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SUMMARY

Covalent labeling of amino acids in proteins by reac-
tive small molecules, in particular at cysteine SH and
lysine NH groups, is a powerful approach to identify
and characterize proteins and their functions. How-
ever, for the less-reactive carboxylic acids present
in Asp and Glu, hardly any methodology is available.
Employing the lipoprotein binding chaperone PDE6d
as an example, we demonstrate that incorporation of
isoxazolium salts that resemble the structure and
reactivity of Woodward’s reagent K into protein li-
gands provides a novel method for selective covalent
targeting of binding site carboxylic acids in whole
proteomes. Covalent adduct formation occurs via
rapid formation of enol esters and the covalent
bond is stable even in the presence of strong nucle-
ophiles. This new method promises to open up hith-
erto unexplored opportunities for chemical biology
research.

INTRODUCTION

Covalent protein targeting, in particular as explored in activity-
based proteome profiling (ABPP) is a powerful method to identify
and investigate the biological function of proteins (Speers and
Cravatt, 2004). Typically in this approach, selective probes
with balanced and often with attenuated electrophilic reactivity
are employed to target protein nucleophiles in enzymes (Gersch
et al., 2012; Niphakis and Cravatt, 2014; Shannon and Weera-
pana, 2015) and other proteins (Backus et al., 2016; Liu et al.,
2013; Serafimova et al., 2012; Takaoka et al., 2013). A variety
of different electrophiles and scaffolds has successfully been
employed for covalent protein targeting. In the overwhelming
majority of the cases nucleophilic cysteines and lysines (Akcay
et al., 2016; Baillie, 2016; Fujishima et al., 2012; Gersch et al.,
2012; Kato et al., 2005; Matsuo et al., 2013; Niphakis and Cra-
vatt, 2014; Shannon and Weerapana, 2015; Takaoka et al.,
2013, 2015; Tsuboi et al., 2011) are covalently labeled, although
also other less-reactive amino acids, in particular serine, tyro-
sine, and histidine, are also amenable to modification (Dekker
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et al., 2010; Fujishima et al., 2012; Liu et al., 1999; Matsuo
et al., 2013; Tamura et al., 2012; Tsai et al., 2013).

Given the significance and widespread application and use of
this approach, its extension to other amino acids is of major
importance, in particular if their intrinsic nucleophilicity is low,
such as the carboxylic acid groups in aspartic and glutamic
acid. The corresponding probes must be of higher but still
balanced reactivity to avoid unspecific protein labeling and
deactivation of the electrophile by other cellular nucleophiles.
Covalent labeling of Glu and Asp residues has been observed
only in isolated cases, employing tosylates, fluorosugars,
photo-activatable tetrazoles, or diazo compounds as reactive
groups and mainly targeting exposed residues (Li et al., 2016;
Mix and Raines, 2015; Tsukiji and Hamachi, 2014; Vocadlo and
Bertozzi, 2004; Zhao et al., 2016). Therefore, the development
of novel strategies for selective covalent modification of these
carboxylic acids in the binding sites of proteins is highly
desirable.

Woodward’s reagent K (WRK) (Kemp and Chien, 1967; Wood-
ward et al., 1961) (Figure 1A) has been employed in protein
chemistry to covalently modify nucleophilic cysteine (Bustos
et al.,, 1996), histidine (Carvajal et al., 2004), and carboxylic
acid residues (Bodlaender et al., 1969; Feinstein et al., 1969;
Komissarov et al., 1995; Mahnam et al., 2008; Pétra and Neurath,
1971; Pétra, 1971; Sinha and Brewer, 1985) in order to study
enzymatic activity. We have recently described that ABPP
probes based on WRK can be surprisingly selective and cova-
lently modify the N-terminal proline of macrophage migration
inhibitory factor (Qian et al., 2016).

Here we report that incorporation of WRK-based electrophiles
into protein ligand scaffolds enables selective targeting of car-
boxylic acids in protein binding sites.

RESULTS

Design of Covalent WRK Probes for PDE6d

To establish the method, we focused on the lipoprotein chap-
erone PDEBJ that binds prenylated GTPases such as Ras and
Rheb (Papke et al., 2016; Zimmermann et al., 2013). bis-Sulfon-
amides, e.g., 6 (Figure 1B), bind to the PDEB3 prenyl-binding site
with sub-nanomolar affinity (Martin-Gago et al., 2017), but bind-
ing is antagonized by an allosteric interaction of PDE63 with the
Arl2/3 GTPases, which results in release of medium- and even
high-affinity cargo (Ismail et al., 2011; Martin-Gago et al., 2017).
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Figure 1. Rearrangement of Woodward’s Reagent K into a Reactive Electrophile and Structural Basis for Equipment of PDE63 Ligands with a

WRK-Derived Oxazolium Salt
(A) Base-induced rearrangement of WRK.

(B) Chemical and crystal structure of inhibitor 6 (PDB: 5ML8) in complex with PDE63. Important H-bonding interactions of the ligand to the protein (dotted yellow
line), between PDEBJ residues (gray) and aromatic-7 interactions (blue) are shown.

Covalent modification of an amino acid in the PDE63 binding
site should abrogate inhibitor release. However, the prenyl-bind-
ing pocket does not display cysteine or lysine residues available
for targeting (Murarka et al., 2016; Zimmermann et al., 2014).
Instead, we reasoned that glutamic acid 88 (Glu88), at the upper
end of the binding site close to the exit, would be a suitable site
for covalent modification by a matching reactive group in the
ligand.

Initially, a bis-sulfonamide was equipped with different tosy-
lates (see the Supplemental Information; Figure S1), since this
functional group can label glutamic acids in proteins (Tsukiji
and Hamachi, 2014; Tsukiji et al., 2009). Indeed, covalent attach-
ment of a corresponding ligand to PDE6d was observed by mass
spectrometry. However, despite variation of electrophilic reac-
tivity and linker length, labeling efficiency was low and reached
40% at the most.

Isoxazolium salts such as WRK undergo base-mediated ring
opening to form ketenimines such as 3 (Figure 1A). These
electrophiles react with carboxylic acids to enamides 4, which
can rearrange to more stable enol esters 5 (Woodward and
Olofson, 1961; Woodward et al., 1961) and can be isolated
(Bodlaender et al., 1969; Komissarov et al., 1995; Llamas
et al., 1986).

Molecular-docking calculations (Schrodinger, Maestro suite,
see Figures S4A and S4B) suggested that replacement of the
phenyl ring in guiding inhibitor 6 with an N-methylisoxazol-
2-ium ring linked by two (12) or four (13) methylene units (Fig-
ure 2A; for syntheses of the inhibitors, see the Supplemental
Information) should enable covalent binding to Glu88, and
both compounds formed the desired bond in less than
30 min. PDE63 was slowly reactivated within 24 hr (Figures
S3A, S2C, and S2E). Adduct stability could be enhanced by
introduction of a 5-methyl substituent (compounds 14 and 15,
Figure 2A). The fully substituted enol ester remained stable (Fig-
ures S2G and S2l) and labeling efficiency increased to >95%.
Incorporation of a piperidin-4-ylmethyl H bond donor, to form
an additional H bond with the carbonyl group of C56 (compound
16, Figures 2A and 2B) and variation of linker length (12 versus
13 and 14 versus 15) did not change the efficiency of the label-
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ing, which proceeds in less than 10 min (Figure S2J). However,
removal of the non-reactive sulfonamide substituents (com-
pound 17, Figure 2A) abrogates adduct formation, which indi-
cates that correct orientation and proximity of the isoxazolium
salt to the possible target Glu88 are necessary for covalent
bond formation. As expected, the isoxazole precursors of com-
pounds 12-16 (Figure S3D, 18-24) did not covalently bind
to PDEGS.

The chemical stability of representative isoxazolium salt 15 at
37°C proved to be high, moderate, and low at pH 1, 7.4, and 9,
respectively (see Figure S6G). We also considered the reactivity
of compound 15 to simple amino acids with side chains incorpo-
rating an acid, a thiol, an amide, and an alcohol (i.e., Glu/Asp,
Cys, Lys, and Ser) at different concentrations and time points
(Figure S7J). We observed 15% and 20% enol ester formation
in the presence of 30 uM Gilu or Asp after 30 and 60 min reaction,
respectively. The conjugation product was not detected at lower
concentrations. When using Cys, we found 34% and 50%
adduct formation at the same time points. The reactivity of isoxa-
zolium salts with thiols has been described previously (Llamas
et al., 1986). We did not find adduct formation when using Ser
or Lys as nucleophiles.

Identification of the Labeling Site

To identify the labeling site, binding to PDE63 E88A mutant
(PDE655%84) was analyzed in a fluorescence polarization assay
using a known fluorescently labeled PDEGS inhibitor (25-L*,
Figure S3) (Papke et al., 2016; Zimmermann et al., 2013). The
PDE65%%%” mutant showed similar binding affinity (Kp = 5.9 =
2.1 nM) toward 25-L* than PDE65"T (Kp = 2.6 + 1.3 nM) (Fig-
ure S3E). This indicates that the mutant is properly folded and
interacts with PDEGS inhibitors in a comparable mode as the
wild-type protein. Compounds 14-16 did not bind to the E88A
mutant (Figure 3), even at a 30-fold excess. Notably, under these
conditions, the mutant was not labeled although it contains a
variety of additional reactive residues including Cys, Lys, His,
Glu, and Asp (Figures 3 and S5A-S5C). In addition, 16 did not
bind covalently to further proteins, i.e., Arl2, HRas®'2°, GST, or
BSA (Figures S5D-S5I).
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Covalently Bound Inhibitors Cannot Be Released by Arl2
The small GTP binding protein Arl2 binds to an allosteric site of
PDE®6d, and thereby induces release of cargo from the prenyl-
binding pocket (Ismail et al., 2011). Covalent binding of com-
pounds 14-16 to Glu88 of PDEG3 is not prevented by Arl2, as
shown by addition of the inhibitors to a preformed Arl2/PDE6d
complex (Figure S6).

As expected, Arl2 cannot release covalently bound ligands
from the PDE63 binding pocket. Addition of an excess of
competitor 25 (Figure S3C) and subsequent addition of Arl2 to
preformed adducts between PDE63 and compounds 14-16
shows that the peak in the MALDI for the covalent product re-
mains and that the covalent linkage is not disrupted (Figure 4).
To further corroborate this finding, we established an Arl2
release experiment based on a fluorescence-quenching assay
using fluorescein/carboxytetramethylrhodamine (TAMRA) as flu-
orophore/quencher pair (Figure 5A). Addition of a high-affinity
TAMRA-labeled PDE6d ligand described earlier (T-26, Kp =
5.3 = 1.5 nM; Zimmermann et al., 2013; Figure S3C) to fluores-
cein-labeled PDE63 (F-PDE®65J) results in fluorescence quench-
ing (Figure 5B). Subsequent addition of Arl2 does not release
the compound. Addition of an excess of T-26 to a preformed
complex of F-PDEB3 with the non-labeled sub-nanomolar inhib-
itor 25 (Kp = 358 + 36 pM; Martin-Gago et al., 2017; Figure S3C)
does not lead to quenching, since T-26 cannot readily compete
25 due to the higher affinity of the latter compound (Figure 5C). In
the presence of the release factor Arl2 there is a slow exchange
of 25 by T-26, as indicated by increasing quenching of F-PDE6G3
fluorescence. When inhibitor 25 is replaced by the covalent
inhibitor 15 under the same conditions, there is, depending on
the incubation times before addition of T-26, very little quench-
ing (Figures 5D-5F). Immediately after addition of T-26, there is
a small drop in fluorescence (Figure 5D) which becomes insignif-

Rel. intensity

Figure 2. Chemical Structures of Com-
N* pounds 12-17 and Tethering Assay for Com-
pound 16
(A) Chemical structures of inhibitors 12-17 bearing
a WRK-inspired warhead. Percentages represent
adduct formation after 0.5 and 24 hr with 2.4 uM
compound (1.2 eq) in HEPES buffer as determined
by MALDI. Percentages of covalent adduct for-
mation were estimated by area under the curve
integration of the MALDI spectra.
(B) Positive ion mode MALDI-TOF mass spectra of
| WT-PDEGd before, after 30 min, and after 24 hr
17 incubation with compound 16 (2.4 uM, 1.2 eq). See
30 min 0% also Figure S2.
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Inhibitor Bound to PDE65

The crystal structure of the adduct result-
ing from compound 15 in complex with
PDE6% (Figure 6A) unambiguously proved covalent binding to
Glu88 and revealed that the bis-sulfonamide part binds as
observed for non-covalent inhibitors (Martin-Gago et al., 2017;
see also Figure S4C). The electron density of the covalent link
is slightly reduced in comparison with the rest of the ligand,
which may reflect the presence of two different covalent adducts
due to intramolecular acyl transfer (see Figure 1).

The covalent adduct is chemically fairly stable, since treatment
of adducts formed between compounds 14-16 and PDE63 with a
50-fold excess of NH,OH (Bodlaender et al., 1969; Feinstein
et al., 1969; Komissarov et al., 1995) did not result in ligand
release even in the presence of the release factor Arl2 (Figure S7).

Selective PDE65 Engagement in Cell Lysate

To prove physical PDE63d engagement by inhibitor 16 in a cellular
environment, we performed a cellular thermal shift assay
(CETSA) using mass spectrometric readout (Franken et al,
2015; Reinhard et al., 2015; Savitski et al., 2014). Proteins were
considered hits when they showed a characteristic shift in
melting temperature higher than 2°C upon ligand binding, or
when a stabilization in the recorded signal intensities at the
highest two temperatures was at least 5% (see the Supplemental
Information for details). The CETSA experiment (Figure 6B) re-
vealed that ligand 16 only engaged PDE65, GDPGP1, PSMG3,
and PTGES2. Considering the high prevalence of carboxylic
acid groups in proteins, this covalent inhibitor targets PDE6d
with a high degree of selectivity.

Comparison of thermal stabilization by compound 16 with the
corresponding non-reactive precursor 23 (Kp = 53 = 9 nM, Fig-
ure S3D) and derivative 24 (Kp = 98 + 21 nM, Figure S3D), which
contains a deactivated hydrolyzed warhead, revealed that stabi-
lization by covalent ligand 16 was markedly higher than observed
for non-covalent medium-affinity ligands 23 and 24 (Figure 6C).

Cell Chemical Biology 24, 589-597, May 18, 2017 591
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Figure 3. Identification of the Binding Site in the PDE65 Prenyl-Binding Pocket

(A-D) Left: positive ion mode MALDI-TOF mass spectra of His-tagged PDE6352%* before (A) and after (B-D) 12 hr incubation with compounds 14, 15, and 16
(30 eq), respectively. Right: stick representation of nucleophilic residues in PDE65E88A,

(E) Cys (C56, C86; blue), Thr (T27, T35, T68, T102, T104, T124, T131, T142; orange), Ser (S02, S39, S60, S66, S67, S101, S107, S115, S121, S141; orange), Tyr
(Y81, Y149; green), Lys (K04, K16, K29, K51, K52, K55, K57, K73, K79, K83, K132; red), and His (H45; magenta).

(F) Glu (E6, E10, E36, E44, E46, E62, E69, E72, E77, E89, E93, E110, E114, E130; green) and Asp (D18, D21, D64, D100, D103, D126; orange).

DISCUSSION AND CONCLUSION

The development and application of small-molecule probes that
covalently label target proteins based on enzyme mechanism
(ABPP) (Jessani and Cravatt, 2004) or proximity of functional
groups with complementary reactivity (Takaoka et al., 2013) is a
powerful method for the study of protein function. This approach
is best established for covalent modification of amino acids with
fairly reactive nucleophilic side chains, i.e., cysteine and lysine,
by means of electrophilic reagents with attenuated reactivity.

The development of a reagent class that would enable the co-
valent labeling of the less-nucleophilic glutamic and aspartic
acids would significantly broaden the applicability of the
approach in general. Importantly, Glu and Asp occur in binding
sites (4.9% and 5.7%, respectively) with similar frequency than
Lys (5.1%), but three times more often than Cys residues
(1.5%) (Chen and Kurgan, 2009). While in individual cases car-
boxylic acids have been targeted covalently (Tamura et al.,
2012; Vocadlo and Bertozzi, 2004; Weerapana et al., 2008),
novel methods are in high demand.

Functional groups that enable covalent labeling of Glu and Asp
in general need to have higher reactivity than established
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electrophiles. However, reactivity must be balanced to avoid un-
specific side reactions and labeling or deactivation in lysate.
Therefore, their reactivity should be tunable by introduction of
appropriate substituents. In addition, the covalent adducts
formed should be sufficiently stable to enable analysis of protein
function. We reasoned that isoxazolium salts represented by
WRK might meet these demands. WRK was originally used as
a carboxylic acid-activating reagent in peptide synthesis. As
such it is stable, but it can be activated by bases initiating a re-
arrangement to form a ketenimine that reacts with carboxylic
acids to form enol esters. Due to this reactivity, WRK has also
been employed in enzymology for analysis of enzyme mecha-
nisms through covalent modification of key carboxylic acids
and other amino acids (Bustos et al., 1996; Carvajal et al.,
2004; Komissarov et al., 1995; Mahnam et al., 2008; Sinha and
Brewer, 1985).

We envisaged that incorporation of a WRK-derived functional
group into protein ligands could open up a general opportunity to
covalently modify Glu and Asp in protein binding sites. The base-
mediated rearrangement could be initiated by appropriate func-
tional groups in the protein, and the ketenimine formed would
then react with a carboxylic acid in close proximity. The resulting
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Figure 4. Mass Spectrometric Determination that Covalently Bound Inhibitors Cannot Be Released by Arl2
Positive ion mode MALDI-TOF mass spectra of PDE63 (A) and covalently bound to 14 (B), 15 (D), and 16 (F) before and after addition of His-tagged Arl2 and

unlabeled competitor 25 (C, E, and G).

enol ester would be fairly stable because subsequent nucleo-
philic attack and hydrolytic reversal of the covalent tagging might
be prevented by the binding site itself, thereby guaranteeing
longer lifetime of the covalent adduct. In addition, the reactivity
of the covalent probes, by analogy to the reactivity of isoxazo-
lium salts in general (Woodward et al., 1961), would be adjust-
able by introduction of appropriate substituents.

As a representative example to provide proof-of-principle we
chose PDEGS, a prenyl protein binding chaperone that binds
the prenylated C termini of GTPases such as Ras and Rheb
(Chandra et al., 2012). We have previously developed high-affin-
ity inhibitors of these interactions that bind to the prenyl-binding
site of the chaperone (Martin-Gago et al., 2017; Papke et al.,
2016; Zimmermann et al., 2013). However, inhibitor binding is
antagonized by the Arl2/3 proteins that stabilize PDE6G3 in
the so-called closed conformation and thereby induce ligand
release. In the binding site, nucleophilic amino acids, in particular
cysteine and lysine, are not available that could be targeted for
covalent modification to overcome Arl2/3-mediated release.
However, the prenyl-binding site embodies a glutamic acid

(Glu88) close to the exit of the prenyl-binding tunnel. Thus,
equipment of a high-affinity inhibitor of the PDE63-cargo interac-
tion with an isoxazolium group resembling the structure of WRK
would be an equally interesting, novel, and relevant case to
establish the methodology.

Based on molecular modeling considerations, a phenyl group
in the inhibitor that is in close proximity to Glu88 was replaced by
isoxazolium groups. After structure optimization by introduction
of an additional, stabilizing substituent, a covalent PDEGS inhib-
itor was identified that is indeed activated in the binding site and
rapidly forms a covalent bond to Glu88. The crystal structure of
the corresponding inhibitor-protein complex proves the antici-
pated covalent binding mode and indicates that two isomeric
enol esters may have been formed, which can, in principle, be
interconverted by an acyl shift. The covalent adduct is
stable to treatment with excess of a potent nucleophile. Target
engagement occurs in the cell lysate with high selectivity, as
proven by means of a cellular thermal shift experiment.

These findings provide proof-of-principle for the notion that
fairly reactive functional groups can be engineered and
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Figure 5. Determination that Covalently Bound Inhibitors Cannot Be Released by Arl2 Employing a Fluorescence-Quenching Assay

(A) Schematic representation of the quenching assay.

(B) Binding of T-26 to F-PDEB3 results in quenching of fluorescence emission and the addition of Arl2 (620 s) cannot directly release the T-26 from its complex with

F-PDEG5.

(C) The presence of 25 in complex with PDE6J prevents the binding of T-26, which was added in high excess. The addition of a high excess of Arl2 (400 s) results in
slow displacement of 25 by T-26, as indicated by the quenching of F-PDE653.
(D-F) The presence of 15 in complex with PDE63 (with different incubation times) prevents the binding of T-26. The addition of an excess of Arl2 does not lead to
the displacement of 15 by an excess of T-26, as indicated by the stable emission intensity of F-PDE63. The chemical structures and affinity Kp values for PDE63 of

the compounds can be found in the Supplemental Information (Figure S3C).

employed for the successful development of covalent inhibitors
targeting carboxylic acids with attenuated nucleophilic potency
in protein pockets. For WRK-type isoxazolium salts this fine-tun-
ing can be achieved by varying the steric demand and electronic
properties of the heterocycle substituents (Woodman and David-
son, 1970; Woodward and Woodman, 1968; Woodward et al.,
1961). However, reactivity may also translate into selectivity.
Thus, solvent-exposed carboxylic acids may be converted into
hydrolysis-sensitive enol esters, whereas analogous esters in
binding sites will be protected from hydrolysis. Indeed, in the
case detailed above, the core structure of the inhibitor guaran-
tees rapid and tight binding of the inhibitor to the binding site
(Martin-Gago et al., 2017), which then protects the covalent in-
termediate from nucleophilic attack. Such properties may be
important, in general, for the successful application of probes
containing reactive groups because competing unspecific pro-
tein binding and deactivation by nucleophiles present in cell
lysate and cytosol will be suppressed. In addition, the moderate
stability of isoxazolium salts in buffer at cellular pH provides this
compound class with an inherent kinetic selectivity (Zaro et al.,
2016). While tightly bound ligands will react rapidly with active
site nucleophiles, excess unbound compound will eventually
be hydrolyzed, thereby minimizing off-target labeling.

Future applications will need to explore the boundaries and
balance of binding potency and chemical stability required for
successful application of such covalent inhibitor classes. For
WRK-type reactive ligands, we expect that equipment with sta-
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bilizing substituents needs to be optimized on a case-to-case
basis. Thus, tight and rapidly binding ligands (as the ones
described here) may enable the use of more reactive isoxazolium
salts than applicable in other ligand-protein binding events. Like-
wise, we expect that for application in whole-cell investigations,
the stability of the WRK isoxazolium salts may have to be
increased for compatibility with more extended incubation times
and membrane permeability. Again, optimization may be neces-
sary on a case-to-case basis.

The choice of PDE69 as an inaugurating example is of partic-
ular relevance. Previous inhibitor development for this protein
was complicated by the fact that a cellular mechanism, indepen-
dent of ligand binding to the target protein itself, counteracts in-
hibition, i.e., release of even high-affinity cargo from the PDE63
binding site by the Arl proteins (Martin-Gago et al., 2017). Our
findings demonstrate that such limitations can be overcome by
covalent inhibitors, even if they form a still reactive covalent
adduct.

Since WRKiinitially was investigated as a carboxylic acid-acti-
vating reagent for peptide coupling (Woodward et al., 1961), by
analogy it appears possible that also other peptide coupling re-
agent types (Al-Warhi et al., 2012), e.g., N-alkyl-2-halopyridinium
salts (Mukaiyama, 1979), might serve as electrophilic groups in
carboxylic acid-targeting covalent probes and reagents in a
wider sense. Therefore, this approach in general may open up
novel avenues of research in chemical proteomics in particular,
and in chemical biology in general.
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Figure 6. Crystal Structure of Inhibitor 15 in Complex with PDE6d and Target Engagement, CETSA

(A) Left: inhibitor 15 binds to PDE63 displaying the expected binding mode for this chemotype (see Figure S4C for a more detailed binding mode visualization).
Right: 2F,-F electron density map (1o level) around the covalent bond between the carboxylic side-chain of Glu88 and the opened WRK warhead.

(B) Representative melting curves for PDE63, GDPGP1, PSMG3, and PTGES2 as observed in a thermal protein profiling experiment. Melting curves for the DMSO
controls are shown in red and melting curves after treatment with inhibitor 16 are shown in blue.

(C) Thermal stabilization of PDE63 in Jurkat lysate by the covalent inhibitor 16 is markedly higher than using the reversible ligand derivatives 23 and 24 at both
60°C and 66°C (1 uM). Intensities of the PDE6S immunoblot bands (Image Lab) were plotted as mean + Cl of 95% (n = 4). Statistical analysis was performed using

one-way ANOVA test. *p < 0.05; *p < 0.01; **p < 0.001.

SIGNIFICANCE

The development of covalent inhibitors and probes that
covalently bind to amino acids other than Cys and Lys
residues is highly desirable. Using PDE65 as a model
protein, the combination of an electrophilic warhead based
on Woodward’s reagent K and a potent inhibitor revealed
that small molecules can be developed that bind selectively
to the Glu88 residue inside the protein binding pocket.
Even more demanding, covalent binding abrogates inhibitor
release by the release factor Arl2 that removes even high-
affinity cargo from PDEG6J, thereby overcoming a severe
limitation in the development of inhibitors for this protein.
The compounds derived from the WRK electrophile rapidly

form stable covalent adducts, and labeling occurs in
cell lysate with a high degree of selectivity. The high occur-
rence of Glu and Asp acids in binding sites suggests that
WRK-derived isoxazolium salts may find widespread appli-
cation in chemical proteomics and chemical biology in
general.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead Contact, Herbert Waldmann (herbert.
waldmann@mpi-dortmund.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Jurkat cells were maintained in RPMI 1640 Medium supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 mg/mL) and 1x NEAA. All cell lines were grown at 37°C in a humidified 5% CO2 atmosphere.

METHODS DETAILS

Protein Purification and Labeling

All proteins were expressed in Escherichia coli strain BL21-CodonPlus(DE3)-RIL. Cells were induced at OD ~0.6 with 100 uM IPTG
and incubated at 20 °C overnight. Cells were harvested and lysed in lyses buffer (30 mM Tris-HCI, pH 7.5, 150 mM NaCl and 1 mM
b-mercaptoethanol, 1 mM PMSF) using French press. Supernatant of C-terminal histidine-tagged full-length Arl2 (expressed from
pET20b plasmid) was loaded onto a Ni-NTA column (QIAGEN). Protein was eluted with elution buffer (30 mM Tris-HCI, pH 7.5,
150 mM NaCl and 1 mM b-mercaptoethanol, 250 mM imidazole), followed by gel filtration on a Superdex 75 S26/60 column using
elution buffer without imidazole. Supernatant of N-terminal GST-tagged PDE63d (expressed from pGEX-4T-1 plasmid) was loaded
onto a Glutathione Sepharose 4B column (GE healthcare). Protein was eluted with elution buffer (30 mM Tris-HCI, pH 7.5,
150 mM NaCl and 1 mM b-mercaptoethanol, 20 mM glutathione), followed by tag cleavage and gel filtration on a Superdex 75
S26/60 column using elution buffer without glutathione.

The PDE655% mutant was generated by quick-change mutagenesis PCR using a single primer (gggcaatgcctagcagaatggttcttcg)
and the N-terminal histidine-tagged protein (expressed from pET28a plasmid) was purified as described for Arl2. For PDE63 labeling,
2 mg of protein was incubated with a 50-fold molar excess of Fluorescein isothiocyanate (FITC) in PBS buffer containing 1 mM TCEP
for 1 hour at 4°C. The excess label was removed by a desalting column.

Mass Spectrometric Determination of Covalent Labeling

Proteins were incubated with the compounds in 20 mM HEPES, pH 7.5, 150 mM NaCl at room temperature. A saturated solution of
sinapic acid (Aldrich) in H,O (0.1% TFA) / ACN (2:1) was used as matrix. 1 uL of the samples was mixed with 10 pL of matrix, and 1 puL
of this mixture was placed on an MTP 384 ground steel target plate and dried in air. Mass spectra were obtained over the m/z range
16.500-19.500 using a Bruker UltrafleXtreme TOF/TOF mass spectrometer. The m/z range was adjusted when other proteins were
investigated (20.000-22.500 for His-tagged PDE655%8, 18.000-20.000 for HRas®'2P, 21.000-33.000 for GST, 61.000-73.000 for
BSA and up to 23.000 for His-tagged Arl2).

Crystallization and Structure Determination

A stock solution of 50 mM 13 in DMSO was used for crystallization. A 1:1 molar ratio mixture of PDE65:13 at final concentration of
500 uM was used for crystallization screening. Crystals appeared after 2 days and were flash frozen in a cryoprotectant solution that
contains glycerol in addition to the mother liquor. Diffraction datasets were collected using in house facility. After data processing by
XDS the structure was solved by Molrep from CCP4 (suite) using PDE3 from the PDE3-farnesylated Rheb complex (PDB: 3T5G) as a
search model for the molecular replacement. The model was built by WinCoot and refined by REFMACS5. Refinement and data collec-
tion statistics are summarized in Table S1.

Fluorescence Quenching and Polarization Assays

Fluorescence measurements were carried out at 20 °C in buffer containing 25 mM Tris-HCI, pH 7.5, 150 mM NaCl and 3mM DTE,
using Fluoromax-4 spectrophotometer (HORIBA JobinYvon, Munich, Germany). For the Fluorescence quenching assay fluores-
cin-labeled PDE63 (F-PDE63) was excited at 490 nm and the quenching by TAMRA-labeled PDE63-inhibitor (T-Ester, 26) was
recorded by measuring the emission intensity at 520 nm. The fluorescence polarization measurements were carried out using fluo-
rescein-labeled 25 with excitation and emission wavelengths at 495 nm and 520 nm. The data were analyzed with GraFit 5.0 program
(Erithracus Software).

Molecular Modeling

Molecular modeling experiments were carried out with the Maestro 10.5 suite (Schrédinger). Both ligand and receptor flexibility were
taken into account by using receptor docking (Glide) in combination with the protein structure prediction embedded in the program
Prime. Protein Preparation Wizard (Schrédinger Maestro suite) was used to prepare the PDE63 co-crystal for the calculations. Pre-
viously obtained X-ray structures were used to define the active site. Water molecules were removed from the protein crystal struc-
ture, hydrogen atoms were added and resulting structure was refined by OPLS2005 force-field. The minimization was ended when
the RMSD reached 0.18 A. Receptor Grid Preparation (Glide) was used to generate the protein grid that was subsequent utilized in
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docking experiments. The Van der Waals radius scaling factor was set to 0.5 with a partial charge cutoff of 0.25. Arg61 was selected
as a possible site for hydrogen bonding. Additionally, docking runs were carried out using additional hydrogen bond constraints with
Tyr149, Cys56, GIn78 and/or Glu88. Ligand preparation for docking was carried out with LigPrep in Maestro 10.5 and the OPLS_2005
force-field. Epika was used to generate possible states at target pH 7.0 + 4.0. Ligand docking options in Glide were used for the first
round of docking experiments. Under Setting, XP (extra precision), Dock flexibly, Sample nitrogen inversions, Sample ring confor-
mation and Epik state penalties to docking score were selected, amide bonds were penalized for nonplanar conformation. Under
the Ligands section, the Van der Walls radius scaling factor was set to 0.5 and the docking was set to match at least 1 out of two
constraints. Several high-score binding poses were generated and co-crystallized compound 13 was re-docked and analyzed in
terms of overlay with the X-ray structure.

General Information for Cellular Thermal Shift Assay

Three biological replicates employing lysates from Jurkat cells were measured in which compound 16 was used at a concentration of
1 uM and alternatively with DMSO (1 % v/v) treated samples as controls. The samples were split into 10 aliquots each and incubated
at 10 different temperatures between 37 and 67 °C. The precipitated fraction of the proteins was centrifuged off and the soluble frac-
tion quantified relatively to the lowest temperature using a 10plex TMT label mass spectrometry based approach, i.e. thermal protein
profiling (TPP). Proteins were considered as stabilized or destabilized when, in all three replicates, 1) they had a shift in melting points
of at least + 2°C (same direction) or 2) they showed a difference in the relative peak intensities of at least 5 % for the two highest
temperatures. In total, we identified 5684 proteins, of which 3217 were identified with at least two unique peptides in all replicates
(compound treated and DMSO controls). 2617 of these proteins showed a normal melting curve in the DMSO control, i.e. they
had relative intensities of the labels of the two highest temperatures smaller or equal to 35 % of the labels of the lowest temperatures.
Out of the 5684 proteins only PDE63, GDPGP1, PSMG3 and PTGES2 were identified as hits according to the definition above. PDE63
showed a typical melting behavior only in the DMSO controls. In compound treated samples, the percentage of soluble protein at
high temperatures (T > 58 °C) was much higher than in DMSO controls (see Figure 6B), i.e. the stabilization of PDE6GJ by 16 leads
to an incomplete precipitation of the protein at higher temperatures.

Cultivation and Harvesting of Cells, Cell Lysis

Jurkat cells were cultivated until a cell density of 1.5-2.0 *10° was reached. 50 ml of cell suspension were transferred into a falcon tube
and incubated on ice for 2 min followed by centrifugation at 350 x g at room temperature for 3 min. The supernatant was discarded
and the pellet re-suspended in 25 ml of ice-cold phosphate buffered saline (PBS). The cells were harvested by centrifugation at
350 x g at room temperature for 2 min and the supernatant discarded again. This washing procedure was repeated twice. After
the last washing and centrifugation step, cells were re-suspended in 1.5 ml PBS and quickly frozen in liquid nitrogen. Cell lysis
was performed via thaw/freeze cycles using liquid nitrogen.. Therefore, frozen cells were thawed at 23°C until about 60-80 % of
the cells were unfrozen and kept on ice until the whole sample was thawed. After that, cells were quickly frozen with liquid nitrogen
again and the cycle was repeated 4 times. Afterwards, the cell lysate was centrifuged for 20 min at 100.000 x g at 4°C in an ultracen-
trifuge. The resulting supernatant was gently transferred into a new tube, quickly frozen with liquid nitrogen and stored at -80°C until
further usage.

Thermal Shift Assay

Protein concentration was determined by using the Bradford method. Samples were diluted with PBS to a final protein concentration
of around 4 mg/ml. Samples were divided into two aliquots. One of the aliquots was incubated with 14 pl of 16 solution (1 umol/l in
DMSO) and the other aliquot was incubated with 14 pl of DMSO for 10 min at room temperature. Each of the aliquots was divided into
10 new aliquots with 100 pl each, which were incubated at the following temperatures for 3 min (1: 36.9°C, 2: 40.1°C, 3: 44.1°C,
4: 47.9°C, 5: 51.0°C, 6: 54.4°C, 7: 58°C, 8: 61.3°C, 9: 64.5°C, 10: 67°C). Afterwards, samples were allowed to cool for 5 min to
room temperature and centrifuged for 20 min at 100.000 x g at 4°C in an ultracentrifuge.

Mass Spectrometry Based Readout of CETSA

For the mass spectrometry based readout samples were reduced, alkylated, precipitated with acetone and tryptic digested. After
that, each aliquot was labeled using TMT reagents according to the temperature used during the thermal shift procedure. For reduc-
tion, to each 75 pl aliquot resulting from the thermal shift procedure 7.5 pl of 200mM TCEP (tris(2-carboxyethyl)phosphine) solution
(prepared from 140 pl of 0.5 M TCEP, 140 ul H,O and 70 ul 1M TEAB (triethylammonium bicarbonate buffer)) were added, mixed by
inversion, shortly centrifuged at 10.000 x g and incubated at 55°C for 1 h in a thermo block. To alkylate, 7.5 pl of freshly prepared
375 mM iodoacetamide solution (26 mg iodoacetamide dissolved in 375 ul of 200 mM TEAB buffer) were added to each sample
and incubated for 30 minutes in the dark at room temperature. For precipitation of proteins, six volumes of pre-chilled (-20°C) acetone
were added and incubated at -20°C overnight. Afterwards, samples were centrifuged for 10 min at 8000 g at 4°C and the superna-
tants were disposed. The pellets were dried for about 30 to 45 min at room temperature and then re-suspended in 107.5 pl of trypsin
solution (165 pl of a trypsin solution of 100 pg in 250 ml of 10 mM HCI diluted in 2200 pl of 100 mM TEAB buffer). Samples were
vortexed for about 20 s and shortly centrifuged to gather the suspension at the bottom to the tube, followed by incubation at
37°C for 2-3 hours. Vortexing and centrifugation were repeated and samples were incubated at 37°C overnight. At the next day, sam-
ples were spinned down and labeled with TMT label. Briefly, 82 ul of anhydrous acetonitrile were added to each 0.8 mg of TMT label
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reagent aliquot (TMT10plex, #90110 ThermoFisher Scientific). 41 ul of the respective TMT reagent solution were transferred to the
peptide sample of the respective DMSO control (V1-10). Directly after addition, samples were briefly vortexed. For the other samples
(compound treated) 100 pl were transferred to the respective remaining TMT reagent. Directly after addition, samples are briefly vor-
texed. Samples were incubated for 2 h at room temperature. Afterwards, 8 pul of 5 % hydroxylamine were added and samples were
incubated for 15 min to quench the reaction. After that, 120 pl of each labeled aliquot incubated with 16 were combined into one
sample and 120 ul of each labeled aliquots incubated with DMSO were combined to a second one. Solvent was evaporated in a
Speedvac device at 30°C until a dry white pellet was obtained.

Prior to nanoHPLC-MS/MS analysis, samples were fractionated into 10 fractions on a C18 column using high pH conditions to
reduce the complexity of the samples, and thereby increasing the number of quantified proteins. Separation was performed at a
flow rate of 50 pl/min using 20 mM NH,COO pH 11 in water as solvent A and 40 % 20 mM NH4COO pH 11 in water premixed
with 60 % acetonitrile as solvent B. Separation conditions were 95 % solvent A/ 5 % solvent B isocratic for the first 10 min, to desalt
the samples, followed by a linear gradient up to 25 % in 5 min, a second linear gradient up to 65 % solvent B in 60 min (75 min sep-
aration time in total) and a third linear gradient up to 100 % solvent B in 10 min. Afterwards, the column was washed at 100 % solvent
B for 15 min and re-equilibrated to starting conditions. Detection was carried out at a valve length of 214 nm. The eluate between 15
and 100 min was collected in a meandering way over 10 collecting vials, changing vial position every 30 seconds. Each fraction was
dried in a SpeedVac at 30°C until complete dryness and subsequently subjected to nanoHPLC-MS/MS analysis.

For nanoHPLC-MS/MS analysis, desalting was performed for 5 min with eluent flow to waste followed by back-flushing of the sam-
ple during the whole analysis from the pre-column to the PepMap100 RSLC C18 nano-HPLC column (2 pm, 100 A,75 um ID x 50 cm,
nanoViper, Dionex, Germany) using a linear gradient starting with 95 % solvent A (water containing 0.1 % formic acid) /5 % solvent B
(acetonitrile containing 0.1 % formic acid) and increasing to 60 % solvent A 0.1 % formic acid / 40 % solvent B after 125 min using a
flow rate of 300 nL / min.

The nano-HPLC was online coupled to the Quadrupole-Orbitrap Mass Spectrometer using a standard coated SilicaTip (ID 20 um,
Tip-ID 10 uM, New Objective, Woburn, MA, USA). Mass range of m/z 300 to 1650 was acquired with a resolution of 70000 for full scan,
followed by up to ten high energy collision dissociation (HCD) MS / MS scans of the most intense at least doubly charged ions using a
resolution of 35000 and a NCE energy of 35 %.

Data evaluation was performed using MaxQuant software (v.1.5.3.30)(Cox and Mann, 2008) including the Andromeda search
algorithm and searching the human reference proteome of the Uniprot database. The search was performed for full enzymatic trypsin
cleavages allowing two miscleavages. For protein modifications, carbamidomethylation was chosen as fixed and methionine oxida-
tion and acetylation of the N-terminus were chosen as variable modifications. For relative quantification, the type “reporter ion MS2”
was chosen. For lysine residues and peptide N-termini 10plex TMT labels were defined. The mass accuracy for full mass spectra was
set to 20 ppm (first search) and 4.5 ppm (second search). The mass accuracy for MS/MS spectra was set to 20 ppm. False discovery
rates for peptide and protein identification were set to 1 %. Only proteins for which at least two peptides were quantified were chosen
for further validation. Relative quantification of proteins was carried out using the reporter ion MS2 algorithm implemented in
MaxQuant. All experiments were performed in biological triplicates.

Melting Curves Calculation
To determine the melting point shifts between 16 and DMSO treated samples of each protein, an in-house developed Excel-Macro
was used. Briefly, denaturation changes at different temperatures were tracked by the reporter ion intensity and observed in relation
to the lowest temperature. The lowest temperature was set to value 1.

The relative fold changes were calculated as a function of temperature. The measuring points, which showed a sigmoidal trend,
were fitted with the following equation using an iterative working macro for Microsoft Excel.

(top plateau — bottom plateau)

y =bottom plateau +
1+ (5h) >

Where Top plateau is set to one, Temp is temperature, bottom plateau is a protein specific constant that defines the maximal dena-
turation and a and b are constants which describe the curve progression.

The melting point of a protein is defined as the temperature at which half of the protein has been denatured. This point aligns with
the inflection point of the curve. The inflection point shows the highest slope of the curve, which is defined as the value of the first
derivation. For hit identification, the requirements previously defined were followed.

In-lysate Stabilization Assay

The lysate of Jurkat cells was diluted to 2 g/L with PBS, treated either with 16 or with DMSO and incubated for 15 min at room tem-
perature. A thermal treatment was performed in a PCR-Cycler to obtain a proper and equal temperature transfer to the samples. After
temperature treatment, samples were cooled down to 4 °C and centrifuged for 25 min at 100.000 x g. The supernatant was mixed
with Laemmli buffer and 40 puL of the mixture were loaded on a gel to perform a SDS-PAGE. Afterwards, the proteins were transferred
to a PVDF membrane. The membrane was blocked with 5 % BSA in PBS-T for 1 h and the first antibody (anti-PDE3, #P5-22008,
Thermo Scientific or anti-Na/K-ATPase: ab353, abcam) was incubated with the membrane at 4 °C overnight. The membrane was
washed 3 times with PBS-T before the secondary antibody conjugated to HRP (anti-mouse, anti-rabbit) was incubated with the
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membrane for 1 h. After washing the membrane three times, it was imaged by enhanced chemiluminescence (SuperSignal™ West
Femto Maximum Sensitivity Substrate).

Chemical Stability Assay

A 50 uM DMSO stock solution of compound 15 was diluted to a final concentration of 2 uM in aqueous buffer at pH 1.0 (in 0.1 M HCI),
pH 7.4 (in PBS) or pH 9.0 (in NH4COOH). Chemical stability of the compound was followed over 24h at four given time points: 0, 1h, 7h
and 24h. All time points were measured simultaneously by LC-MS and the chemical stability was calculated relative to the zero
time point.

Reaction of Compound 15 with Different Amino Acid Side-Chains
Compound 15 and the corresponding protected amino acid were mixed in PBS buffer at 5, 10, 20 and 30 uM concentrations. Adduct
formation was followed after 30 and 60 minutes by HPLC using a Corona-charged aerosol detector.

Determination of Kp Values

Binding to PDE63 was validated and quantified by means of a displacement assay employing a fluorescent-tagged analog of the
HMG-CoA reductase inhibitor Atorvastatin (Lipitor®), which also binds to PDE63. Kp values were measured by fluorescence polar-
ization.(Zimmermann et al., 2013) For direct titrations, increasing amounts of PDE63 were added to a solution containing 50-100 nM
labelled small molecule in 200 pl PBS buffer. For displacement titrations, increasing amounts of the small molecules in DMSO were
directly added to fluorescein-labelled atorvastatin (24 nM) and Hisg-tagged PDE6G3 (40 nM) in 200 pl PBS-buffer (containing 0.05%
CHAPS, 1% DMSO), keeping the concentration of fluorescein-labelled atorvastatin, PDE63 and DMSO constant.

General Information for Chemical Synthesis

All reactions involving air- or moisture-sensitive reagents or intermediates were carried out in flame dried glassware under an argon
atmosphere. Dry solvents (THF, toluene, MeOH, DMF) were used as commercially available; CH,Cl, was purified by the Solvent
Purification System M-BRAUN Glovebox Technology SPS-800. Analytical thin-layer chromatography (TLC) was performed on Merck
silica gel aluminium plates with F-254 indicator. Compounds were visualized by irradiation with UV light or potassium permanganate
staining. Column chromatography was performed using silica gel Merck 60 (particle size 0.040-0.063 mm). "H-NMR and "*C-NMR
were recorded on a Bruker DRX400 (400 MHz), Bruker DRX500 (500 MHz), INOVA500 (500 MHz) and DRX600 (600 MHz) at 300 K
using CDCl3, CD,Cl,, CD30D or (CD3)>SO as solvents. All resonances are reported relative to TMS. Spectra were calibrated relative
to solvent’s residual proton and carbon chemical shift: CDCl; (5 = 7.26 ppm for '"H NMR and & = 77.16 ppm for '*C NMRY); CD,Cl,
(d = 5.32 ppm for 'TH NMR and & = 53.84 ppm for *C NMR); CDz0OD (3 = 3.31 ppm for '"H NMR and & = 49.00 ppm for '*C NMRY);
(CD3),S0: 8= 2.50 ppm for "TH NMR and 8= 39.52 ppm for '3C NMR). Multiplicities are indicated as: br s (broadened singlet), s (singlet),
d (doublet), t (triplet), g (quartet), quin (quintet), m (multiplet); and coupling constants (J) are given in Hertz (Hz). High resolution mass
spectra were recorded on a LTQ Orbitrap mass spectrometer coupled to an Acceka HPLC-System (HPLC column: Hypersyl GOLD,
50 mm x 1 mm, particle size 1.9 um, ionization method: electron spray ionization). Atorvastatin was purchased from Sequoia Reseach
Products. All other chemicals and solvents were purchased from Sigma-Aldrich, Fluka, TCI, Acros Organics, ABCR and Alfa Aesar.
Unless otherwise noted, all commercially available compounds were used as received without further purifications. Details of chem-
ical synthesis and the relevant NMR spectra are included in Methods S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data fitting and statistical analysis were performed using GraphPad Prism version 5.03 for Windows, GraphPad Software, La Jolla,
California USA, www.graphpad.com. Statistical values including the exact n and statistical significance are also reported in the Fig-
ure Legends. Intensities of the PDE63 immunoblot bands (Image Lab) are plotted as mean + Cl of 95% (n = 4). Statistical significance
was defined as p < 0.05 and determined by one-way ANOVA with Bonferroni’s post-tests.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The atomic coordinates and structure factors for the crystal structure of inhibitor 15 covalently bound to PDE63 have been deposited
in the PDB (http://wwpdb.org) under the accession code PDB: 5NAL.
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