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Abstract
p90 ribosomal protein S6 kinases (RSKs) integrate upstream signals through two catalytic
domains. Autophosphorylation of Ser386 by the regulatory C-terminal kinase domain (CTD) is
thought to be essential for activation of the N-terminal kinase domain (NTD), which
phosphorylates multiple downstream targets1. We recently reported fmk, an irreversible inhibitor
of the CTD of RSK1 and RSK22. Here we describe fmk-pa, a propargylamine variant that has
improved cellular potency and a ‘clickable’ tag for assessing the extent and selectivity of covalent
RSK modification. Copper-catalyzed conjugation of an azidoalkyl reporter (the click reaction)
revealed that fmk-pa achieves selective and saturable modification of endogenous RSK1 and
RSK2 in mammalian cells. Saturating concentrations of fmk-pa inhibited Ser386 phosphorylation
and downstream signaling in response to phorbol ester stimulation, but had no effect on RSK
activation by lipopolysaccharide. RSK autoactivation by the CTD is therefore context dependent,
which suggests that NTD and CTD inhibitors should have distinct physiological effects.

RSKs are serine/threonine kinases that are activated by signaling inputs from extracellular-
regulated kinase3,4 (ERK) and phosphoinositide-dependent kinase 1 (PDK1)5–7. ERK
phosphorylates and activates the CTD, which can autophosphorylate Ser386 (human RSK2
amino acid numbering) in a hydrophobic motif, most likely via an intramolecular
mechanism8–10. The phosphorylated hydrophobic motif serves as a docking site for PDK1
(ref. 5), which phosphorylates and activates the NTD (Fig. 1). The NTD phosphorylates all
known RSK substrates8,9,11. CTD-mediated phosphorylation of the hydrophobic motif is
thought to be essential for RSK function, as S386A (RSK2) and S381A (RSK1) mutants do
not support NTD-mediated signaling6,9. However, overexpression of CTD kinase-
inactive12 mutants or CTD-deletion5 mutants of RSK2 results in constitutive Ser386
phosphorylation (albeit with reduced NTD activity), which suggests that hydrophobic motif
phosphorylation can occur in the absence of the CTD (Fig. 1). Whether a CTD-independent
activation pathway exists for endogenous RSK remains unknown.

Using a structural bioinformatics approach, we designed fmk (1) (Fig. 1), the first selective
inhibitor of the CTD of RSK1 and RSK2 (ref. 2). fmk exploits two selectivity filters in the
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RSK ATP binding site: a cysteine, which is covalently modified by the fluoromethylketone
electrophile, and a threonine gatekeeper, which accommodates the p-tolyl group. A
biotinylated derivative of fmk selectively modified RSK1 and RSK2 in cell lysates, but this
probe was inappropriate for targeting RSK in intact cells because of its reduced membrane
permeability and because of the presence of endogenous biotinylated proteins. To extend the
utility of fmk as a cellular probe of RSK CTD-mediated signaling, we sought a tagged
membrane-permeable derivative. Such a probe would allow us to determine (i) the
selectivity of covalent modification in intact cells and (ii) the relationship between CTD
inactivation and hydrophobic motif phosphorylation in endogenous RSK.

We initially synthesized fmk-BODIPY (2), a derivative of fmk containing a membrane-
permeable fluorescent tag (Fig. 2a). The primary hydroxyl group of fmk was chosen as the
attachment site for the BODIPY tag because a homology model of fmk bound to the CTD of
RSK2 suggested that this position would be solvent-exposed. fmk-BODIPY irreversibly
modified recombinant RSK2 CTD, as shown by denaturing gel electrophoresis followed by
in-gel fluorescence detection (Fig. 2b). Unfortunately, fmk-BODIPY was ~100-fold less
potent than fmk at inhibiting RSK2 CTD kinase activity in vitro (Supplementary Table 1
online), and it had similarly reduced potency in cellular assays. Compared to fmk, which
inhibited phorbol myristate acetate (PMA)-induced Ser386 phosphorylation with an effector
concentration for half-maximum response (EC50) of ~150 nM (Supplementary Fig. 1
online), fmk-BODIPY was much less effective, with an EC50 of ~10 μM (Fig. 2c).
Fluorescent bands corresponding to RSK were detected in lysates from cells treated with
fmk-BODIPY, but saturable labeling was not achieved. Moreover, we detected extensive
off-target modification at concentrations of fmk-BODIPY above 1 μM (Fig. 2d). We
hypothesized that the large, hydrophobic BODIPY tag not only interfered with RSK binding
but also promoted nonspecific protein modification. We therefore sought a less intrusive tag
that could be conjugated to a fluorescent reporter after covalent modification of RSK.

Bioorthogonal conjugation methods have been used to identify protein targets of irreversible
inhibitors added to cell lysates13–15, intact cells14–18 and animals14,15,17. The click
reaction, in which copper(I) catalyzes a [3+2] azide/alkyne cycloaddition to yield a stable
triazole, is particularly effective. We therefore synthesized a clickable RSK inhibitor by
replacing the primary hydroxyl of fmk with propargylamine to yield fmk-pa (3) (Fig. 3a).
We treated recombinant RSK2 CTD with fmk-pa and then conjugated it to a
tetramethylrhodamine-azide reporter (TAMRA-N3) using click chemistry (see Methods).
Saturable labeling of RSK2 CTD was achieved by fmk-pa, as determined by in-gel
fluorescence scanning (Fig. 3b). fmk-pa prevented labeling of RSK2 CTD by fmk-BODIPY
(Fig. 3b) and inhibited CTD kinase activity in vitro with potency similar to that of fmk
(Supplementary Table 1).

In contrast to fmk-BODIPY, fmk-pa was even more potent than fmk at inhibiting RSK
Ser386 phosphorylation in intact cells (EC50 of ~30 nM, Fig. 3c). The five-fold increase in
cellular potency of fmk-pa relative to fmk (EC50 of ~150 nM, Supplementary Fig. 1) may
be due to higher cell permeability or potency toward full-length endogenous RSK, given that
the inhibitors were equipotent against RSK2 CTD in vitro (Supplementary Table 1). We
examined the extent and selectivity of covalent modification of RSK by fmk-pa by
performing the click reaction in lysates prepared from the above-treated cells. Labeling of
RSK1 and RSK2 by fmk-pa (up to 300 nM) was remarkably specific, as indicated by the
prominent fluorescent bands at ~90 kDa (Fig. 3d). We confirmed the identities of these
bands as RSK1 and RSK2 by immunoprecipitation with specific antibodies
(Supplementary Fig. 2 online). Importantly, the extent of covalent modification correlated
with inhibition of Ser386 phosphorylation. Maximum labeling and inhibition were achieved
at 100 nM fmk-pa (Fig. 3c–e), although even saturating concentrations of fmk-pa failed to
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block Ser386 phosphorylation completely. In contrast to fmk-BODIPY, inhibition of RSK
by fmk-pa in intact cells was unaffected by the presence of 10% serum in the incubation
medium (Supplementary Fig. 3online). Together, these results demonstrate the advantage
of click chemistry as an alternative labeling strategy for cases in which direct conjugation of
a reporter tag to an irreversible inhibitor reduces potency and promotes nonspecific protein
modification.

Having demonstrated selective and saturable modification of endogenous RSK by fmk-pa,
we next tested whether RSK CTD activity is required for phosphorylation of ribosomal
protein S6 (rpS6), which is involved in translation initiation and regulation of cell size19.
Until recently, phosphorylation of rpS6 at Ser235 and Ser236 was thought to be mediated
exclusively by p70 S6 kinases 1 and 2 (S6K1 and S6K2), the activation of which requires
another protein kinase, the mammalian target of rapamycin (mTOR)20. However, a recent
study showed that in cells derived from S6K1/S6K2 double knockout mice, rpS6
phosphorylation is still observed and is sensitive to pharmacological inhibition of ERK21.
These results led to the proposal that p90 RSK might promote phosphorylation of rpS6
under certain conditions21.

To test this hypothesis, we examined the effects of rapamycin and fmk-pa on rpS6
phosphorylation in human embryonic kidney (HEK) 293 cells. Increasing concentrations of
rapamycin, which prevents S6K phosphorylation by mTOR, inhibited PMA-stimulated rpS6
phosphorylation at Ser235 and Ser236 to a maximum extent of 76 ± 8% (mean ± s.e.m.)
(Fig. 4a,b). By contrast, fmk-pa (300 nM) inhibited rpS6 phosphorylation by 28 ± 6% (Fig.
4b), without affecting S6K phosphorylation (Supplementary Fig. 4 online). Combining
fmk-pa and rapamycin produced additive effects on rpS6 phosphorylation (Fig. 4a,b);
phosphorylation was abolished by 300 nM fmk-pa and 30 nM rapamycin. Similar results
were obtained in MDA-MB-231 breast cancer cells growing in serum (Supplementary Fig.
5 online). It is possible that fmk-pa binds reversibly to off-target kinases that mediate rpS6
phosphorylation. To test this, we pretreated cells with fmk-pa (300 nM) for 1 h and then
washed the cells with compound-free medium and incubated them with rapamycin (30 nM)
for 1 h in the absence of fmk-pa. Using this washout protocol, RSK and rpS6
phosphorylation were blocked to the same extent as when cells were treated continuously
with fmk-pa and rapamycin (Fig. 4c). Together, these results demonstrate that the RSK CTD
contributes to rpS6 phosphorylation, most likely by activating the NTD, which
phosphorylates rpS6 at Ser235 and Ser236 in vitro8. RSK NTDs are highly homologous to
S6K1 and S6K2; they also phosphorylate a similar consensus motif22 and may share
multiple substrates. Consistent with this idea, recent studies have shown that RSK mediates
phosphorylation of two additional S6K substrates: eEF2K23 and eIF4B24.

Saturating concentrations of fmk-pa (as revealed by click chemistry) failed to inhibit Ser386
phosphorylation completely (Figs. 3c and 4a), raising the possibility that Ser386
phosphorylation occurs in a CTD-independent manner in certain cellular contexts. To test
this possibility more rigorously, we compared the inhibitory effects of fmk-pa on Ser386
phosphorylation induced by two different stimuli in the same cell type. In addition, we used
click chemistry to approximate the extent of RSK modification with varying concentrations
of fmk-pa. In primary bone marrow–derived macrophages, PMA-stimulated Ser386
phosphorylation was maximally inhibited by 67 ± 10% in the presence of 300 nM fmk-pa
(Fig. 5a,b); by contrast, Ser386 phosphorylation induced by lipopolysaccharide (LPS) was
unaffected by up to 1 μM fmk-pa (Fig. 5a,b), despite saturation of RSK labeling at this
concentration (Fig. 5c). Click conjugation of a biotin-azide reporter in lysates derived from
LPS-stimulated cells was followed by affinity purification of biotinylated proteins with
avidin-agarose beads (see Methods). Western blot analysis of the avidin-agarose eluates
revealed biotinylated RSK1 and RSK2, phosphorylated at Ser386 (Fig. 5d). Taken together,
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our results provide strong evidence for the existence of an alternative kinase (or kinases) that
mediates phosphorylation of the RSK hydrophobic motif (Ser386) in the absence of a
functional CTD. In primary macrophages, use of the alternative kinase is context dependent,
occurring maximally in response to LPS and, to a lesser extent, in response to PMA.

fmk-pa selectively and irreversibly modifies endogenous RSK in intact mammalian cells and
can be conjugated to a fluorescent or biotin tag via the click reaction. These properties
allowed us to monitor RSK CTD modification by fmk-pa and (in parallel) its effects on
Ser386 phosphorylation and downstream signaling. In certain cellular contexts (for example,
LPS-stimulated macrophages, Fig. 5) but not others (for example, MDA-MB-231 breast
cancer cells growing in serum, Supplementary Fig. 5), an unidentified kinase bypassed the
CTD requirement and phosphorylated RSK at Ser386, which is essential for activation of the
NTD5,6,9. Thus, CTD-targeted inhibitors, in contrast to NTD-targeted inhibitors25,26,
should block a subset of RSK-mediated signaling events in vivo, depending on the cellular
context. Recent studies of transgenic mice with cardiac-specific over-expression of active or
dominant-negative RSK suggest that RSK hyperactivation may play a role in heart
disease27,28. Clickable inhibitors such as fmk-pa should facilitate determination of the
specific roles played by the RSK CTD in cellular and animal models relevant to heart failure
and other human diseases.

METHODS
Synthesis of fmk, fmk-BODIPY and fmk-pa

Experimental procedures are provided in Supplementary Methods online.

Proteins, reagents and antibodies
RSK2 CTD with a hexahistidine tag was expressed in Escherichia coli and purified by
immobilized nickel affinity chromatography as previously described2. PMA and LPS were
purchased from Sigma. Rapamycin was purchased from Cell Signaling Technology. Tris-
(benzyltriazolylmethyl)amine (TBTA), TAMRA-N3 and biotin-N3 were synthesized as
described15,27. Primary antibodies were purchased from Santa Cruz Biotechnology (RSK1
and RSK2) and Cell Signaling Technology (phospho-Ser386 RSK, phospho-Ser235/236
rpS6 and phospho-Thr389 S6K).

Cell culture
HEK 293 and MDA-MB-231 cells were cultured in DMEM supplemented with 10% FBS.
Primary mouse bone marrow–derived macrophages were maintained in DMEM
supplemented with 20 mM HEPES (pH 7.4), 10% FBS and 10% CMG14-12 cell
supernatant (source of macrophage-colony-stimulating factor)28.

Western blot
Cells were washed with cold (4 °C) phosphate-buffered saline (PBS) and lysed by freezing
and thawing in either PBS or hypertonic lysis buffer (20 mM HEPES (pH 7.9), 450 mM
NaCl, 25% glycerol, 3 mM MgCl2 and 0.5 mM EDTA), both of which contained protease
(Roche) and phosphatase (Sigma) inhibitor cocktails. Clarified lysates were normalized for
protein content with the Bradford assay (Bio-Rad). Proteins were resolved by 10% SDS-
PAGE, transferred to a nitrocellulose membrane, blocked with 5% (w/v) nonfat milk, probed
with primary and secondary antibodies, and detected by enhanced chemiluminescence.

Cohen et al. Page 4

Nat Chem Biol. Author manuscript; available in PMC 2013 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Labeling of RSK2 CTD with fmk-BODIPY
RSK2 CTD (30 nM) in PBS (pH 7.4) was treated with increasing concentrations of fmk or
fmk-pa for 1 h and then with fmk-BODIPY (3 μM) for 1 h. Proteins were resolved by 10%
SDS-PAGE and detected by in-gel fluorescence scanning with a Typhoon 9400 flatbed
laser-induced scanner (Amersham Biosciences).

Click chemistry
Click reactions were performed as previously described15. Briefly, RSK2 CTD (30 nM)
pretreated with the indicated concentrations of fmk-pa, or lysates from fmk-pa–pretreated
cells, were incubated with TAMRA-N3 or biotin-N3 (50 μM), tris(carboxyethyl)phosphine
(TCEP) (1 mM), CuSO4 (1 mM), and TBTA (100 μM) in PBS (pH 7.4) containing 1% SDS
for 1 h at room temperature 20–25 °C. Proteins were resolved by 10% SDS-PAGE and
detected by in-gel fluorescence scanning (TAMRA-N3) or were affinity purified with
avidin-agarose and detected by western blot (biotin-N3).

PMA stimulation of HEK 293 cells
Confluent HEK 293 cells in 12-well plates were deprived of serum for 2 h and then treated
with the indicated concentrations of inhibitors for 1 h at 37 °C. After stimulation with PMA
(0.1 μg ml−1) for 30 min, cells were washed with cold PBS and harvested in either PBS
(Figs. 2c and 3c) or hypertonic lysis buffer (Fig. 4). Click chemistry was performed with
TAMRA-N3 in lysates from cells treated with fmk-pa. Proteins were analyzed by in-gel
fluorescence scanning or western blot.

LPS and PMA stimulation of primary mouse macrophages
Confluent macrophages in 12-well plates were incubated in DMEM supplemented with 20
mM HEPES (pH 7.4) and 0.5% FBS for 12 h before treatment with the indicated
concentrations of fmk-pa for 1 h at 37 °C. After stimulation with either PMA (0.1 μg ml−1)
or LPS (1 μg ml−1) for 30 min, cells were washed with cold PBS and harvested in PBS lysis
buffer. Click chemistry was performed with TAMRA-N3 and proteins were then analyzed
by in-gel fluorescence scanning or western blot.

Avidin pulldown from LPS-stimulated primary macrophages
Confluent primary macrophages in 15-cm plates were incubated in DMEM supplemented
with 20 mM HEPES (pH 7.4) and 0.5% FBS for 12 h before treatment with either DMSO or
1 μM fmk-pa for 1 h at 37 °C. Lysates prepared in PBS (200 μl, precleared with
streptavidin-agarose beads) were subjected to click chemistry to conjugate biotin-N3 to fmk-
pa–modified RSK. After the click reaction, proteins were precipitated using 15% (v/v)
trichloroacetic acid and pelleted by centrifugation (13,000 r.p.m., 5 min, 4 °C). The
supernatant was removed and the protein pellet was washed twice with 0 °C acetone (2 ×
200 μl). The resulting acetone pellet was solubilized in PBS (40 μl) containing 2% (w/v)
SDS by heating and sonication. Samples were diluted ten-fold in PBS containing 0.5% (v/v)
Nonidet P-40 (Aldrich). Avidin-agarose (30 μl of 50% slurry in PBS) was added and
samples were rotated overnight at 4 °C. The supernatant was removed and the beads were
washed with PBS containing 0.5% Nonidet P-40 and 0.1% SDS (2 × 1 ml). Affinity-purified
proteins were eluted from the beads with 2× Laemmli sample buffer containing 1 mM biotin
(100 μl), resolved by 10% SDS-PAGE, and detected by western blot.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mechanism of RSK activation. fmk is a selective inhibitor of the RSK CTD, which is
thought to mediate autophosphorylation of Ser386 in the RSK hydrophobic motif (HM).
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Figure 2.
fmk-BODIPY irreversibly targets RSK but has only modest selectivity and potency in cells.
(a) Chemical structure of fmk-BODIPY, a fluorescent fmk derivative. (b) Covalent labeling
of RSK2 CTD by fmk-BODIPY. RSK2 CTD was treated with the indicated concentrations
of unlabeled fmk for 1 h and then with 3 μM fmk-BODIPY for 1 h. Proteins were resolved
by 10% SDS-PAGE and detected by in-gel fluorescence scanning, followed by western blot
with an antibody to RSK2. (c) Effect of fmk-BODIPY on PMA-stimulated RSK Ser386
phosphorylation. HEK 293 cells were deprived of serum for 2 h and then treated with the
indicated concentrations of fmk-BODIPY for 1 h. Cells were stimulated with PMA (0.1 μg
ml−1) for 30 min and harvested in PBS. Proteins were resolved by 10% SDS-PAGE and
detected by western blot with antibodies to phospho-Ser386 RSK (pS386) and total RSK2.
(d) Selectivity of protein modification by fmk-BODIPY in intact cells. Proteins in cell
lysates from c were resolved by 10% SDS-PAGE and detected by in-gel fluorescence
scanning (left) and Coomassie blue staining (right). The asterisk marks the position of RSK1
and RSK2.
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Figure 3.
Irreversible, selective and potent inhibition of RSK by fmk-pa. (a) Chemical structure of
fmk-pa, a clickable variant of fmk. (b) Click chemistry–mediated detection of RSK2 CTD.
RSK2 CTD was treated with the indicated concentrations of fmk-pa for 1 h followed by 3
μM fmk-BODIPY for 1 h. After click conjugation with TAMRA-N3 (see Methods), proteins
were resolved by 10% SDS-PAGE and detected by sequential in-gel fluorescence scanning
using filters specific for TAMRA and BODIPY. (c) Effect of fmk-pa on PMA-stimulated
Ser386 RSK phosphorylation. HEK 293 cells were deprived of serum for 2 h and then
treated with the indicated concentrations of fmk-pa for 1 h. Cells were stimulated with PMA
(0.1 μg ml−1) for 30 min and processed as described for Figure 2c. (d) Selectivity of protein
modification by fmk-pa in intact cells. Cell lysates from c were subjected to click
conjugation with TAMRA-N3. Proteins were resolved by 10% SDS-PAGE and detected by
in-gel fluorescence scanning (left) and Coomassie blue staining (right). The asterisk marks
the position of RSK1 and RSK2. (e) Quantification of fluorescent bands in d.
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Figure 4.
fmk-pa reveals a RSK CTD–dependent pathway for rpS6 phosphorylation. (a) Effect of
rapamycin and fmk-pa on rpS6 phosphorylation. Serum-starved HEK 293 cells were treated
with the indicated concentrations of rapamycin in the absence (left lanes) or presence (right
lanes) of 300 nM fmk-pa for 1 h and stimulated with PMA (0.1 μg ml−1) for 30 min.
Proteins were resolved by 10% SDS-PAGE and detected by western blot with antibodies to
phospho-Ser235/236 rpS6 (p-rpS6), phospho-Ser386 RSK and total RSK2. (b) Dose-
response curves showing additive inhibition of rpS6 phosphorylation: rapamycin alone,
black triangles; rapamycin plus 300 nM fmk-pa, gray circles. Percentage rpS6 Ser235/236
phosphorylation was determined by quantification of western blots relative to DMSO
controls using ImageJ (NIH). Data represent mean ± s.e.m. from three independent
experiments. (c) Irreversible inhibition of rpS6 and RSK phosphorylation by fmk-pa. Serum-
starved HEK 293 cells were treated with either fmk-pa (300 nM) or DMSO for 1 h. In the
washout sample, fmk-pa was removed and cells were washed with compound-free medium
and incubated with rapamycin (30 nM) for 1 h. Cells were stimulated with PMA (0.1 μg
ml−1) for 30 min and processed as described for Figure 4a.
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Figure 5.
fmk-pa and click chemistry reveal a CTD-independent pathway for RSK Ser386
phosphorylation. (a) Effect of fmk-pa on Ser386 phosphorylation in primary bone marrow–
derived macrophages stimulated with LPS or PMA. Macrophages were cultured in 0.5%
serum for 20 h and then treated with the indicated concentrations of fmk-pa for 1 h. Cells
were stimulated with either PMA (0.1 μg ml−1) or LPS (1 μg ml−1) for 30 min and
harvested in PBS. Proteins were resolved by 10% SDS-PAGE and detected by western blot
with antibodies to phospho-Ser386 RSK and total RSK2. (b) Percentage Ser386
phosphorylation was determined by quantification of western blots relative to DMSO
controls (PMA-treated, gray bars; LPS-treated, black bars). Data represent mean ± s.e.m.
from three independent experiments. (c) Saturable RSK modification by pretreatment of
intact macrophages with fmk-pa. Lysates from LPS-stimulated macrophages (pretreated for
1 h with the indicated concentrations of fmk-pa) were incubated with TAMRA-N3 under the
click reaction conditions. Proteins were resolved by 10% SDS-PAGE and detected by in-gel
fluorescence scanning. (d) Use of click chemistry to demonstrate that fmk-pa–modified
RSK1 and RSK2 are phosphorylated at Ser386 in response to LPS stimulation. Lysates from
LPS-stimulated cells (pretreated with 1 μM fmk-pa or DMSO control) were incubated with
biotin-N3 under the click reaction conditions for 1 h. Biotinylated proteins were affinity
purified with avidin-agarose beads. Eluted proteins were resolved by 10% SDS-PAGE and
detected by western blot with streptavidin-HRP or antibodies to RSK1, RSK2 and phospho-
Ser386 RSK.
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