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ABSTRACT

Acrylamides are an important electrophilic scaffold class for the discovery of covalent 

inhibitors. However, their synthesis is lengthy and missing broad variability. Easy access to 

diverse and large acrylamide libraries is key to explore the cysteome. Here, we introduce a 

practical multicomponent reaction approach to high diversity acrylamides from (substituted) 

acrylic acid, ammonia, oxo component, and isocyanide. Surprisingly, in the majority of cases, 

the resulting acrylamides precipitated during the reaction, making library synthesis on a 

mmol scale and a 96-well format particularly comfortable. We also performed the acrylamide 

high throughput synthesis on the nanoscale in an automated fashion. Finally, we exemplified 

the synthesis on a multigram scale featuring good yield and simple work-up. To underline 

the practical usefulness of our synthetic technology and the corresponding library, we 

screened for and discovered covalent PTP1B inhibitors.
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While the number of marketed drugs relying on a covalent interaction is minor, traditionally, 

many important classes work by this mechanism (e.g. β-lactam antibiotics). Nevertheless, 

significant concerns were raised for the potential of off-target involvements and related 

idiosyncratic toxicities of covalent inhibitors. The recent success story to drug the previously 

undruggable RAS (AMG510 and MRTX849 (Figure 1)) has led to a revival of the field [1-4]. 

Additionally, several covalent modifiers recently received market approval, including the 

EGFR inhibitors Afatinib and Osimertinib or the BTK inhibitor Brukinsa (Figure 1) [5]. Covalent 

libraries of small molecules are valuable tools to study protein function on a whole-cell level 

to investigate target engagement [6].

Figure 1 Acrylamide strategies in chemistry. Above: 2D structures of two clinically relevant covalent 
drugs and the binding of AMG510 (cyan sticks) to G12C RAS (PDB ID 6OIM) featuring the covalent 
drug (cyan sticks) and the Cys12 (yellow sticks). Middle: Traditionally, covalent libraries were produced 
by lengthy multi-step syntheses followed by a late-stage-functionalization. Below: The new approach 
towards covalent acrylamide libraries involves a one-pot easy-to-perform and diverse U-4CR.

The mechanism of covalent drugs involves the modification of a nucleophilic side chain of 

a protein target with an electrophilic organic molecule through the formation of a covalent 

bond [7]. By far, the most targeted amino acid is cysteine, with its strongly nucleophilic sulfur 



110

Discovery of Covalent Phosphatase Inhibitors Across Six Synthetic Mass Scales

-SH. Amongst the commonly used electrophilic warheads are nitriles, aldehydes, ketones, 

lactams, lactones, epoxides [8], aziridines [9], α,β-unsaturated ketones, sulfonyl fluorides [10], 

fluorosulfates [11], boronic acids [12], and vinyl sulfones/sulfonates [13]. However, the most 

popular electrophile in both recently approved and ongoing clinical trials is the acrylamide 

moiety. The traditional synthesis of complex acrylamides is lengthy and mostly based on 

sequential syntheses and late-stage functionalization strategies (Figure 1). 

For example, the sequential synthesis of the RAS phase-1/2 candidate AMG510 involves > 10 

steps [3]. Unfortunately, the readily available simple acrylamides show very much reduced 

diversity, are not available in high numbers, and can be seen instead as fragments which 

need expansion upon demonstration of binding [14]. Therefore, there is a high demand 

for novel simple but powerful synthetic approaches for this important class of bioactive 

compounds. Due to our longstanding experience in multicomponent reaction chemistry, 

we designed a one-pot pathway to diversified libraries of highly substituted acrylamides [15-

17]. We hypothesized that acrylic acid or substituted derivatives might react with ammonia, 

a diversity of isocyanides, and oxo components in an Ugi style reaction (Figure 1). However, 

acrylic acid is a very reactive molecule readily undergoing polymerization reaction, as are 

acrylamides. Moreover, ammonia was often described in the literature as an inferior or non-

functional substrate in the Ugi reaction [18-20]. Thus, it was a priori, not clear if our reaction 

design will lead to a successful outcome. 

We initiated our work with the 0.5 mmol reaction of isobutyric aldehyde A and equivalent 

amount of acrylic acid B, tert-butyl isocyanide C, and aqueous ammonia D in 0.5 mL 

trifluoroethanol (Scheme 1). We chose trifluoroethanol as a non-nucleophilic solvent, which 

seems to have beneficial properties in the suppression of side reactions [21]. Surprisingly, 

the expected product E1 precipitated and could be isolated by simple filtration at an 

acceptable 72% yield. Thus, we did not feel the need to optimize the reaction further. 

Instead, we immediately aimed to create a library of acrylamides using parallel synthesis 

techniques (Figure 2A, SI). We performed the reactions using 96-well glass plates (1.5 mL 

per well) equipped with small stirring bars. We used 16 different isocyanides and 24 different 

aldehydes (Figure 2B, SI). The stock solutions of the building blocks (0.1 mL of each, 5 M 

in trifluoroethanol) were added by using single, 8-, and 12-channel pipettes. The order of 

addition was ammonia in water, followed by the aldehyde component, followed by acrylic 

acid and isocyanide. The 96-well plate was sealed and stirred overnight at room temperature 

(Figure 2C). Then, 0.5 mL diethyl ether was added to all wells and stirred for another 15 min. 
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A total of 45 wells (47%) showed considerable precipitate (Figure 2D). The non-precipitated 

wells were stored in a -20 °C refrigerator, and four additional products precipitated after 4 h 

(4%). Forty-seven wells resulted in no precipitation (49%). The precipitates were transferred 

into a 96-well filter plate using a multichannel pipette. Using an in-house constructed 

vacuum manifold, the filtrate was removed, and the precipitate was washed further with two 

times 0.5 mL diethyl ether (Figure 2E). The filter plate with the precipitates was dried under 

vacuum in a desiccator. To our surprise, the quality of the compounds, as measured by NMR, 

was very good. The yields varied from 22% to quantitative, with an average of 62%. Ten of the 

remaining forty-seven unprecipitated reactions were purified by flash chromatography, and 

these products could be obtained in yields from 35% to 80% (average 58%).

Scheme 1 Conditions and yield of the Ugi product (E1).

The diversity of the building blocks working in this reaction is noteworthy. Aliphatic, bulky 

(C16), linear (C1, C2) and cyclic (C10), aromatic and aliphatic heterocyclic isocyanides 

included thiophene (C7), tetrahydrofuran (C6), and benzodioxolane (C14) worked well. 

Tested compatible functional groups in the isocyanide included alkene (C8), ether (C2, 

C12), nitrile (C9) and halo substituted benzenes (C3, C5, C13). The diversity of the aldehyde 

component is also remarkable, ranging from simple aliphatic (A13, A14, A22, A24), to 

cyclic (A15), to aromatic (A1-3, A5-8, A10-A12, A19) and heteroaromatic (A9, A23). Tested 

compatible functional groups in the aldehyde building blocks included alkene (A4), halo 

(A5, A7, A11), nitrile (A6), and ether (A3, A10). Other compounds noteworthy from further 

plates are E2-6. E2 Is a phenylalanine derivative, E3 and E4 are phthalimide derivatives, and 

E5 has a flexible indoyl ethyl amide moiety. 
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Figure 2 96-Well parallel set-up of acrylamide syntheses on a 0.5 mmol scale. (A) General reaction 
scheme. (B) 2D-Structures of building blocks, and yields of isolated products. Wells with precipitated 
products during the reaction, precipitation after refrigeration, and wells without precipitations are 
shown in green, blue and white, respectively. (C) Efficient, parallel reagent transfer using multi pipettes. 
(D) Picture of the 96-well reaction with partially precipitated products. (E) Easy isolation of precipitated 
products by simple vacuum filtration in a 96-well format manifold.

An advantage of our method is that a majority of the products precipitate from the crude 

reaction mixtures, thus providing high-quality acrylamides using a straightforward filtration 

procedure. Lipophilicity is the single most crucial descriptor affecting potency, distribution, 

and elimination of a compound in the body. Highly lipophilic compounds tend to be 

insoluble in water, have high plasma protein binding, and are unable to reach the target at 

a high enough concentration to effect a biological response [22]. With an average cLogP of 

2.56 varying from -1.2 to 5.8 our 96-well library represents a good range of lipophilicity. Also, 
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the average molecular weight of 335 Dalton is not too high to create unnecessary problems 

in a future modification of any hits to increase potency. Even more hydrophilic compounds 

also incorporating heterocyclic and natural product moieties are shown in Scheme 3. 

Scheme 2 Exemplary synthesized acrylamides with amino acid or heterocyclic motif.

Compound E7 is an excellent example of the superior functional group compatibility of the 

reaction. Unprotected sugars and amino sugar, α,β,γ,δ-unsaturated ketone double bond and 

a lactone structure present in the starting material tylosin are not affecting the selectivity of 

the reaction and the product is formed in 62% yield. 
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Scheme 3 Examples of hydrophilic heterocyclic and natural product acrylamides.

Another critical descriptor of an acrylamide inhibitor is the substitution pattern around 

the double bond, which can be used to fine-tune the reactivity towards nucleophiles. For 

example, different substituted acrylamides have been used to optimize the reactivity of 

the clinical RAS covalent inhibitor MRTX849 [4]. Thus, we set out to synthesize exemplary 

substituted acrylamides to show the versatility of our method (Scheme 4). Once more, 

the reactions were performed on 0.5 mmol scales and gave the products in satisfactory to 

excellent yields. Noteworthy, the acrylamide moiety in E12 was also used in the covalent 

kinase inhibitors afatinib, neratinib, and dacomitinib. 
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Scheme 4 Examples of substituted acrylamides.

Finally, we investigated the scalability of an acrylamide beyond the 0.5 mmol scale. Thus, 

compound I-H8 was prepared on a multigram scale according to the above procedure 

precipitated to yield 9g as a pure product in 56% yield (Figure 3).

Figure 3 Structure of I-H8 synthesized on a 9 g scale.

Despite being a convenient one-pot procedure, the above described 96-well or multigram 

scales are not useful to create large acrylamide libraries (> 1000) with limited resources and 

in a given time. Therefore, we investigated our synthetic scheme under nanoscale synthesis 

conditions (Figure 4). For this, we used a positive-pressure-based low-volume and contactless 

dispensing system (I-DOT), as recently described by us [23-24]. Briefly, we used 384-well 

polypropylene destination plates for our syntheses. Each destination plate was charged 

with 10 µL (excess amount) of acrylic acid/ammonium hydroxide mixture (0.5 M) using a 

multichannel pipette. Subsequently, oxo components (0.5 M, 125 nL) and then isocyanides 

(0.5 M, 125 nL) were transferred into the corresponding well using an I-DOT nano dispenser, 



116

Discovery of Covalent Phosphatase Inhibitors Across Six Synthetic Mass Scales

at a final concentration for the stochiometric components of 6 mM. The 384-well plates 

were filled using an algorithm developed in-house that allows for random combinations 

of building blocks to avoid any synthesis bias [24]. The total length of the autonomous 

dispensing procedure was ~12 min per 384 well-plate. We produced a total of four 384 well-

plates. The quality of the reactions on the nanomole scale was evaluated by direct injection 

into the mass spectrometer as recently described by us (Figure 4, SI). Accordingly, in 79% of  

Figure 4 Nanoscale, automated acrylamide synthesis. A 384-well heat map indicating MS-based 
analytics is shown. Shown below are the resynthesized compounds on a 0.5 mmol scale with isolated 
yields. C6, J24 and N17 are shown in blue because of I-DOT reagent transfer failure. However, their re-
synthesis showed medium product formation, indeed.
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the reactions, product formation was observed, while for 21% no product could be observed. 

To support our fast-qualitative analysis of the nano synthesis, we reproduced 28 compounds 

on a 0.5 mmol scale, including full NMR and HRMS characterization (Figure 4, SI). Satisfyingly, 

all 28 compounds precipitated during the upscaling reaction (SI).

Finally, to underscore the usefulness and applicability of our libraries, we screened for covalent 

inhibitors against the enzyme protein tyrosine phosphatase 1B (PTP1B). PTP1B negatively 

regulates the insulin signaling pathway and is considered a promising therapeutic target for 

the treatment of diabetes type 2 and cancer [25].

However, due to the highly polar phosphatase active site and the shallow nature of the 

surrounding protein surface, inhibitor progression to clinical trials has proved very difficult, 

and so far no drug is on the market [26]. Most of the current PTP1B inhibitors mimic the 

phosphate moiety, thus they are highly negatively charged, and therefore typically poorly 

membrane permeable. PTP1B is a cysteine protease and has four solvent-exposed cysteines 

on the surface (Figure 5A). Apart from C215, other chemical strategies aiming to inhibit 

PTP1B consists in forming irreversible conjugates with allosteric C121, and recently an 

α-bromoacetamide derivative was found to cause a loss of the enzymatic activity [27-28]. 

We monitored inhibition of PTP1B by our acrylamides using an enzymatic assay (Figure 5B) 

of p-nitrophenyl phosphate as a method of choice for rapid screening [29-30]. As a result, 

seven compounds inhibited PTP1B with more than 40% inhibition. Interestingly, II-H20 

showed the highest inhibition (99%) followed by II-D11 (88%), II-P5 (66%), II-M2 (58%), 

and II-K6 (49%) (Figure 5B). We tested II-P5 and II-K6 with MS analysis in order to identify 

which cysteines show the covalent modification (Figure 5C). After overnight incubation 

of the recombinant PTP1B with acrylamides, we performed tryptic digestion followed by 

nanoflow liquid chromatography (nano-LC) and mass spectroscopy to identify covalent 

adducts (SI). A list of peptides with covalently bound cysteines is presented in Table S1. 

Compound II-P5 binds to C32 and C121, whereas II-K6 binds to C32, C92, C121, and C215 

with no detectable selectivity among them (Figure 5D, Figure S1). Additionally, we docked 

II-K6 and II-P5 to elucidate the binding modes of the compounds resulting in no significant 

difference among those bound to allosteric C121 (Figure S2) and C32 (Table S2). However, 

II-K6 obtained scores marginally higher than II-P5. In its bound form to C215 (Figure 5E), 

II-K6 forms hydrogen bonds involving the S216 NH backbone and the CO moiety of the 

acrylamide, between the K116 side chain nitrogen and the benzodioxol oxygen atom and 

between the NH of the acrylamide moiety and the Q162 CO side chain group. The latter 
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residue also interacts with the disubstituted benzene π-stacking interactions. Finally, several 

van der Walls contacts were observed, between the benzodioxol ring and the side chains 

of F182 and K116, between the disubstituted benzene and V49, Y46, Q262 side chains and 

between the acrylamide CH2 moiety and the R221 side chain.

Figure 5 Discovery of covalent acrylamide inhibitors of PTB1B. (A) Surface representation of human 
phosphatase PTP1B (PDB: 5K9V) with the four solvent-exposed cysteines are colored in red. (B) High 
throughput enzyme screening of acrylamides against PTP1B. (C) Time-dependent inhibition for II-P5 
and II-K6 (PI = percentage of inhibition; Data were presented as mean ± SEM in triplicate with 95% 
confidence bands (p-values < 0.001). Because of turbidity at 1 mM, time-dependent inhibition for II-P5 
has been reported only for 500 µM. (D) MS/MS spectra of tryptic peptides from PTP1B treated with II-P5 
and II-K6. Annotated fragmentation spectra are shown with the b- and y-ions denoted by red and blue, 
respectively. The precursor ions are labeled in green. The peptide sequence is shown at the top with 
the collision-induced fragmentation pattern. * II-P5 modification, # II-K6 modification. (E) Docking 
pose of II-K6 (green sticks) bound to s215 of PTP1B (cyan ribbons). Molecular contacts as detected 
by Scorpion analysis. Van der Waals, hydrogen bonding, π-stacking interactions and hydrogen bond 
-π-stacking are shown in brown, red, orange and yellow dotted lines, respectively. Residues involved in 
the catalysis and stabilization of the substrate in the pocket are indicated respectively with a red and 
blue asterisks [31].
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In summary, we developed a general, highly diverse multicomponent method for the one-pot 

synthesis of acyl amides, based on the building blocks acrylic acid, ammonia, aldehydes, and 

isocyanides. Noteworthy many substrates with different functional groups are compatible 

with the reaction and show product formation. The reactions were performed on a 0.5 mmol 

scale in 96-well plates, on a nanoscale in an automated fashion in 384-well plates yielding 

1.536 reactions, and also one example was synthesized on a multigram scale. Thus, scalability 

has been established over 6 orders of magnitude. In the majority of 0.5 mmol and higher 

scale reactions, the products precipitated, making this a valuable method for accessing 

high-quality acrylamide compound libraries. The 96-well protocol is fast, and several plates 

can be produced per week, including NMR and SFC-MS based quality control. Additionally, 

the reaction was also performed on a nanoscale, with the opportunity to synthesize tens of 

thousands of compounds in a highly automated fashion. As an example, here we attempted 

the parallel synthesis of 1.536 compounds and showed a high reaction success rate using 

MS analysis and resynthesis of multiple compounds on a preparative scale. Acrylamides 

are useful compounds not only in medicinal chemistry but will add to a growing body in 

the development of material and organic synthesis. We predict that our synthetic design 

performed in three different modalities (handcrafted, automated & nano, medium and large 

scale) with a simple experimental set- and work-up will become a useful addition to the 

relatively few described options of synthesizing acrylamide libraries for the discovery of 

potent covalent protein modifiers or smart, functional materials. 
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Supporting Information

Protein expression and purification
Human PTP1B plasmid for recombinant use was purchased from Addgene (plasmid # 

102719; http://n2t.net/addgene:102719; RRID: Addgene_102719). The expression and 

purification have been performed as previously described with minor modifications [1] with 

50 mM Hepes being replaced with 25 mM Tris-buffer at the same pH 7.5. The eluted fractions 

in size exclusion chromatography buffer (SEC buffer, 25 mM Tris-buffer pH 7.5, 150 mM NaCl 

and 0.5 mM Tris(2-carboxyethyl) phosphine (TCEP) were immediately used either for mass 

spectrometry or activity assays. 

Activity assay
A 50 mM stock solution of each compound of the library was prepared in 100% DMSO 

and subsequentially assayed in a flat-bottomed Corning 96-well microplates using a 

Tecan Spark microplate reader. Initial screening of enzymatic activity consisted of 100 μL 

mastermix containing 1000x fold compound excess, 1 μM of PTP1B in SEC buffer, resulting 

in 2.0% (v/v) of DMSO in all reactions for the sample wells. Positive (protein, buffer and 

DMSO) and negative controls (buffer and DMSO) were set up in the same microplate. After 

incubation at 30 °C for 30 mins, the reaction was started by addition of 2.5 μM of para-

nitrophenylphosphate (pNPP) at 25 mM stock solution for a final concentration of 625 μM 

and its hydrolysis was spectrophotometrically measured every minute at λ = 405 nm. The 

resulting hits with more than 40% inhibition were selected from the initial screening. Next, 

the reproducibility was assessed and the DMSO concentration was increased to 8% (v/v) to 

improve the solubility. Finally, the analysis of the results was done with Prism 8.0 (GraphPad 

software) and the percentage of inhibition (PI) was calculated as follows:

PI = [1– (OD
405 nm, sample well

 – OD
405 nm, blank of sample well

/ OD405 nm, positive control – OD
405 nm, blank of 

positive control)
] *100
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Mass spectrometry analysis 
PTP1B (50 uM) was mixed with compound II-P5 or II-K6 in molar ratio of 1:50 in 25 mM Tris 

buffer (pH 7.5) containing 150 mM NaCl, 0.5 mM TCEP. After overnight incubation at 4 °C, 

sample was diluted up to 450 µl with the Tris buffer and centrifuged (20 000 g, 10 min, 4 °C). 

The supernatant was transferred to Amicon Ultra 0.5 ml with a 3-kDa membrane cut-off 

(Millipore) and centrifuged at 14 000 g for 40 min at 20 °C. The protein was washed twice 

with the 400 µl of the Tris buffer to get rid of the unbound compounds. Afterwards, protein 

was denaturated by adding urea to the final concentration of 6 M and reduced with TCEP (5 

mM, 37 °C, 30 min). Samples were diluted up to 1 M urea with 50 mM NH4HCO3 and digested 

overnight at 37 °C with sequencing grade trypsin (Promega, enzyme to protein ratio of 

1:100). Resulted peptides were cleaned using C18 StageTips [2]. Samples were analyzed with 

a Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled to a nano-LC (UltiMate 

3000 RSLCnano System, Thermo Fisher Scientific). Peptides were loaded onto a trap column 

(Acclaim PepMap 100 C18, 75 μm x 20 mm, 3 μm particle, 100 Å pore size, Thermo Fisher 

Scientific) in 2% acetonitrile with 0.05% trifluoroacetic acid at a flow rate of 5 μl/min and 

further separated on analytical column (Acclaim PepMap RSLC C18, 75 µm x 500 mm, 2 µm 

particle, 100 Å pore size, Thermo Fisher Scientific) at 50 °C with a 60 minutes gradient from 2% 

to 40% acetonitrile in 0.05% formic acid at a flow rate of 250 nl/min. The eluted peptides were 

ionized using a Digital PicoView 550 nanospray source (New Objective) with a spray voltage 

of 2.2 kV. The Q-Exactive was operated in a data dependent mode. Full scan MS spectra were 

acquired over a mass range of m/z 300 – 1950 with a resolution of 70,000 at m/z 200 and 

an automatic gain control (AGC) target of 1e6. The 8 most intense ions per MS scan were 

selected for fragmentation and were measured at a resolution of 35,000 at m/z 200 with an 

AGC target of 3e6. Dynamic exclusion was set to 35 s. The maximum ion accumulation times 

for the full MS and the MS/MS scans were 120 ms and 110 ms, respectively. The lock mass 

option was enabled for survey scans to improve mass accuracy. Instrument performance 

was controlled with QCloud. [3] MS data were analysed using the Proteome Discoverer (v.1.4; 

Thermo Scientific). Obtained peak lists were searched using an in-house MASCOT server 

(v.2.5.1; Matrix Science, London, UK) against the cRAP database (https://www.thegpm.org/

crap/, released August 2019) with manually added sequence of human PTP1B catalytic 

domain including His-tag (117 entries). Database search was performed with the following 

parameters: trypsin with up to one missed cleavage allowed; variable modifications of Met 

residues (Ox +15.995) and Cys (II-P5 + 330.158 or II-K6 + 398.148). Precursor mass tolerance 

was set to 10 ppm and fragment mass tolerance was set to 20 mmu. MS/MS spectra of 

peptides containing modified cysteine were manually inspected.
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Covalent docking
The crystal structures of PTP1B in complex with aryl Seleninic acid (PDB ID 3D9C, [3]) and 

PTP1B apo form (PDB ID 5K9W, [1]) were prepared by assigning bond orders, hydrogens 

and protonation state at pH 7.5 with Epik and missing side chains/loops were filled with 

Primewith an emphasis on multiscale and hierarchical techniques. As a first step in evaluating 

the performance of our loop prediction algorithm, we have applied it to the problem of 

reconstructing loops in native structures; we also explicitly include crystal packing to provide 

a fair comparison with crystal structures. In brief, large numbers of loops are generated by 

using a dihedral angle-based buildup procedure followed by iterative cycles of clustering, 

side-chain optimization, and complete energy minimization of selected loop structures. We 

evaluate this method by using the largest test set yet used for validation of a loop prediction 

method, with a total of 833 loops ranging from 4 to 12 residues in length. Average/median 

backbone root-mean-square deviations (RMSDs [5-6]. DMSO and water molecules beyond 

5.0 Å were manually removed. Finally, the structures were further refined by assigning the 

optimal H-bonds orientations with PROPKA3 at pH 7.5 and a restrained minimization was 

then applied with OPLS_2005 until 0.30 Å RMSD convergence [7-9]. The 3D-structures and the 

relative tautomers of the gliptins at pH 7.5 from isomeric smiles were respectively generated 

with LigPrep (Schrödinger Release 2019-4: LigPrep, Schrödinger, LLC, New York, NY, 2020) 

and Epik, including the stereo-flags at the chiral centers [8-10]. The docking grid was defined 

by picking the ligand’s atomic coordinates and 20.0 Å of spacing in all directions. Michael 

addition to acrylamide was set for the covalent reaction to nucleophilic sulfur of cysteines 

and docking was run considering ligand conformational sampling, rotamer sampling of the 

protein side chains, and minimization of the pose [11]. A total number of 200 poses were 

requested employing a cutoff of 2.5 kcal/mol as a restrain. Subsequently, the best poses 

were selected based on GlideScore values (kcal/mol unit) [12-13]. Minimization with MAB 

force field and superpose were used to individuate to quantify the SS changesets mostly 

involved in ligand binding [14]. All the figures were rendered with Pymol (The PyMOL 

Molecular Graphics System, Version 2.3, Schrödinger, LLC.)
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Table S1 Results of mass spectrometry analysis of PTP1B catalytic domain modified by II-P5 and II-K6 
compounds. Table shows parameters of LC-MS/MS identification of PTP1B and the list of peptides with 
covalently modified cysteines (marked in bold). #PSMs – number of peptide-to-spectrum matches; 
m/z – mass to charge ratio of precursor ion.

Protein identification results Modification 
site

Peptide  
sequence

Mascot 
Score

# PSMs Charge m/z [Da]

Compound: II-P5
Score: 22666
Sequence Coverage: 81.6%
# Peptides: 45
# PSMs: 873 

Cys32 HEASDFPcR 62 1 2 696.306

Cys121 cAQYWPQKEEK 20 1 3 580.608

Compound: II-K6
Score: 33765
Sequence Coverage: 87.7%
# Peptides: 50
# PSMs: 1299

Cys32 HEASDFPcR 26 1 2 730.299

Cys92 SYILTQGPLPNTcGHF
WEMVWEQK

23 1 3 1088.169

Cys121 cAQYWPQKEEK 19 1 2 904.401

Cys215 ESGSLSPEHGPVVV
HcSAGIGR

43 2 3 858.406
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4Figure S1 MS/MS spectra of tryptic peptides from PTP1B treated with II-P5 and II-K6 bound to (A) 
Cys32 and (B) Cys92. Annotated fragmentation spectra are shown with the b- and y- ions denoted by 
red and blue, respectively. The precursor ions are labeled in green. The peptide sequence is shown at 
the top with the collision-induced fragmentation pattern. * II-P5 modification, # II-K6 modification.

Docking scores and binding poses to Cys121
Cys215 and Cys121 were elucidated as being relevant nucleophiles for the regulation of the 

PTP1B activity since the former belongs to a highly conserved catalytic region among the 

phosphates [15] and the latter to an allosteric pocket [16-17]. Hence, we docked II-K6 and II-P5 

with Glide to rationalize the protein/ligand interactions and selected the enantiomer on the 

basis of the score and we used the crystal structure of PTP1B in complex with aryl Seleninic 

acid for covalent docking to Cys215 and the apo protein crystalized by Choy and coworker 

[1] for the other cysteines since the same protein was used the activity assays reported in 

this paper. The summary of the Glide scores alongside with the Scorpion results before 

and after the minimization are shown in Table S1. Several improvements of cooperativity 

binding network scores were observed by subsequent post-docking minimization with 
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MAB force field, suggesting that small structural changes in the protein could be responsible 

for strengthening the bond with PTP1B. In fact, a more closed inspection of the pose after 

minimization revealed that II-K6 induces a conformational change, especially on the WPD-

loop, a highly conserved loop amongst phosphatase [18], and on the P-loop which is 

involved in transition state stabilization [19]. Particularly, relatively large flexibilities involve 

the catalytic D181 (2.4 Å) from the WPD-loop, the nearby F282 (2.3 Å) while K116 (2.0 Å), 

G117 (2.5 Å) from the P-loop fold down to accommodate the ligand in the binding pocket 

(Figure S2C).

Table S2 Docking scores as quantified by Covdock and Scorpion before and after MAB minimization. 

Compound Modification site CovDock (kcal/mol) Scorpion Minimization

II-P5
Cys32 -2.55 -0.8 6.4

Cys121 -3.42 1.4 8.2

II-K6

Cys32 -2.71 4.3 10,4

Cys92 -4.36 1.3 4.8

Cys121 -3.55 3.1 7.4

Cys215 -5.25 3.6 7.3

The best poses of II-P5 and II-K6 bound to Cys121 and the interactions with the the residues 

surrounding C121 are respectively shown in Figure S2A and S2B. Both molecules share a 

common interaction represented either by a bifurcate hydrogen bond/cation dipole or 

hydrogen bond/cation-π stacking contact between R45 guanidine group and the CO moiety 

of the acrylamide with the acceptor oxygen atom accounting for the highest cooperativity 

binding network score. Also, a further hydrogen bond between the OH group of S118 and 

the oxygen is shared. However, II-K6 clearly show different orientation than II-P5 since the 

poses of the former are symmetric by an axial plane of about 180° whereas for the latter 

nearly superpose each other. Nevertheless, both molecules interact with L119, P89 and C121 

through Van Der Waals contacts while only II-K6 interacts with L88 and II-P5 with Y46 and 

R45.
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4
Figure S2 (A) Docking poses of II-K6 and (B) II-P5 (green sticks) bound to Cys121 of PTP1B (cyan 
ribbon representation). Van Der Walls, hydrogen bonds, cation-π and hydrogen bond-π stacking 
interactions shown respectively as brown, red, blue and orange dotted lines. (C) Close up view of the 
residues with RMSD difference > 2.0 Å upon binding of II-K6 to Cys215. Colors range from blue to red 
indicating the most relevant Cα deviations."
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