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Abstract

Targeting noncatalytic cysteine residues with irreversible acrylamide-based inhibitors is a 

powerful approach for enhancing pharmacological potency and selectivity. Nevertheless, concerns 

about off-target modification motivate the development of reversible cysteine-targeting strategies. 

Here we show that electron-deficient olefins, including acrylamides, can be tuned to react with 

cysteine thiols in a rapidly reversible manner. Installation of a nitrile group increased the olefins’ 

intrinsic reactivity, yet paradoxically eliminated the formation of irreversible adducts. 

Incorporation of these electrophiles into a noncovalent kinase recognition scaffold produced 

slowly dissociating, covalent inhibitors of the p90 ribosomal protein S6 kinase, RSK. A cocrystal 

structure revealed specific noncovalent interactions that stabilize the complex by positioning the 

electrophilic carbon near the targeted cysteine. Disruption of these interactions by protein 

unfolding or proteolysis promoted instantaneous cleavage of the covalent bond. Our results 
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establish a chemistry-based framework for engineering sustained covalent inhibition without 

accumulating permanently modified proteins and peptides.

Cysteine displays rich chemistry through its nucleophilic thiol group. It is also one of the 

least common amino acids in proteins. Together, these properties make cysteine residues 

ideal for targeting with covalent drugs, which have the potential to exhibit high levels of 

target specificity and a prolonged duration of action1-3. Although frequently designed to 

inactivate conserved, catalytically essential nucleophiles (e.g., in Ser, Thr, and Cys 

proteases), covalent inhibitors can achieve maximal selectivity among related targets by 

exploiting the intrinsic nucleophilicity of poorly conserved, noncatalytic cysteines4. This 

strategy, guided by structural bioinformatics analysis, has led to the design of selective, 

irreversible inhibitors of protein kinases5-9, and more recently, the NS3/4A serine protease 

from hepatitis C virus10.

Protein kinases are challenging therapeutic targets from the standpoint of achieving 

sustained inhibition of the desired kinase without affecting structurally related kinases. A 

majority of the 518 human kinases have an accessible noncatalytic cysteine within reach of 

the active site11,12, and at least four cysteine-targeted kinase inhibitors are in clinical trials 

for advanced cancer indications. They all rely on an acrylamide electrophile to form an 

irreversible covalent bond with the kinase4. Acrylamide-based kinase inhibitors react 

irreversibly with glutathione13 and therefore may react with proteins other than the desired 

target, especially proteins with hyper-reactive cysteines14. Although the risk may be low and 

more relevant to chronic diseases than advanced cancer, there are currently no preclinical 

models that can accurately predict the toxicological potential of chemically reactive drugs 

and drug metabolites15-17. Thus, current drug discovery efforts mostly aim to avoid the 

formation of irreversible covalent adducts.

Based on these considerations, we sought reversible electrophilic inhibitors that would retain 

the advantages of covalent cysteine targeting (prolonged duration of action and high 

selectivity) without the potential liabilities associated with irreversible adduct formation. 

The few known covalent inhibitors that reversibly target noncatalytic cysteines were 

discovered by random high-throughput screening18,19, and the chemical basis of their 

reversibility is not clear. In this study, we elucidate specific structural features underlying 

reversible thiol addition to electron-deficient olefins and apply these principles to the design 

of reversible, cysteine-targeted kinase inhibitors.

RESULTS

Reversibility of thiol addition to activated olefins

Experiments in the 1960s revealed that simple thiols react instantaneously with 2-

cyanoacrylates at physiological pH, but the products could not be isolated or structurally 

characterized20. A potential explanation for these results is that the reaction, possibly a 

Michael-type conjugate addition, is a rapid-equilibrium process. To test this hypothesis and 

define the structural requirements for rapid reversibility, we compared three simple Michael 

acceptors, activated by a methyl ester (1), a nitrile (2), or both electron-withdrawing groups 
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(3) (Fig. 1a). Reactions of acrylate 1 and acrylonitrile 2 with the model thiol, beta-

mercaptoethanol (BME), produced the stable thioether adducts 4 and 5, which were easily 

isolated and characterized (Supplementary Results, Supplementary Fig. 1). By contrast, 

when the doubly activated Michael acceptor 3 was treated with BME (Fig. 1a), only the 

starting cyanoacrylate was recovered. Addition of increasing concentrations of BME caused 

a stepwise reduction in the prominent UV-visible absorption band of cyanoacrylate 3 (λmax 

304 nm), and fitting these titration data provided an apparent equilibrium dissociation 

constant (KD) of 9.4 mM (Fig. 1b). 1H NMR provided further spectroscopic evidence for the 

formation of an adduct corresponding to thioether 6, and dilution experiments confirmed 

that the reaction was rapidly reversible (Fig. 1c). The facile reversion of thioether adduct 6 
to the starting cyanoacrylate likely derives from its enhanced kinetic and thermodynamic 

acidity, estimated21 to be 10–15 orders of magnitude greater than the carbon acidity of 

stable adducts 4 and 5. Hence, the combined influence of a nitrile and an ester on the acidity 

of the alpha C–H bond facilitates rapid elimination of thiol adducts at physiological pH, 

while at the same time accelerating the rate of thiol addition.

To test whether this chemistry is applicable to structurally related Michael acceptors, we 

synthesized five cyanoacrylamides with diverse substituents attached to the electrophilic 

beta-carbon (7-11, Supplementary Fig. 2). We included entacapone, a cyanoacrylamide-

based drug used for the treatment of Parkinson’s disease; to our knowledge, the reactivity of 

entacapone toward thiols has not been reported previously. Similar to cyanoacrylate 3, the 

cyanoacrylamides reacted with millimolar concentrations of BME in a manner that was 

reversed within seconds upon dilution (Supplementary Fig. 2). Depending on the beta-

substituent, the equilibrium dissociation constants ranged from 0.2 to 33 mM, corresponding 

to standard free energy changes (ΔGo) of –2 to –5 kcal/mol. The ability of beta-substituted 

cyanoacrylamide derivatives, including a widely used drug, to form rapidly reversible 

adducts with thiols suggested an attractive approach for targeting noncatalytic cysteines in 

small-molecule binding sites, without the use of irreversible electrophiles.

Rational design of reversible covalent kinase inhibitors

We prepared a series of electrophilic pyrrolopyrimidines (12-15; Fig. 2a), analogous to the 

model Michael acceptors in Figure 1, and compared their biochemical activities against the 

C-terminal kinase domain (CTD) of p90 ribosomal protein S6 kinase, RSK2. The 

electrophilic beta-carbon was designed to be proximal to Cys436 in the RSK2 active site 

based on the predicted binding orientation of the pyrrolopyrimidine scaffold, similar to the 

irreversible fluoromethylketone-based inhibitor developed previously (‘FMK’; see 

Supplementary Fig. 4 for structure) 6,22. Treatment of the RSK2-CTD with five equivalents 

of acrylate 12 or acrylonitrile 13 led to the slow formation of a covalent adduct, as revealed 

by liquid chromatography–mass spectrometry (LC-MS) (Fig. 2a). By contrast, the doubly 

activated Michael acceptors 14 and 15 failed to produce adducts detectable by LC-MS (Fig. 

2a), despite being more than 200-fold more potent than the singly activated Michael 

acceptors 12 and 13 in kinase activity assays (Fig. 2b). Mutation of Cys436 to valine 

conferred ~1000-fold resistance to inhibitors 14 and 15 (Supplementary Fig. 3), suggesting 

that potent RSK2 inhibition requires covalent bond formation. Cyanoacrylamide 15 reacted 

rapidly and reversibly with BME and glutathione (KD = 5.1 and 7.3 mM), yet pretreatment 
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with 10 mM glutathione had no effect on its ability to inhibit RSK2 (IC50 = 4 nM; 

Supplementary Fig. 3). Cyanoacrylamide 15 did not react substantially with lysine or 

ethanolamine (up to 100 mM, Supplementary Fig. 3).

RSK2-CTD kinase activity recovered from inhibition by cyanoacrylate 14 after dialysis for 

three days at 4°C, whereas recovery from cyanoacrylamide 15 was much slower under these 

conditions (Fig. 2c). To estimate their biochemical dissociation rates, we developed a kinetic 

trapping assay in which RSK2-CTD was first saturated with a reversible inhibitor, followed 

by treatment with a large excess of FMK. In the absence of inhibitor pretreatment, FMK 

(100 μM) reacted with Cys436 of RSK2-CTD to form a 1:1 covalent adduct (t1/2 < 1 min), 

as determined by MS analysis (Supplementary Fig. 4). Pretreatment of RSK2-CTD (5 μM) 

with cyanoacrylate 14 or cyanoacrylamide 15 (10 μM) caused a dramatic reduction in the 

rate of FMK labeling (Fig. 2d), from which we could estimate dissociation half-times of 42 

and 245 min, respectively. Thus, inhibition of RSK2-CTD by cyanoacrylamide 15 is long-

lived yet fully reversible, with complete dissociation occurring on a time scale of several 

hours.

We selected the N-isopropyl cyanoacrylamide 15 (hereafter referred to as ‘CN-NHiPr’) for 

further biochemical and cellular experiments due to its greater potency and slower off-rate 

compared to cyanoacrylate 14. Kinase profiling23 revealed that CN-NHiPr is highly 

selective for the C-terminal kinase domains of RSK1 and RSK4 (RSK2-CTD was not on the 

panel of profiled kinases). Besides RSK1/4-CTD, only 6 of the 442 kinases profiled showed 

greater than 70% inhibition by 1 μM CN-NHiPr relative to the DMSO control 

(Supplementary Table 1). Subsequent KD determinations demonstrated that CN-NHiPr 

bound RSK1-CTD (KD = 540 pM) with ~80-fold higher affinity than MAP3K1 and at least 

400-fold higher affinity than the remaining five kinases (STK16, RIPK2, RET, MEK5, and 

PDGFRB) (Supplementary Fig. 5).

Sustained, quasi-irreversible occupancy of RSK in cells

We compared the cellular activity of CN-NHiPr with FMK, previously shown to be an 

irreversible inhibitor of endogenous RSK1 and RSK26,22. Treatment of MDA-MB-231 

breast cancer cells with CN-NHiPr for 2 h led to potent inhibition of RSK2-CTD-mediated 

autophosphorylation of Ser386 (Fig. 3a, EC50 < 10 nM), a key regulatory site for the N-

terminal effector kinase domain24. With a similar dose response, CN-NHiPr prevented an 

irreversible fluorescent probe, FMK-BODIPY22, from labeling RSK1/2 in cells (Fig. 3b). 

Despite its irreversible binding mode, FMK was less potent than CN-NHiPr in both the 

cellular occupancy and autophosphorylation assays, suggesting that CN-NHiPr enters cells 

and binds to endogenous RSK1/2 with faster kinetics. Washout experiments revealed a 

striking duration of RSK1/2 occupancy by CN-NHiPr, indistinguishable from FMK. After 

washout of FMK or CN-NHiPr, reappearance of inhibitor-free RSK1/2 required at least 48 

h, presumably the time required for RSK1/2 resynthesis (Fig. 3c). Similar to FMK, CN-

NHiPr abolished RAF-induced epithelial cell migration and invasion (Fig. 3d–f), consistent 

with the recently established role of RSK signaling in these processes25-27.
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Cocrystal structure of the RSK2-cyanoacrylate complex

A cocrystal structure provided insight into the molecular basis of sustained RSK2 inhibition 

by doubly activated Michael acceptors (Fig. 4a). We screened several related cyanoacrylate 

and cyanoacrylamide inhibitors and obtained the best diffraction data (2.4 Å resolution) with 

a tert-butyl cyanoacrylate derivative 16 (Supplementary Fig. 3a) that has similar potency 

and dissociation kinetics (t1/2 = 163 min) as CN-NHiPr. The structure confirms the covalent 

nature of the complex (Fig. 4a, PDB code 4D9U), with strong electron density connecting 

Cys436 to the electrophilic beta-carbon of the cyanoacrylate (Supplementary Fig. 6a). A 

second cysteine (Cys560) within ~7 Å of the electrophilic carbon is incapable of forming a 

stable covalent bond, as indicated by the ~1000-fold decrease in potency of CN-NHiPr 

toward C436V RSK2 (Supplementary Fig. 3). Hydrogen bonds between the 

pyrrolopyrimidine scaffold, the RSK2 hinge region, and the side chain of Thr493 position 

the electrophilic beta-carbon beneath Cys436 and are likely essential for driving covalent 

bond formation (Fig. 4a). An additional anchor is provided by the p-tolyl group, which 

packs against the gatekeeper side chain (Thr493) and extends into a hydrophobic pocket. 

Mutation of Thr493 to Met in RSK2-CTD conferred ~1000-fold resistance to CN-NHiPr 

(Supplementary Fig. 6b). RSK3-CTD and the related kinase domains of MSK1/2 have a Met 

gatekeeper, explaining their insensitivity to CN-NHiPr (Supplementary Table 1).

Protein unfolding promotes covalent bond dissociation

If the combined nonbonded interactions between RSK2 and the pyrrolopyrimidine are 

essential for stabilizing the covalent bond, disruption of the kinase domain’s tertiary fold 

should promote rapid elimination of Cys436 and regeneration of the original Michael 

acceptor. We tested this hypothesis by monitoring covalent bond formation in solution with 

UV-visible spectroscopy. Treatment of CN-NHiPr (20 μM in pH 7.5 buffer) with a slight 

excess of RSK2-CTD (25 μM) caused disappearance of the strong 400 nm absorption peak 

(Fig. 4b,c), consistent with nucleophilic attack on the cyanoacrylamide. Mutation of Cys436 

abolished this effect (Fig. 4c), demonstrating that none of the remaining cysteines (including 

Cys560 in the ATP binding site) detectably react with CN-NHiPr, even at millimolar 

concentrations (Supplementary Fig. 7). When the covalent RSK2-CTD-CN-NHiPr complex 

was unfolded by the addition of sodium dodecylsulfate or guanidine, the cyanoacrylamide 

absorption peak reappeared within seconds (Fig. 4b,c), and LC-MS analysis indicated 

quantitative recovery of CN-NHiPr (Supplementary Fig. 7). Proteolytic digestion of the 

complex with trypsin or proteinase K also promoted complete reversal of the covalent bond 

(Fig. 4c), suggesting that cyanoacrylamide-modified peptides derived from cellular RSK 

turnover would be short-lived.

We have shown that cyanoacrylamides react reversibly with model thiols and recombinant 

RSK2-CTD. However, formation of irreversible adducts with endogenous full-length RSK 

or other cellular proteins remained possible, especially given the apparent irreversible 

binding to RSK1/2 (resistant to washout) in cells (Fig. 3c). We addressed this possibility by 

treating cells with fluorescent BODIPY conjugates derived from FMK, CN-NHiPr, and the 

pyrrolopyrimidine scaffold as a non-electrophilic control (see Supplementary Fig. 8 for 

chemical structures). Analysis of cell lysates by SDS-PAGE revealed several prominent 

bands labeled by the irreversible probe, FMK-BODIPY, including endogenous RSK1 and 

Serafimova et al. Page 5

Nat Chem Biol. Author manuscript; available in PMC 2013 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RSK222 (Fig. 4d). By contrast, BODIPY conjugates of CN-NHiPr and the non-electrophilic 

scaffold failed to label RSK1/2. Instead, both BODIPY conjugates bound weakly to an 

identical subset of denatured proteins, presumably in a noncovalent manner. We conclude 

that specific interactions provided by the folded kinase domain, in concert with a precisely 

positioned cysteine, are required to cooperatively stabilize a covalent complex with CN-

NHiPr. The lack of irreversible adduct formation by CN-NHiPr in a cellular context is 

remarkable given that it is more than 50,000 times more reactive toward thiols than FMK 

(reaction with 10 mM glutathione: CN-NHiPr t1/2 < 1 sec; FMK t1/2 = 16 h).

DISCUSSION

In this study, we report a novel approach for targeting noncatalytic cysteines with reversible 

covalent inhibitors. The predominant strategy for targeting noncatalytic cysteines, 

exemplified by several acrylamide-based kinase inhibitors in clinical trials, has been to 

minimize the intrinsic chemical reactivity of the electrophile as much as possible4. This 

strategy derives from the chemically intuitive hypothesis that attenuated electrophiles have a 

reduced likelihood of reacting irreversibly with off-target proteins. Our results challenge this 

notion. Although attenuated Michael acceptors such as acrylamides may react slowly with 

most cysteine residues, the probability of modifying a hyper-reactive cysteine (comprising 

up to ~10% of solvent-exposed cysteines14) is unpredictable; such off-target reactions are 

clearly undesirable.

Our chemical and biochemical experiments demonstrate that addition of a nitrile group (with 

a molecular mass of only 26 Da) converts irreversible Michael acceptors (e.g., acrylate or 

acrylamide) into electrophiles with unanticipated properties. The resulting electrophiles 

(e.g., cyanoacrylate or cyanoacrylamide) react with cysteine thiols under physiological 

conditions in a manner that is energetically favorable yet rapidly reversible, thus minimizing 

the chance of producing irreversibly modified peptides. Adding the nitrile group to the 

alpha-carbon of an acrylamide increases the susceptibility of the beta-carbon to nucleophilic 

attack but also stabilizes the resultant carbanion. This leads to a kinetic regime in which 

thiol addition and elimination proceed on a subsecond-second time scale, a surprising result 

that, to our knowledge, has not been demonstrated previously. Rapid thiol-addition/

elimination chemistry appears to be a general property of cyanoacrylamides, and in 

preliminary work, extends to some, but not all, combinations of two electron-withdrawing 

groups in doubly activated Michael acceptors. We envision that the reversible covalent 

targeting strategy described herein can be applied to any kinase that has an exposed cysteine 

within striking distance of the active site, provided that the geometric requirements for 

covalent bond formation are satisfied with minimal strain. More generally, by using 

structural bioinformatics to identify solvent-exposed cysteines near potential small-molecule 

binding sites, it may be possible to apply this strategy to additional target classes outside of 

the protein kinase family.
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METHODS

Chemicals

The following chemicals were commercially obtained and used without further purification: 

Methyl trans-cinnamate (1), 99% pure, Sigma-Aldrich; cinnamonitrile (2) 97% pure, Sigma-

Aldrich; Entacapone, 99% pure, AK Scientific; Phorbol 12-myristate 13-acetate (PMA) 

>99% pure, Sigma-Aldrich; and (Z)-4-Hydroxytamoxifen (4HT) >97% pure, Calbiochem.

Inhibitors

Compounds 3-16 and BODIPY conjugates 17-19 were synthesized and characterized as 

described in the Supplementary Methods. FMK was synthesized as previously described6 

and the characterization and purity matched published standards.

Protein Purification

RSK2-CTD was expressed and purified as previously described28. Briefly, wild type and 

mutant RSK2-CTDs were expressed in E.coli from pET-46 EK/LIK His6 fusion vectors and 

purified by Ni/NTA affinity chromatography in 50 mM Tris pH 8.0, 0.5 M NaCl and 10 – 

500 mM imidazole gradient, followed by cleavage of the His6-tag and a second purification 

with S75 size exclusion column.

Protein kinase activity assays

RSK2-CTD was assayed for kinase activity as described6,22. Detailed methods describing 

the determination of inhibitor IC50 values for RSK2-CTD, as well as kinase activity 

recovery after inhibitor dialysis are provided in the Supplementary Methods.

Covalent modification of RSK2-CTD

LC-MS was used to detect covalent adducts between the various pyrrolopyrimidine 

electrophilic derivatives and RSK2-CTD. Purified RSK2-CTD (5 μM) was incubated with 

the various inhibitors (25 μM) for 1 h at room temp and was analyzed by liquid 

chromatography and in-line ESI mass spectrometry as described in the Supplementary 

Methods.

UV-visible spectroscopic assays

Detailed methods for determining the dissociation constants of electrophile/thiol adducts are 

provided in the Supplementary Methods. Briefly, electrophilic compounds (100–200 μM in 

PBS, pH 7.4) were treated with increasing concentrations of BME or GSH prior to acquiring 

absorption spectra. The extent of electrophile consumption was determined by monitoring 

the disappearance of the absorbance at λmax.

Cellular assays

Cellular RSK inhibition and occupancy using FMK-BODIPY was determined as 

described22. MDA-MB231 cells were grown until confluence in the presence of DMEM 

supplemented with 10% serum. Prior to inhibitor treatment, the media was exchanged to 

serum free DMEM and the cells were treated for 2 h with the various inhibitors, lysed and 
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analyzed by various methods as described in the Supplementary Methods. Multilayering and 

Matrigel invasion assays using MDCK-RAF:ER cells were performed as described25.

Crystal structure determination and refinement

Cocrystals of tert-butyl cyanoacrylate 16 bound to RSK2-CTD were obtained in 0.1 M Tris 

pH 8.5, 25% PEG 3350 (PDB code 4D9U). Details about data collection, structure 

determination, and refinement are described in the Supplementary Methods. Briefly, purified 

RSK2-CTD was concentrated to between 5 mg/mL and 10 mg/mL in buffer (20 mM Tris pH 

8.0, 50 mM NaCl, 1 mM DTT) and incubated with one molar equivalent of cyanoacrylate 

16. Hanging drops of 1 μL protein – cyanoacrylate 16 and 1 μL precipitant solution (0.1 M 

Tris pH 8.5, 25% PEG 3350) were used to obtain crystals. Crystals were cryo-protected in 

mother liquor with 30% ethylene glycol and flash frozen in liquid nitrogen prior to 

crystallographic data acquisition. The data sets were processed using XDS and the structure 

was solved by molecular replacement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thiol reactivity of electron-deficient olefins
(a) Conjugate addition reactions of beta-mercaptoethanol (BME) with olefins 1–3. (b) 
Cyanoacrylate 3 (100 μM) was treated with increasing concentrations of BME and 

monitored by UV-visible absorption spectroscopy. The inset shows the fraction of BME 

adduct versus the concentration of BME, from which the equilibrium dissociation constant 

(KD) was derived. (c) 1H NMR spectra showing reversible addition of BME to 

cyanoacrylate 3. Cyanoacrylate 3 (90 mM, top spectrum) was treated with 100 mM BME in 

DMSO-d6:PBS-d (3:1), affording an 15:85 mixture that favored the BME adduct 6 (middle). 

Upon 10-fold dilution, the equilibrium shifted to the left (bottom). Red and blue asterisks 

indicate protons used to determine ratios of 3:6.
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Figure 2. Sustained, reversible inhibition of RSK2-CTD by doubly activated Michael acceptors
(a) RSK2-CTD (5 μM) was treated with pyrrolopyrimidines 12–15 (25 μM) for 1 h, 

followed by LC-MS analysis. Observed molecular masses of unmodified RSK2-CTD and 

the 1:1 adducts with 12 and 13 are consistent with the predicted values. (b) In vitro kinase 

assays of RSK2-CTD. Shown are mean values from duplicate measurements (± range). Data 

were fit with PRISM 4.0 to provide IC50 values (Supplementary Fig. 3a). (c) RSK2-CTD 

(50 nM) was treated with the indicated inhibitors (1 μM) or DMSO for 1 h at room temp, 

prior to dialyzing at 4°C. Aliquots were tested daily for kinase activity, normalized to 

DMSO control (mean ± SD, triplicate values). (d) RSK2-CTD (5 μM) was pretreated with 

inhibitors 14 or 15 (10 μM) for 1 h, followed by addition of excess FMK (100 μM final). At 

each time point, an aliquot was removed and quenched by diluting 1:1 into 0.4% formic 

acid. Relative amounts of RSK2-CTD and the FMK adduct were quantified by LC-MS. 

Progress curve fits to a single exponential were used to estimate dissociation half-times of 

14 and 15. Inset: progress curve detail showing reaction of RSK2-CTD with 100 μM FMK.
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Figure 3. Sustained inhibition of cellular RSK1/2 by CN-NHiPr
(a) MDA-MB-231 cells were treated with CN-NHiPr or FMK. Cell lysates were 

immunoblotted for pS386-RSK or RSK2. (b) MDA-MB-231 cells were treated with CN-

NHiPr or FMK, followed by FMK-BODIPY (3 μM). Cell lysates were resolved by SDS-

PAGE and detected by in-gel fluorescence scanning or immunoblotting for RSK1 (yellow) 

and RSK2 (red). (c) MDA-MB-231 cells were treated with CN-NHiPr or FMK (1 μM). The 

media was exchanged and cells were harvested at the indicated times after inhibitor 

washout. Cell lysates were treated with FMK-BODIPY (5 μM). Proteins were resolved on 

SDS-PAGE and detected by in-gel fluorescence or immunoblotting for RSK1 (yellow) and 

RSK2 (red). (d) Polarized MDCK-RAF:ER cell monolayers were treated with CN-NHiPr or 

FMK (2 μM) and stimulated with 4-hydroxytamoxifen (4HT, 1 μM) to activate RAF-

dependent epithelial cell multilayering. After 24 h, cells were imaged by confocal 

fluorescence microscopy (XZ plane). (e) Polarized MDCK-RAF:ER cell monolayers were 

treated as in d. After 24 h, cell lysates and conditioned media were analyzed by 

immunoblotting for the indicated proteins. (f) MDCK-RAF:ER and MCF10A-RAF:ER cells 

were treated with CN-NHiPr or FMK (2 μM) and 4HT (1 μM) as indicated. Cells were then 

either lysed for immunoblot analysis or trypsinized and subjected to Matrigel invasion 

assays. After 24 h, cell invasion was quantified and expressed as a percentage of the 

maximum value (mean ± SD from three experiments).
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Figure 4. Specific noncovalent interactions drive covalent bond formation
(a) Co-crystal structure of RSK2-CTD bound to tert-butyl cyanoacrylate 16. Ribbon 

representation of RSK2-CTD with cyanoacrylate 16 in green highlights hydrogen bonds to 

the hinge and the gatekeeper, Thr493. Note the close proximity of Cys560, which does not 

form a covalent bond with the electrophilic beta-carbon. (b) UV-visible spectra of CN-

NHiPr showing the 400 nm cyanoacrylamide absorption peak. CN-NHiPr (20 μM, black 

curve) was treated with wild-type RSK2-CTD (25 μM), resulting in a loss of the 

cyanoacrylamide peak (blue curve). Addition of SDS (2% final) caused instantaneous 

recovery of the cyanoacrylamide (red curve). (c) Effect of protein unfolding (2% SDS; 3 M 

guanidine HCl) and proteolysis (proteinase K, PK; trypsin) on the covalent complex derived 

from CN-NHiPr (20 μM) and RSK2-CTD (25 μM). Recovery of free CN-NHiPr was 

determined by quantifying the absorbance at 400 nm (triplicate measurements, mean ± SD). 

C436V RSK2-CTD (25 μM) had no effect on the CN-NHiPr absorption peak. (d) 
Modification of cellular proteins by BODIPY conjugates of FMK (17), CN-NHiPr (18), and 

the pyrrolopyrimidine scaffold (19) (see Supplementary Fig. 8 for structures). MDA-

MB-231 cells were treated with the indicated BODIPY conjugates. Cell lysates were 

resolved by SDS-PAGE and BODIPY adducts detected by in-gel fluorescence scanning.
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