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/Abstract: The intrinsic lability of the phosphoramidate P—N
bond in phosphorylated histidine (pHis), arginine (pHis) and
lysine (pLys) residues is a significant challenge for the inves-
tigation of these post-translational modifications (PTMs),
which gained attention rather recently. While stable mimics
of pHis and pArg have contributed to study protein sub-
strate interactions or to generate antibodies for enrichment
as well as detection, no such analogue has been reported
yet for pLys. This work reports the synthesis and evaluation
of two pLys mimics, a phosphonate and a phosphate deriva-
tive, which can easily be incorporated into peptides using

N

standard fluorenyl-methyloxycarbonyl- (Fmoc-)based solid-
phase peptide synthesis (SPPS). In order to compare the bio-
physical properties of natural plLys with our synthetic
mimics, the pK, values of plys and analogues were deter-
mined in titration experiments applying nuclear magnetic
resonance (NMR) spectroscopy in small model peptides.
These results were used to compute electrostatic potential
(ESP) surfaces obtained after molecular geometry optimiza-
tion. These findings indicate the potential of the designed
non-hydrolyzable, phosphonate-based mimic for pLys in var-
ious proteomic approaches.
p pp )

Introduction

Post-translational phosphorylation of proteins occurs on
almost all nucleophilic amino acid side chains." Vast efforts, es-
pecially in the area of phosphoproteomics, are undertaken to
identify new phosphorylation sites and advance the under-
standing of underlying mechanisms of this most important
post-translational modification. For the highly abundant, acid-
stable phosphate esters of serine, threonine and tyrosine (pSer,
pThr, pTyr), phospho-specific enrichment and mass spectro-
metric- (MS-)based phosphoproteomic methods yielded thou-
sands of phosphorylation sites.” In contrast, acid-labile phos-
phorylations are less explored and the chemical and tempera-
ture-related intrinsic lability is particularly challenging. These
specific experimental requirements have to be met by adjust-
ment of existing cell extraction, enrichment protocols and MS
techniques. Recent reports on His and Arg phosphorylation
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demonstrate the successful improvements of phospho-binding
strategies including TiO,,®! immobilized metal affinity chroma-
tography (IMAC),"” hydroxyapatite®™ or strong anion exchange
(SAX),”® despite the fact that virtually no discrimination be-
tween various phospho-species can be achieved with these
methods. Besides that, phospho-amino acid-specific protocols
could be developed for pHis and pArg employing stable ana-
logues of the endogenous phosphorylation. Such molecules
were designed for the generation of antibodies (Abs)” or to
study interacting proteins.’ Among phosphoramidates, pLys is
less studied and its role in the cellular context remains to be
examined. Detected in vivo already in 1977, pLys has been re-
ported as an acid-labile PTM of histone H1® and only prelimi-
nary details on interacting proteins have been published.”
Despite recent reports on incidental plys identification with
phospho-specific enrichment techniques®™® and an indirect
proof for the phosphorylation event via derivatization,"” no
pLys-mimicking analogues suitable for Ab generation or bind-
ing partner examination were obtained so far.

To enable the study of lysine phosphorylation, our group
has recently developed two different synthetic methods for
the site-selective synthesis of pLys peptides. Such peptides can
be obtained via the chemoselective Staudinger-phosphite reac-
tion"? delivering either a photo-caged plys in unprotected
peptides!'® or free phosphoramidates when combining a base-
cleavable solid support and base-labile phosphoramidate pro-
tecting groups™ (Figure 1A). With those model peptides in
hand, the stability of pLys under various pH and temperature
conditions as well as suitable tandem-MS techniques were in-
vestigated.>™

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. A. pLys peptides can be obtained in directly from solid support or
after cleavage from resin in a two-step protocol. B. pLys analogues 1 and 2
can be installed during SPPS to obtain acid-stable phosphonates (X: S, Y:
CH,) or phosphates (X: CH,, Y: O).

To augment the box of chemical tools to study lysine phos-
phorylation, we now propose two different Fmoc-protected
amino acid building blocks as stable pLys mimics, namely
phosphonate 1 and phosphate 2 (Figure 1B).

In order to evaluate the ability of our proposed mimics to
serve as pLys mimics, pK, values of peptides containing either
1, 2 or plLys were determined in NMR titration experiments
and the electron densities visualized as electrostatic potential
(ESP) maps. Our findings demonstrate that both building
blocks show sufficient stability and can be incorporated into
peptides by standard SPPS in contrast to a phosphoramidate
building block, which would deliver the native pLys peptide.

Furthermore, the observed pK, value of phosphonate 1
points towards the great potential of this analogue to be used
as pLys surrogate mimic in future applications, such as Ab gen-
eration and substrate-protein interaction studies.

Results and Discussion
Design of phospho-lysine analogues

Phosphoramidates contain a high energy P—N bond (AG°=
—10.3 to —14 kcalmol™"),'® which translates in a decreased
stability at lower pH and higher temperatures. Presumably,
pLys is prone to hydrolysis due to the protonation of the &-ni-
trogen (pK, of N-(n-butyl) phosphoramidate is 9.9),"” even
though this value has never been determined for plys itself.
Besides the unique charge distribution illustrated in Figure 1A,
the length of the alkyl side chain is the most characteristic
property of pLys. Therefore, we envisioned two types of phos-
phorous derivatives to identify a suitable plys mimic (Fig-
ure 1B), which are both easily accessible: The first derivative 1
exhibits a non-hydrolyzable phosphonate, which would be ob-
tained via a conjugate addition of alkene-phosphonates with
homocysteine (hCys)."® The other analogue 2 is a phosphate
monoester derived from 6-hydroxynorleucine with an im-
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proved pH and temperature stability profile. As both building
blocks were envisioned to be incorporated into peptides by
Fmoc-based SPPS and give free phosphonate or phosphate di-
rectly upon cleavage from the solid support, we determined
acid-labile benzyl (Bn) groups as suitable for side chain protec-
tion.

Synthesis phospho-lysine mimic building blocks for SPPS

The bis-Bn- and Fmoc-protected phosphonate building block 1
(Fmoc-hCys(OBn),)-OH) was obtained as a thioether of Fmoc-
protected hCys (Scheme 1). First, vinylphosphonic acid was
converted into the benzyl ester in two steps to give vinyl-
phosphonate 4. Therefore, commercially available Fmoc-
hCys(Trt)-OH was deprotected under acidic conditions using
50% trifluoroacetic acid (TFA), 2% triisopropylsilane (TIS) and
0.1% ethanedithiol (EDT) in CH,Cl,. It became evident that
short reaction times, cooling of the reaction mixture and im-
mediate purification of the free thiol 5 were required to mini-
mize cyclization and thiolactone formation. For example, run-
ning the deprotection for 30 minutes and purifying the reac-
tion mixture after overnight EDT evaporation yielded approxi-
mately 50% conversion to the thiolactone. Under optimized
conditions, 5 was isolated in 80% yield with 6% thiolactone as
side product. Conjugate addition of 4 to 5 at slightly basic
pH 8.5 and elevated temperatures delivered compound 1 in
68 % yield.

OH | a Wi o i Bno.
/ / / j P 1
4 OH 7 ¢l 4 ~OBn ! E BnO I '
; : S ;
4 1 ! i
66% over two steps o
Fmoc H
Ph ~ :
Phyl. RRESREEEEEEEEEEED : N :
' 1 o 1
Ph S : SH "y .»»»»»»:‘ »»»»»»»»» i
i 68%
Fmoc. OH ~! Fmoc. OH !
” ; ” ! possible S
o] i [e] ae—— Fmoc\N
: 5 side reaction H o)

Scheme 1. Synthesis of phosphonate mimic 1. (i) (COCl),, CH,Cl,, cat. DMF,
0°C to rt., 19 h; (i)) BnOH, Et;N, THF, 0°C to rt., 17 h; (iii) TFA/TIS/EDT/CH,CI,
(50/2/0.1/47.9), 0°C, 5 min; (iv) 50 mm NaHCO./DMF (2/1), pH 8.5, 50°C, 4 h;
(Bn=benzyl, Ph=phenyl, Fmoc=fluorenylmethyloxycarbonyl, DMF = di-
methylformamide, THF = tetrahydrofuran, TFA = trifluoroacetic acid, TIS=tri-
isopropylsilane, EDT = 1,2-ethanedithiol).

Bn- and Fmoc-protected phosphate 2 could be obtained in
a convenient one-pot synthesis following a previously de-
scribed protocol for Bn-protected pSer, pThr and pTyr deriva-
tives' (Scheme 2). Starting from phosphorous trichloride, the
first chloride atom was exchanged with benzyl alcohol. Subse-
quent reaction with commercially available Fmoc-Nle(6-OH)-
OH furnished the proposed, intermediate cyclic phosphite 6,
which was directly hydrolyzed and oxidized to yield the de-
sired compound 2 in 77 % yield.

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 2. Synthesis of Fmoc-Nle(OPO(OH)(OBn))-OH 2. (i) BnOH, THF, 0°C,
5 min; (i) 2,6-lutidine, 0°C to rt., 90 min; (i) H,O, 0°C, 5 min; (iv) NaBr,
NaBrO;, 0°C to rt., 72 h; (Bn=benzyl, Fmoc =fluorenylmethyloxycarbonyl,
THF =tetrahydrofuran).

Peptide synthesis with phospho-lysine analogues

Next, we used both Fmoc-protected building blocks 1 and 2 in
the synthesis of tripeptides 8a and 8b (Scheme 3). To measure
pK, values for the phosphorous moiety in a peptidic system,
we synthesized 8 with a C-terminal amide, an N-terminal acetyl
group, a glycine and a UV-active Tyr residue. 1 and 2 (2 equiv)
were coupled using HATU ((1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium3-oxide-hexafluoro-phos-
phate) to deliver peptides 7a and 7b on the solid support fol-
lowed by standard Fmoc-SPPS protocols. For the thioether-
containing peptide 8a, EDT and trimethylsilyloromide were
added to the cleavage cocktail to avoid oxidation to the sulf-
oxide.” Both peptides 8a and 8b were obtained in good iso-
lated yields, which demonstrates the acid stability of these
mimics as well as the general applicability of building blocks 1
and 2 in standard Fmoc-based SPPS.

Furthermore, to compare the pK, values of 1- or 2-contain-
ing peptides with pLys peptides, we also aimed to synthesize
the corresponding plys peptide 8c (“TyrpLysGly“"*2). In light
of the successful Fmoc-based SPPS of pArg peptides using a
bis(2,2,2-trichloroethyl)- (Tc-)protected pArg building block,?"
we wanted to test whether a corresponding plLys building
block would be suitable for Fmoc-based SPPS. We hypothe-
sized that the electron-withdrawing Tc-protecting group would
increase the stability of the P-N bond against TFA treatment
required for peptide deprotection and cleavage. As shown in

Scheme 4, the Tc-protected pLys building block 3 was obtained
starting from benzyloxycarbonyl- (Cbz-)protected Lys, in which
the acid was first converted into the benzyl ester 9 before the
protected phosphoramidate 10 was formed via nucleophilic
substitution with bis(2,2,2-trichloroethyl) phosphorochloridate.
Change of protecting groups to building block 3 was induced
by hydrogenation, in which acidic conditions were required to
not affect the Tc-protecting group, followed by reaction with
Fmoc-succinimide (Fmoc-OSu). Monomer 3 was obtained after
purification on silica column in 59% overall yield. Next, the
building block 3 was tested toward its performance in SPPS
analogous for building blocks 1 and 2 using HATU-coupling
conditions. While we were able to isolate the desired prod-
uct 12, we also observed substantial formation of side prod-
ucts (Figure S1). Furthermore, the deprotection of 12 to give
the free phosphoramidate was only possible to a certain
extent under the previously reported hydrogenation condi-
tions despite considerable optimization efforts (Scheme 4).
While the desired peptide 8c was formed with maximum
20% conversion and significant P-N bond cleavage to the
lysine peptide 8d was observed, the major fraction of detected
product was the mono-ethyl-protected intermediate 8e.
Because of these observations, we decided to synthesize
peptide 8c following our chemoselective in solution proto-
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o \@\O o \@\0 chloroethyl) phosphorochloridate, Et;N, ACN, rt., 5 h; (iij) H,, Pd/C, AcOH/
7% OH 70 OH TFA/MeOH (5/5/90), rt., 1 h; (iv) Fmoc-OSu, Et;N, H,0/ACN (1/1), rt., 4 h;
8a 8b V) H,, 10% Pd/C, (NH,),CO; pH 8.0, EtOH, rt, 2 h, (Bn=benzyl, Cbz=ben-
zyloxycarbonyl, Fmoc =fluorenylmethyloxycarbonyl, TFA = trifluoroacetic
Scheme 3. Fmoc-based SPPS of peptides employing mimics 1 and 2. acid, Su=succinimide).
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col,"¥ which delivered peptide 8c in 45% yield, significantly
higher than the yield obtained with the Tc-protected plLys ap-
proach (see S, section 3.5). With the three peptides 8a-c in
hand, we tested their enzymatic stability against the promiscu-
ous alkaline phosphatase (ALP). The substrates 8a-c were
tested for stability towards ALP under optimized conditions.
Briefly, 1 mm substrate was dissolved in 50 mm Tris, 1 mm
MgCl,, 1 mm ZnCl,, pH 8.2, at 30°C and was incubated with
0.05 U ALP for 2 h. and the amount of released inorganic phos-
phate (P) was determined via photometric read-out. ALP hy-
drolyzed the phosphoramidate bond in 8c as expected, there-
by demonstrating enzyme activity. Furthermore, treatment of
8b with ALP yielded in a P; release, which indicated suscepti-
bility of the phosphate analogue towards phosphatases. To our
delight, the phosphonate analogue 8a remained intact when
incubated with ALP, further verifying the stability of this deriva-
tive against hydrolysis (Figure S2).

Charge distribution of phospho-lysine and its mimics

Next, we aimed to evaluate the charge distribution of peptides
8a-c at physiological pH. In a previous study, Benkovic and
Sampson reported the potentiometrically detected pK, values
of 9.9 and 2.9 for N-(n-butyl)phosphoramidate for the protona-
tion on nitrogen and one phosphoryl oxygen, respectively,"”??
which gave us an estimate for the pK, values of pLys. An ele-
gant technique for the pK, determination is NMR titration
since this non-invasive analytical technique enables accurate
measurements at desired temperatures at a given pH. Our ex-
perimental set up was inspired by the NMR titration conducted
by Gamcsik et al. on phosphoramidic acid and other phosphor-
amides.”® Samples were prepared at a 1 mm concentration in
40 mm KCI (water + 10% deuterium oxide) and kept at low
temperature to minimize P—N bond hydrolysis for 8 c. The pH
of each sample was adjusted before measurement and

checked again afterwards. Proton ('H), phosphorous (*'P) 1D as
well as 'H-*'P-heteronuclear multiple bond coupling (HMBC)
NMR spectra were recorded from pH 2 to pH 11 on a 600 MHz
('"H frequency) spectrometer at 278 K and subsequently used
for calculations of pK, values (Figure 2A, exemplified for 8a,
see Figure S3 for 8b). In order to do so, the chemical shift of
3P was plotted against the pH values and resulting curves
fitted with sigmoidal functions wherein pK, values were ob-
tained from the inflection points (Figure 2B). We further evalu-
ated the data by plotting and fitting of the 'H chemical shifts -
C-protons for phosphonate 8a and e-protons for phosphate
8b and phosphoramidate 8c (Figure S4).

Our findings indicated that for each of the three variants the
first pK, could not be determined, because they were below
pH 2. In case of the phosphonate 8a, the pK, between the
mono-protonated phosphoryl oxygen and the di-anionic com-
pound was 7.08 4+0.03 (R*=0.9999), thus both species were in
a rather balanced equilibrium at physiological conditions
(Figure 3). The second pK, of phosphate 8b at 6.54+0.13 (R*=
0.9991) pointed towards a more pronounced charge state of
—2 at pH 7. For plLys peptide 8c it was possible to determine
two pK, values, one at 2.88+0.30 and the second at 9.64+
0.07 (R*=0.9995). This result correlates with the complete de-
protonation of the phosphoryl oxygens (pK,2) and the depro-
tonation of the amine (pK,3). Comparing the change in ppm
(Appm) at the pK, values with those reported by Gamcsik et al.
supported our assignments of charge states, whereby a smaller
value indicated a protonation change on oxygen, while a
larger value correlated with the protonation of nitrogen.”
Along these lines, we observed Appm of 5.09 ppm and
8.82 pm for pK,2 and pK,3 for 8c. This can also be seen in Fig-
ure 2B as the Appm for 8a and 8b representing protonation
of oxygen are below 3.5 ppm each. Interestingly, increasing pH
values resulted in an upfield move of *'P chemical shift for
phosphonate 8a but a downfield move for phosphoramidate
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Figure 2. A. NMR titration experiments of peptide 8a. Conditions: NMR spectra of a solution containing 1 mm peptide in 40 mm KCl (H,0+ 10% D,0) were re-
corded at distinct pH values on a 600 MHz ('H frequency) spectrometer at 278 K. Shown are the overlay of 1D-*'P spectra at different pH values and extracted
correlation signals between e-protons and phosphorous from 'H,*'P-HMBC experiments. B. Graphical visualization of *'P NMR measurements for phosphonate

8a (red), phosphate 8b (blue) and phosphoramidate 8 c (black).
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Figure 3. A. Various states of charge and calculated pK, values for 8a, 8b and 8c. Highlighted in red is the protonation of each species at physiological condi-
tions. nd.=not determined. B. Calculated ESP maps relying on DFT-optimized molecular structures of 8a, 8b and 8c at pH 7.0, visualized with Molden 5.9.

8c and phosphate 8b (Figure 2B). This behavior has been de-
scribed already for adenosine nucleotide analogues in the
early 1980s, in which phosphonate derivatives of triphosphates
exhibited the same pattern as observed now.?” The net charg-
es of the side chains of interest of 8a, 8b and 8c at pH 7 are
illustrated in Figure 3A. To visualize the charge distribution,
electrostatic potential (ESP) maps were calculated for opti-
mized structures as shown in Figure 3B (see SI, section 2.10 for
details). Even though the relaxed structures had great geomet-
rical similarity, the charge distributions showed clear differen-
ces. While the charge density was well spread over the whole
molecule with only a slightly negative partial charge at the
phosphoryl oxygens in plLys peptide 8c as well as the mono-
anion of 8a, the di-anionic species of 8a and 8b exhibited dis-
tinct charge fluctuations across the structures. This comparison
indicates that phosphonate 8a is the more suitable mimic for
pLys at physiological pH.

Conclusions

In conclusion, we designed both, a phosphonate and a phos-
phate analogue of plys, and evaluated their potency to act as
pLys mimics by comparing their pK, values. Both analogues
were obtained as suitably protected building blocks, which
were used in the straightforward Fmoc-based SPPS to obtain
model peptides for the pK, measurements. In contrast, a novel
Tc-protected plys building block failed to efficiently deliver
pLys peptides when applied in SPPS. Subsequent stability stud-
ies and NMR measurements showed that phosphonate 8a is a
very promising non-hydrolyzable mimic of pLys with a compa-
rable charge distribution, thus opening the opportunity of
acting as an inhibitor for plys interacting enzymes. Instead,
phosphate 8b exhibited a charge distribution at physiological
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pH, which strongly differs from pLys 8¢, thereby indicating a
lower probability to be recognized by plLys-selective proteins.
Although these experiments have been conducted with model
substrates, we believe that these findings point toward very
promising plys analogues with high stability for the genera-
tion of plLys-specific Abs or the screen for binding partners.

Experimental Section

Detailed experimental procedures, compound characterization and
supplementary figures can be found in the supporting information.

Acknowledgements

This research was supported by the DFG (SFB 765, SPP1623
and GRK 2473) and the Evonik Stiftung (Doctoral fellowship to
A.H.). We thank Prof. Dorothea Fiedler for providing ALP ali-
quots. Open access funding enabled and organized by Projekt
DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: amino acids - chemoselectivity - phosphorylation -
post-translational modification - solid-phase peptide synthesis
analogues

[11 a) G. T. Hermanson, Chapter 2—Functional Targets for Bioconjugation
(Ed.: G.T. Hermanson), Academic Press, Boston, 2013, pp.127-228;
b) R. Bischoff, H. Schluter, J. Proteomics 2012, 75, 2275 -2296.

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1016/j.jprot.2012.01.041
https://doi.org/10.1016/j.jprot.2012.01.041
https://doi.org/10.1016/j.jprot.2012.01.041
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202003947

Chemistry

Europe

[2]

S

=

s

[10]

(1]

Chem. Eur. J. 2021, 27, 2326 - 2331

a) J. Chen, S. Shinde, M.-H. Koch, M. Eisenacher, S. Galozzi, T. Lerari, K.
Barkovits, P. Subedi, R. Krtiger, K. Kuhlmann, B. Sellergren, S. Helling, K.
Marcus, Sci. Rep. 2015, 5, 11438; b) C. M. Potel, S. Lemeer, A. J. R. Heck,
Anal. Chem. 2019, 91, 126-141; c) J. W. Mandell, Am. J. Pathology 2003,
163, 1687-1698; d) M. Mann, S.E. Ong, M. Grgnborg, H. Steen, O.N.
Jensen, A. Pandey, Trends Biotechnol. 2002, 20, 261-268; e) P. J. Boerse-
ma, S. Mohammed, A.J. Heck, J. Mass Spectrom. 2009, 44, 861-878;
f) J. T. Koerber, N. D. Thomsen, B. T. Hannigan, W. F. Degrado, J. A. Wells,
Nat. Biotechnol. 2013, 37, 916-921.

S. Junker, S. Maaf}, A. Otto, S. Michalik, F. Morgenroth, U. Gerth, M.
Hecker, D. Becher, Mol. Cell. Proteomics 2018, 17, 335-348.

C. M. Potel, M. H. Lin, A.J.R. Heck, S. Lemeer, Nat. Methods 2018, 15,
187-190.

K. Adam, S. Fuhs, J. Meisenhelder, A. Aslanian, J. Diedrich, J. Moresco, J.
La Clair, J. R. Yates, T. Hunter, bioRxiv 2019, 691352.

G. Hardman, S. Perkins, P.J. Brownridge, C.J. Clarke, D.P. Byrne, A.E.
Campbell, A. Kalyuzhnyy, A. Myall, P. A. Eyers, A.R. Jones, C.E. Eyers,
EMBO J. 2019, 38, e100847.

a) S. R. Fuhs, J. Meisenhelder, A. Aslanian, L. Ma, A. Zagorska, M. Stanko-
va, A. Binnie, F. Al-Obeidi, J. Mauger, G. Lemke, J. R. Yates, 3rd, T. Hunter,
Cell 2015, 162, 198-210; b) J.-M. Kee, R. C. Oslund, A. D. Couvillon, T. W.
Muir, Org. Lett. 2015, 17, 187-189; c) H. Ouyang, C. Fu, S. Fu, Z. Ji, Y.
Sun, P. Deng, Y. Zhao, Org. Biomol. Chem. 2016, 14, 1925-1929; d) J. M.
Kee, R. C. Oslund, D.H. Perlman, T. W. Muir, Nat. Chem. Biol. 2013, 9,
416-421; e) M. Lilley, B. Mambwe, M. J. Thompson, R. F. W. Jackson, R.
Muimo, Chem. Commun. 2015, 51, 7305-7308; f) J. Fuhrmann, V. Subra-
manian, P.R. Thompson, Angew. Chem. Int. Ed. 2015, 54, 14715-14718;
Angew. Chem. 2015, 127, 14928 -14931.

a) M. F. Eerland, C. Hedberg, J. Org. Chem. 2012, 77, 2047-2052; b) J.
Fuhrmann, V. Subramanian, D.J. Kojetin, P.R. Thompson, Cell Chem.
Biol. 2016, 23, 967 -977.

a) C. C. Chen, B.B. Bruegger, C. W. Kern, Y.C. Lin, R. M. Halpern, R. A.
Smith, Biochemistry 1977, 16, 4852-4855; b) D. L. Smith, B. B. Bruegger,
R. M. Halpern, R. A. Smith, Nature 1973, 246, 103-104; c) D. L. Smith, C.-
C. Chen, B. B. Bruegger, S. L. Holtz, R. M. Halpern, R. A. Smith, Biochem-
istry 1974, 13, 3780-3785.

a) H. Hiraishi, T. Ohmagari, Y. Otsuka, F. Yokoi, A. Kumon, Arch. Biochem.
Biophys. 1997, 341, 153-159; b) P. Ek, B. Ek, O. Zetterqvist, Upsala J.
Med. Sci. 2015, 120, 20-27; c) H. Hiraishi, F. Yokoi, A. Kumon, Arch. Bio-
chem. Biophys. 1998, 349, 381-387.

a) Y. Hu, Y. Weng, B. Jiang, X. Li, X. Zhang, B. Zhao, Q. Wu, Z. Liang, L.
Zhang, Y. Zhang, Sci. China Chem. 2019, 62, 708-712; b) Y. Hu, Y. Li, H.
Gao, B. Jiang, X. Zhang, X. Li, Q. Wu, Z. Liang, L. Zhang, Y. Zhang, Anal.
Bioanal. Chem. 2019, 411, 4159-4166.

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]
[21]

[22]

[23]

[24]

R. Serwa, I. Wilkening, G. Del Signore, M. Muhlberg, I. ClauBnitzer, C.
Weise, M. Gerrits, C. P. R. Hackenberger, Angew. Chem. Int. Ed. 2009, 48,
8234-8239; Angew. Chem. 2009, 721, 8382-8387.

J. Bertran-Vicente, R. A. Serwa, M. Schimann, P. Schmieder, E. Krause,
C. P. R. Hackenberger, J. Am. Chem. Soc. 2014, 136, 13622 -13628.

J. Bertran-Vicente, M. Schiimann, P. Schmieder, E. Krause, C. P. R. Hacken-
berger, Org. Biomol. Chem. 2015, 13, 6839 -6843.

a) M. Penkert, A. Hauser, R. Harmel, D. Fiedler, C. P. R. Hackenberger, E.
Krause, J. Am. Soc. Mass Spectrom. 2019, 30, 1578-1585; b) J. Bertran-
Vicente, M. Schimann, C.P.R. Hackenberger, E. Krause, Anal. Chem.
2015, 87, 6990-6994.

a)D. Wylie, A. Stock, C.Y. Wong, J. Stock, Biochem. Biophys. Res.
Commun. 1988, 151, 891-896; b)E.A. Ruben, M.S. Chapman, J.D.
Evanseck, J. Am. Chem. Soc. 2005, 127, 17789-17798; c¢)D.S. Sem,
W. W. Cleland, Biochemistry 1991, 30, 4978 - 4984,

S. J. Benkovic, E. J. Sampson, J. Am. Chem. Soc. 1971, 93, 4009-4016.

a) M.-A. Kasper, M. Glanz, A. Oder, P. Schmieder, J. P. von Kries, C.P.R.
Hackenberger, Chem. Sci. 2019, 10, 6322-6329; b) M. A. Kasper, M.
Glanz, A. Stengl, M. Penkert, S. Klenk, T. Sauer, D. Schumacher, J. Helma,
E. Krause, M. C. Cardoso, H. Leonhardt, C.P.R. Hackenberger, Angew.
Chem. Int. Ed. 2019, 58, 11625-11630; Angew. Chem. 2019, 131, 11751 -
11756.

D. E. Petrillo, D. R. Mowrey, S. P. Allwein, R. P. Bakale, Org. Lett. 2012, 14,
1206-1209.

W. Beck, G. Jung, Lett. Peptide Sci. 1994, 1, 31-37.

F.T. Hofmann, C. Lindemann, H. Salia, P. Adamitzki, J. Karanicolas, F.P.
Seebeck, Chem. Commun. 2011, 47, 10335-10337.

a) S. J. Benkovic, P. A. Benkovic, J. Am. Chem. Soc. 1967, 89, 4714-4722;
b) P. G. Besant, P.V. Attwood, M. J. Piggott, Current Protein Peptide Sci.
2009, 10, 536-550.

M. P. Gamcsik, S.M. Ludeman, E.M. Shulman-Roskes, I.J. McLennan,
M. E. Colvin, O. M. Colvin, J. Med. Chem. 1993, 36, 3636 -3645.

a) J. A. Gerlt, P. C. Demou, S. Mehdi, J. Am. Chem. Soc. 1982, 104, 2848 -
2856; b)H.J. Vogel, W.A. Bridger, Biochemistry 1982, 21, 394-401;
¢) L. H. Schliselfeld, C. T. Burt, R. J. Labotka, Biochemistry 1982, 21, 317 -
320.

Manuscript received: August 27, 2020
Revised manuscript received: September 25, 2020

Accepted manuscript online: September 28, 2020

Version of record online: December 7, 2020

www.chemeurj.org

2331

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1021/acs.analchem.8b04746
https://doi.org/10.1021/acs.analchem.8b04746
https://doi.org/10.1021/acs.analchem.8b04746
https://doi.org/10.1016/S0002-9440(10)63525-0
https://doi.org/10.1016/S0002-9440(10)63525-0
https://doi.org/10.1016/S0002-9440(10)63525-0
https://doi.org/10.1016/S0002-9440(10)63525-0
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1016/S0167-7799(02)01944-3
https://doi.org/10.1002/jms.1599
https://doi.org/10.1002/jms.1599
https://doi.org/10.1002/jms.1599
https://doi.org/10.1038/nbt.2672
https://doi.org/10.1038/nbt.2672
https://doi.org/10.1038/nbt.2672
https://doi.org/10.1074/mcp.RA117.000378
https://doi.org/10.1074/mcp.RA117.000378
https://doi.org/10.1074/mcp.RA117.000378
https://doi.org/10.1038/nmeth.4580
https://doi.org/10.1038/nmeth.4580
https://doi.org/10.1038/nmeth.4580
https://doi.org/10.1038/nmeth.4580
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1016/j.cell.2015.05.046
https://doi.org/10.1021/ol503320p
https://doi.org/10.1021/ol503320p
https://doi.org/10.1021/ol503320p
https://doi.org/10.1039/C5OB02603B
https://doi.org/10.1039/C5OB02603B
https://doi.org/10.1039/C5OB02603B
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1038/nchembio.1259
https://doi.org/10.1039/C5CC01811K
https://doi.org/10.1039/C5CC01811K
https://doi.org/10.1039/C5CC01811K
https://doi.org/10.1002/anie.201506737
https://doi.org/10.1002/anie.201506737
https://doi.org/10.1002/anie.201506737
https://doi.org/10.1002/ange.201506737
https://doi.org/10.1002/ange.201506737
https://doi.org/10.1002/ange.201506737
https://doi.org/10.1021/jo2025702
https://doi.org/10.1021/jo2025702
https://doi.org/10.1021/jo2025702
https://doi.org/10.1016/j.chembiol.2016.07.008
https://doi.org/10.1016/j.chembiol.2016.07.008
https://doi.org/10.1016/j.chembiol.2016.07.008
https://doi.org/10.1016/j.chembiol.2016.07.008
https://doi.org/10.1021/bi00641a016
https://doi.org/10.1021/bi00641a016
https://doi.org/10.1021/bi00641a016
https://doi.org/10.1038/246103a0
https://doi.org/10.1038/246103a0
https://doi.org/10.1038/246103a0
https://doi.org/10.1021/bi00715a025
https://doi.org/10.1021/bi00715a025
https://doi.org/10.1021/bi00715a025
https://doi.org/10.1021/bi00715a025
https://doi.org/10.1006/abbi.1997.9935
https://doi.org/10.1006/abbi.1997.9935
https://doi.org/10.1006/abbi.1997.9935
https://doi.org/10.1006/abbi.1997.9935
https://doi.org/10.3109/03009734.2014.996720
https://doi.org/10.3109/03009734.2014.996720
https://doi.org/10.3109/03009734.2014.996720
https://doi.org/10.3109/03009734.2014.996720
https://doi.org/10.1006/abbi.1997.0480
https://doi.org/10.1006/abbi.1997.0480
https://doi.org/10.1006/abbi.1997.0480
https://doi.org/10.1006/abbi.1997.0480
https://doi.org/10.1007/s11426-018-9433-3
https://doi.org/10.1007/s11426-018-9433-3
https://doi.org/10.1007/s11426-018-9433-3
https://doi.org/10.1007/s00216-019-01770-w
https://doi.org/10.1007/s00216-019-01770-w
https://doi.org/10.1007/s00216-019-01770-w
https://doi.org/10.1007/s00216-019-01770-w
https://doi.org/10.1002/anie.200902118
https://doi.org/10.1002/anie.200902118
https://doi.org/10.1002/anie.200902118
https://doi.org/10.1002/anie.200902118
https://doi.org/10.1002/ange.200902118
https://doi.org/10.1002/ange.200902118
https://doi.org/10.1002/ange.200902118
https://doi.org/10.1021/ja507886s
https://doi.org/10.1021/ja507886s
https://doi.org/10.1021/ja507886s
https://doi.org/10.1039/C5OB00734H
https://doi.org/10.1039/C5OB00734H
https://doi.org/10.1039/C5OB00734H
https://doi.org/10.1007/s13361-019-02240-4
https://doi.org/10.1007/s13361-019-02240-4
https://doi.org/10.1007/s13361-019-02240-4
https://doi.org/10.1021/acs.analchem.5b01389
https://doi.org/10.1021/acs.analchem.5b01389
https://doi.org/10.1021/acs.analchem.5b01389
https://doi.org/10.1021/acs.analchem.5b01389
https://doi.org/10.1016/S0006-291X(88)80365-6
https://doi.org/10.1016/S0006-291X(88)80365-6
https://doi.org/10.1016/S0006-291X(88)80365-6
https://doi.org/10.1016/S0006-291X(88)80365-6
https://doi.org/10.1021/ja054708v
https://doi.org/10.1021/ja054708v
https://doi.org/10.1021/ja054708v
https://doi.org/10.1021/bi00234a020
https://doi.org/10.1021/bi00234a020
https://doi.org/10.1021/bi00234a020
https://doi.org/10.1021/ja00745a032
https://doi.org/10.1021/ja00745a032
https://doi.org/10.1021/ja00745a032
https://doi.org/10.1039/C9SC01345H
https://doi.org/10.1039/C9SC01345H
https://doi.org/10.1039/C9SC01345H
https://doi.org/10.1002/anie.201814715
https://doi.org/10.1002/anie.201814715
https://doi.org/10.1002/anie.201814715
https://doi.org/10.1002/anie.201814715
https://doi.org/10.1002/ange.201814715
https://doi.org/10.1002/ange.201814715
https://doi.org/10.1002/ange.201814715
https://doi.org/10.1021/ol203332j
https://doi.org/10.1021/ol203332j
https://doi.org/10.1021/ol203332j
https://doi.org/10.1021/ol203332j
https://doi.org/10.1007/BF00132760
https://doi.org/10.1007/BF00132760
https://doi.org/10.1007/BF00132760
https://doi.org/10.1039/c1cc13341a
https://doi.org/10.1039/c1cc13341a
https://doi.org/10.1039/c1cc13341a
https://doi.org/10.1021/ja00994a026
https://doi.org/10.1021/ja00994a026
https://doi.org/10.1021/ja00994a026
https://doi.org/10.1021/jm00075a019
https://doi.org/10.1021/jm00075a019
https://doi.org/10.1021/jm00075a019
https://doi.org/10.1021/ja00374a026
https://doi.org/10.1021/ja00374a026
https://doi.org/10.1021/ja00374a026
https://doi.org/10.1021/bi00531a029
https://doi.org/10.1021/bi00531a029
https://doi.org/10.1021/bi00531a029
https://doi.org/10.1021/bi00531a018
https://doi.org/10.1021/bi00531a018
https://doi.org/10.1021/bi00531a018
http://www.chemeurj.org

