine

solutions resulted in incomplete deprotection after 5 min,
and substantial formation of β-a and its piperidine adduct after
2 h. 10% Morpholine, the weakest base we tested, showed
mainly incomplete Fmoc removal after 5 min, while leading to
an elimination product after 2 h. Incubation with 1%

piperazine resulted in low crude purity after 5 min and
significant β-a byproduct after 2 h. 0.5% DBU solution
provided almost complete Fmoc deprotection after 5 min with
very high crude purity of a. No β-a was observed under these
conditions even after 2 h at 90 °C. 0.5% DBU removed Fmoc,
while suppressing β-elimination, making these specific
conditions ideal for our setup. The high temperature and the
overhead stirring both significantly improve the diffusion rate
of the reaction,22 enabling the use of such a low DBU
concentration for only several seconds with high efficiency.
pKb values, steric hindrance, and other factors related to a

specific base affect the efficiency of Fmoc deprotection and the
selectivity compared to the competing elimination process. We
used theoretical models to rationalize the observed differences.
To understand the mechanisms of Fmoc deprotection and β-
elimination at a molecular level, the reactions with either DBU
(Figure 2) or with piperidine were modeled using density
functional theory (DFT).30

The minima and transition states on the potential energy
surfaces (PESs) were identified, and the energy barriers for the
studied reactions were determined (the detailed methodology
is given in the Experimental Section). As a model system, we
used a Fmoc-Ser/(HPO3Bzl)-OH as it has the relevant
molecular features of a phosphorylated amino acid in the
peptide and its size simplifies calculations. The PESs of Fmoc
deprotection and β-elimination via DBU were calculated
independently. The Fmoc deprotection mechanisms proceed
in two stages (see SI). The most important transition involves
dibenzofulvene abstraction (i-a to i-c) that consists of the high-
energy intermediate i-b. The proton transfer from the
cyclopentyl moiety of the Fmoc group to the DBU leads to
the formation of the i-b transition state with a barrier of 5.6
kcal/mol.
To model the β-elimination reaction, a proton is transferred

from the Cα of the [Ser/(PO3Bzl)-OH]− to the DBU ii-a via

Table 1. Screening for Optimal Fmoc Deprotection
Conditions at 90 °C

crude purityc of a (%)

conditions 5 min 2 h

I 0.5% DBU 96 97
II 0.5% Piperidine 65b 77a

III 5% Piperidine 28b 83a

IV 1% Piperazine 84b 72
V 10% Morpholine 67a,b 89a

aIncomplete deprotection. bSignificant β-elimination. cDetermined by
HPLC.

Figure 2. (A) Potential energy surface (PES) representing Fmoc
deprotection (i) and β-elimination (ii) processes with DBU. (B) PES
representing Fmoc deprotection (i) and β-elimination (ii) processes
using piperidine. The chemical structure associated with the initial,
final, and intermediate compounds, annotated i-a to i-c and ii-a to ii-c,
are described in the SI. ΔE values are calculated with respect to the
initial structures (i-a/ii-a).
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the 22.1 kcal/mol transition state ii-b, which leads to the
dephosphorylation giving the dihydroalanine product ii-c.
These results show that β-elimination using DBU requires 16
kcal/mol more than Fmoc deprotection, which makes Fmoc
deprotection kinetically favorable.
PESs for the same reactions performed using piperidine as a

base showed that the energy barriers for Fmoc deprotection
(Figure 2bi) and β-elimination (2bii) are comparable
(described in the Experimental Section in the SI). Calculating
the energies of the transition states for Fmoc deprotection and
β-elimination reactions using either DBU or piperidine as
bases allowed us to rationalize the difference in selectivity
observed in the experimental model (Figure 2).
Taken together, the calculations showed that with piperidine

used as a base, the energy barriers are similar (∼3 kcal/mol
difference), supporting the observation that at high temper-
ature, elimination competes with deprotection. In the case of
the DBU, the barrier for the β-elimination is substantially
higher than the one leading to deprotection, which explains the
experimental observation that Fmoc deprotection is energeti-
cally favorable over the β-elimination. The methodologic study
and theoretical calculations suggest that 0.5% DBU can remove
Fmoc without causing major β-elimination at 90 °C.
An MPP derived from B2 bradykinin receptor 366−375,

B2R-5p, was selected as a biological model, as it has five
clustered p-sites at its C-terminus that contain both pSer and
pThr residues (Table 2).31 To compare to the state-of-the-art,
we first attempted the synthesis of B2R-5p by a phosphopep-
tide-specific MW-assisted strategy. Couplings under MW were
performed using 5 equiv of protected amino acid at 75 °C for
10 min using 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU)/N,N-diisopropylethyl amine (DIEA). It was followed
with five DMF washing cycles to cool down the resin before
the deprotection step at RT. The deprotection was then
performed using 20% piperidine without MW for 10 min. The
entire MW-assisted process took over six hours and resulted in
no formation of B2R-5p (Figure 3A and SI).
We next synthesized B2R-5p using the AMPS method that

included (i) constant heating at 90 °C, (ii) fast and constant
overhead stirring at 1200 rpm, and (iii) short reaction and
washing cycles.23 We used 0.5% DBU solution for 10 s to
minimize β-elimination. Couplings were performed with 3
equiv AA for 1 min using HATU/DIEA. AMPS of B2R-5p
took only 21 min and resulted in a crude purity of 13.7% and
in the isolation of 2.5 mg pure peptide (Figure 3; for B2R-5p
chromatograms and ESI-MS see SI). Considering the difficulty
of the synthesis and the short synthetic process, the yields

obtained are satisfactory. The comparative study proved that
AMPS is superior to the MW-assisted method in the synthesis
of MPPs.
One of the biggest advantages of rapid peptide synthesis is

the ability to synthesize peptide libraries. To demonstrate the
applicability of AMPS we synthesized a library of MPPs
derived from phosphorylated regions of eight different
proteins:
The library included Vasopressin V2 receptor 362−371

(V2R-5p),32 Adenomatous polyposis coli protein 1502−1511
(APC-4p),33 Tau 515−527 (Tau-6p),34 Free fatty acid
receptor 4 346−360 (FFAR4-5p),35 Cellular tumor antigen
p53 6−20 (p53-5p),36 Vimentin 22−29 (Vim-4p),37 Prel-
amin-A/C 404−411 (PLam-4p).38 All the selected MPPs
contain at least four phosphorylation sites (Table 2).
Couplings in AMPS were performed for 1 min with the

HATU/DIEA activating system. His and Cys were coupled
twice for 30 s. Deprotection was performed using 0.5% DBU in
DMF for 10 s. All peptides were cleaved from the resin using a
standard TFA cocktail for 5 to 7 h depending on the number
of p-sites, purified using HPLC, and lyophilized before the
yield and purity of the isolated peptide were determined. In all
cases, RP-HPLC purification provided a mg scale of the pure
MPP. AMPS was applied successfully for synthesizing a library
of eight MPPs with varied sequences and phosphorylation
patterns.

Table 2. Library of Multiphosphorylated Peptides Synthesized in the Current Study

entry protein region sequence crude purity [%] yield [%]a

V2R-5p V2R (362−371) pSpSpSLAKDpTpSS 7.7 4.2
APC-4p APC (1502−1511) CpS*pS*SLpSALpSL 31.5 27.0
p53−5p P53 (6−20) pS*DPpS*VEPPLpSQEpT*FpS* 19.9 6.5
B2R-5p B2 bradykinin receptor (366−375) pSMGpT*LR*pT*pSIpS 13.7 12.8
Vim-4p Vimentin (S22−S29) pS*R*P*pS*pS*pSRSLLLb 27.8 24.0
Tau-6p Tau (515−527) pS*pSPGpSPG*pT*PGpS*R*pS*LLLb 12.7 3.6
pLam-4p preLamin A/C (404−411) pS*HpS*pSQ*pT*QGLLLb 37.2 33.6
FFA-5p Free Fatty Acid receptor 4 (346−360) L*pT*D*pT*pS*VKRNDLpSIIpS 14.2 6.9

aThe yields were determined by the mass of an isolated pure peptide divided by the mass of a crude peptide. Crude purity was determined by
HPLC from the ratio between the peak of the desired MPP and the sum of all other integration peaks. bPeptides with large number of p-sites and/
or polar residues were added to a non-native hydrophobic tri-Leu sequence to facilitate purification (blue).

Figure 3. B2R-5p synthesis by either the MW-assisted (A) or AMPS
(B) approaches. In both syntheses, three residues (marked with *)
were coupled twice pSMGpT*LR*pT*pSIpS since the coupling
involved an introduction of a bulky pThr or Arg to clustered regions..
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The resulting crude purities of MPPs synthesized by AMPS,
ranged between 7.7% and 37.2%. The overall yields ranged
between 3.6% and 33.6%, resulting in a few milligrams of >95%
pure MPPs. The clustering of phosphorylated amino acids,
their overall number, and the specific pThr/pSer combination
all affect the crude purity (Table 2). In addition, the peptide
sequence and the presence of other bulky/hindered amino
acids also contribute to the difficulty in synthesis which
translates to lower purity. With these factors taken into
account, the differences in purities between the peptides are
easy to explain. The most important fact is that each MPP we
tried to synthesize was isolated in high purity and sufficient
quantities.
We previously showed that the targeted and fully automated

approaches allow fine-tuning of every step of the MPP
synthesis. The automated approach provides MPPs with five
p-sites in crude purity of above 50%, and the targeted approach
can provide even higher purities.15,18 Although crude purities
obtained by those methods are higher than AMPS, a synthesis
of 10 residues in the Glyconeer 2.1 takes ∼14 h, and via the
targeted approach it takes days.15,18 This makes the synthesis
of each MPP about 40 times longer than via AMPS. Both these
methods suffer from poor mixing of the solid support and the
reaction reagents, whether by shaking or gas bubbling which
translates to a longer reaction duration in addition to the
cooling−heating cycles that are applied. The constant stirring
and high temperature used in AMPS make each step of the
process much faster, thus enabling MPP synthesis in minutes.
The differences between the MPP synthesis strategies imply

that they should be used for different purposes. The targeted
and the automated approaches are excellent choices when a
single MPP is to be synthesized in high purity and yield. AMPS
is the preferred choice when a series of MPPs are to be
synthesized in a short time to allow biological screening. This
suggests that AMPS will have a unique place in the MPP
synthetic strategies toolbox.13,14

While highly attractive and already applicable for non-
phosphorylated peptides, the accelerated synthesis of MPPs to
date is practically nonexistent. We present herein a new
method for rapid MPP synthesis and its application for
synthesizing a diverse MPP library. The experimentally driven
and theoretically supported choice-of-base allowed us to
maximize Fmoc removal while minimizing β-elimination,
thus overcoming a major hurdle in MPP synthesis. The
overhead stirring enabled us to decrease the duration of
reactions and the reagent concentrations. Altogether, an
accelerated synthesis approach was applied for the synthesis
of highly valuable yet mostly inaccessible multiphosphorylated
peptides. We showed here that by changing the conditions of
the synthesis HTFSPS can be adjusted for synthesizing
peptides with post-transitional modifications, thus opening
the route for the accelerated synthesis of other types of
modified peptides. By changing the design of the reactor we
are certain that the advantages of HTFSPS can be adopted for
accelerate scaled-up peptide synthesis.

■ EXPERIMENTAL SECTION
Essential Synthesis and Base Screening Protocol. A

short model peptide Fmoc-pSer(OBzl)LGLGLG (Fmoc-a)
was synthesized. 100 mg of resin was swelled for 30 min in ∼5
mL of DMF, using 2.9 equiv HATU and 8 equiv of DIEA as
the activating system and 20% piperidine/DMF for Fmoc
deprotection; final Fmoc deprotection was not performed.

Coupling steps duration was 1 min, and deprotection steps
were 30 s. The resin was washed thoroughly by 3 × 5 mL
DMF, 3 × 5 mL DCM, and 3 × 5 mL MeOH and dried
carefully. The peptide-bound resin was divided into 12 test
tubes with 10 mg in each tube. Then 1 mL from one of the
following base solutions was added for 2 test tubes from each
condition: 0.5% and 5% of piperidine, 0.5% of DBU, 1% of
piperazine, and 10% of morpholine. Immediately after adding
the base, samples were incubated inside a 90 °C water bath.
One set of samples was incubated for 5 min and the second set
of samples incubated for 2 h. The resin of each sample was
transferred to a small-fritted tube, washed with 3 × 5 mL
DMF, 3 × 5 mL DCM, and 3 × 5 mL MeOH and dried
carefully. Peptides were cleaved, and the crude material was
dissolved in 200 μL TDW and 50 μL ACN and filtered, and 80
μL was injected into an analytical RP-HPLC. Samples were
eluted using a 5−60% ACN gradient, and the signal was
recorded at 220 nm. Peaks were collected and analyzed by
electron spray ionization mass spectrometry (ESI-MS). Crude
purity was calculated by peak integration; the area under the
peak of the deprotected peptide was divided by the sum of all
integration values in the relevant range.
Procedure for AMPS. A reactor containing a sintered glass

filter and a heating jacket was used. The heating jacket was
connected to a circulating 90 °C water bath. The reactor has a
narrow diameter to enable fast and efficient heat transfer. The
reactor was equipped with an overhead 5-fin turbine PTFE
impeller. Solvents and reagents were inserted directly by a
feeding line and drained by vacuum filtration. 3 mL of coupling
mixture containing 3 equiv of protected amino acid, 2.9 equiv
of HATU, and 8 equiv of DIEA was added to the reactor
without preactivation or preheating. Fmoc deprotection was
done using 3 mL of a 0.5% DBU solution in DMF without
preheating. Peptides were cleaved according to the procedure
above.
Peptide Cleavage from the Resin. A freshly prepared

solution (6 mL) of trifluoroacetic acid (TFA)/triisopropylsi-
lane (TIPS)/TDW (92:3:5) was added to 100 mg of dry
peptidyl-resin. The mixture was shaken at room temperature
between 5 and 7 h depending on the number of
phosphorylated residues. Then, the resin was separated by
filtration. The TFA was removed under nitrogen atmosphere,
and the peptide was precipitated by gradual addition of ice-
cold ether to the mixture. The solution was centrifuged, and
the peptide was washed twice with ether. A minimum volume
of TDW was used to dissolve the crude peptide, which was
then lyophilized to dryness before HPLC purification and ESI-
MS analysis.
Computational Details. All density functional theory

(DFT)30 calculations in this study were performed using Q-
Chem software, version 5.4.39 We utilized the B3LYP
exchange-correlation functional,40 combined with D3 Grimme
correction for dispersion forces, which accounts for the
noncovalent interactions, crucial for the systems under
study.41 The calculations were done using the 6-31+G* basis
set.42 Initial guesses for the transition states were obtained
using the Freezing String Method (FSM).43 The guess-
structures were further optimized to obtain the transition
states of the system. Intrinsic Reaction Coordinate (IRC)44

was used to verify that the calculated transition states indeed
connect the relevant reactants and products. In the cases where
the IRC calculations did not converge, we manually modified
the transition state structure slightly along with its imaginary
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normal mode and verified that, upon optimization, these
structures led to the reactants and products of interest.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00164.

Additional experimental details, materials, and methods,
including detailed DFT calculation and chemical
structures of all compounds in studied reactions.
HPLC chromatograms and ESI-MS of peptide library.
(PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Mattan Hurevich − The Institute of Chemistry, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel;
orcid.org/0000-0002-1038-8104;

Email: mattan.hurevich@mail.huji.ac.il
Assaf Friedler − The Institute of Chemistry, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel;
orcid.org/0000-0003-1592-1278; Email: assaf.friedler@

mail.huji.ac.il

Authors
Dana Grunhaus − The Institute of Chemistry, The Hebrew

University of Jerusalem, Jerusalem 91904, Israel
Estefanía Rossich Molina − The Institute of Chemistry, The
Hebrew University of Jerusalem, Jerusalem 91904, Israel;
Present Address: The Fritz Haber Research Center for
Molecular Dynamics, The Hebrew University of
Jerusalem

Roni Cohen − The Institute of Chemistry, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel

Tamar Stein − The Institute of Chemistry, The Hebrew
University of Jerusalem, Jerusalem 91904, Israel; Present
Address: The Fritz Haber Research Center for Molecular
Dynamics, The Hebrew University of Jerusalem

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.oprd.2c00164

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
AF was supported by the Israel Science Foundation (ISF)
grant number 1628/18 and by the Minerva Center for Bio-
Hybrid complex systems. AF thanks the Saerree K. and Louis
P. Fiedler Chair in Chemistry. MH received funding from the
European Innovation Council (EIC) under the European
Union’s Horizon Europe research and innovation programme
grant agreement number 101046369. ERM thanks Alon Zamir
for the helpful discussions regarding the electronic structure
calculations.

■ REFERENCES
(1) Salazar, C.; Höfer, T. Multisite Protein Phosphorylation - From
Molecular Mechanisms to Kinetic Models. FEBS J. 2009, 276 (12),
3177−3198.
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