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p90 ribosomal S6 kinases (RSKs) respond to various mitogen

stimuli and comprise two distinct protein kinase domains. The

C-terminal kinase domain (CTKD) receives signal from

ERK1/2 and adopts an autoinhibitory mechanism. Here, the

crystal structure of human RSK1 CTKD is reported at 2.7 Å

resolution. The structure shows a standard kinase fold, with

the catalytic residues in the ATP-binding cleft orientated in

optimal conformations for phosphotransfer. The inactivation

of the CTKD is conferred by an extra �-helix (�L), which

occupies the substrate-binding groove. In combination with

previous knowledge, this structure indicates that activation of

RSK1 involves the removal of �L from the substrate-binding

groove induced by ERK1/2 phosphorylation.

Received 20 October 2011

Accepted 19 February 2012

PDB Reference: human RSK1

CTKD, 3rny.

1. Introduction

The p90 ribosomal S6 kinases (RSKs), which are downstream

effectors of the mitogen-activated protein kinase signalling

pathway, comprise a family of Ser/Thr kinases that are involved

in the regulation of various cellular processes such as cell

growth, cell proliferation and cell survival (Roux & Blenis,

2004; Anjum & Blenis, 2008). In humans, this family contains

four isoforms (RSK1–4) and two structurally related cousins

known as mitogen and stress-activated kinases 1 and 2 (MSK1

and MSK2; Anjum & Blenis, 2008; Deak et al., 1998; New et al.,

1999). The four isoforms of human RSK are highly similar

in sequence and domain organization. Human RSKs comprise

two non-identical kinase domains linked by a conserved loop

of about 100 amino acids (Jones et al., 1988; Fisher & Blenis,

1996). The N-terminal kinase domain of RSK (NTKD)

belongs to the AGC kinase family and is responsible for the

phosphorylation of substrates. The C-terminal kinase domain

of RSK (CTKD) shares homology with kinases of the calcium/

calmodulin-dependent family (Jones et al., 1988) and is

involved in autophosphorylation. The activation of RSK starts

with the docking of extracellular signal-regulated kinase 1/2

(ERK1/2) onto the RSK C-terminal tail to activate RSK

CTKD. The activated RSK CTKD self-phosphorylates the

linker region between the NTKD and the CTKD. The

phosphorylated linker region is able to recruit 30-phospho-

inositide-dependent kinase 1 (PDK1), which subsequently

phosphorylates RSK NTKD. As a result, RSK is fully acti-

vated to phosphorylate its downstream substrates such as

oestrogen receptor �, cyclic AMP response element-binding

protein, c-Fos and the mitotic checkpoint kinase to modulate
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diverse cellular processes (Bjørbaek et al., 1995; Xing et al.,

1996; De Cesare et al., 1998; Schwab et al., 2001; Joel et al.,

1998).

As a member of the RSK family, RSK1 plays an important

role in many cellular processes. RSK1 is expressed ubiqui-

tously in almost all human tissues, predominantly in kidney,

lung and pancreas (Zeniou et al., 2002). Recent studies have

shown that RSK1 is overexpressed in primary breast and

prostate cancers and is a possible anticancer target (Clark et

al., 2005). Crystal structures of inactivated human RSK1

NTKD bound to various ligands have been determined (Ikuta

et al., 2007). Here, we present the crystal structure of human

RSK1 CTKD at 2.7 Å resolution. The structure shows auto-

inhibition of RSK1 CTKD by its �L helix, suggesting that

ERK1/2 may activate RSK1 by phosphorylating RSK1

followed by the displacement of �L from its inhibitory posi-

tion. A similar regulatory mechanism has been observed

previously in MAP KAP kinase 2 (MK2; Meng et al., 2002)

and murine RSK2 CTKD (Malakhova et al., 2008). The atomic

structure of human RSK1 CTKD is of great interest in order

to understand the mechanism of RSK activation and for

structure-based anticancer-drug development.

2. Materials and methods

2.1. Protein preparation, crystallization and data collection

Protein preparation, crystallization and data collection have

been reported previously (Fu et al., 2007). In brief, human

RSK1 CTKD (RSK1 411–735) was overexpressed in Escher-

ichia coli Rosetta strain at 291 K. The protein was purified by

nickel-chelating chromatography followed by gel filtration.

The purified protein was concentrated to 5 mg ml�1 in buffer

consisting of 20 mM sodium citrate pH 6.0 for crystallization.

Crystals were obtained in 20 mM HEPES pH 7.5, 17%(w/v)

PEG 3350, 4%(v/v) acetonitrile by the sitting-drop vapour-

diffusion method at 290 K. Crystals were directly flash-cooled

in liquid nitrogen before data collection. Diffraction data

were collected at 100 K on beamline 3W1A at the Beijing

Synchrotron Radiation Facility (BSRF) and processed using

HKL-2000 (Otwinowski & Minor, 1997). Data-collection

statistics are given in Table 1.

2.2. Structure determination

Initial phases were obtained by molecular replacement with

MOLREP (Vagin & Teplyakov, 2010) using the structure of

murine RSK2 CTKD (PDB entry 2qr7; Malakhova et al.,

2008) as the search model. The sequence identity between

human RSK1 CTKD and murine RSK2 CTKD is 81%. Model

building was performed with Coot (Emsley & Cowtan, 2004)

and was illustrated with PyMOL (DeLano, 2002). Crystallo-

graphic refinement was performed with phenix.refine (Adams

et al., 2002) and BUSTER-TNT (Bricogne et al., 2009). The

model was finally refined to an Rwork of 18.8% and an Rfree of

23.8% to 2.7 Å resolution. Coordinates have been deposited

with PDB code 3rny. Statistics of structure refinement are

given in Table 1.

3. Results and discussion

3.1. Overall structure of RSK1 CTKD

The structure of human RSK1 CTKD is a typical bilobed

kinase fold consisting of a smaller N-terminal lobe (N lobe)

and a larger C-terminal lobe (C lobe) (Fig. 1a). The N lobe is

composed of a five-stranded antiparallel �-sheet (�1–�5) and

one prominent �-helix (�C). The C lobe, which is responsible

for substrate recognition, is predominantly composed of

�-helices. There are two molecules (chains A and B) in the

asymmetric unit. The disulfide bond between the Cys579

residues observed in the RSK2 CTKD crystallographic dimer

(corresponding to Cys575 in RSK1 CTKD) was not clearly

observed in the structure of RSK1 CTKD. In solution, the gel-

filtration elution profile showed a major peak corresponding

to monomeric RSK1 CTKD, indicating that the protein

functions as a monomer (Supplementary Fig. S11). Chains A

and B in the asymmetric unit are essentially identical, with

an r.m.s.d. (root-mean-square deviation) of 0.07 Å for 259

aligned C� atoms; therefore, only chain B was used for analysis

of the RSK1 CTKD structure in this paper. Some loop regions,

including part of the ‘activation loop’, are missing in our
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Table 1
X-ray data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Crystal parameters
Space group P21

Unit-cell parameters (Å, �) a = 39.86, b = 143.47, c = 59.92,
� = � = 90.0, � = 95.8

Molecules in asymmetric unit 2
Data collection

Synchrotron beamline 3W1A, BSRF
Wavelength (Å) 0.98
Resolution (Å) 50–2.7 (2.80–2.70)
Reflections (observed/unique) 48516/17784
Completeness (%) 97.9 (97.6)
Rmerge† (%) 7.8 (34.8)
hI/�(I)i 9.8 (3.5)

Refinement
Resolution (Å) 2.7
Rwork‡ (%) 18.8
Rfree§ (%) 23.8
No. of non-H atoms

Protein 4025
Ions 2 Na+

Waters 43
B factors (Å2)

Protein 46.6
Waters 24.6

R.m.s. deviations
Bond lengths (Å) 0.010
Bond angles (�) 1.210

Ramachandran plot} (%)
Preferred regions 95.53
Allowed regions 3.50
Outliers 0.97

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ. ‡ Rwork =P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj. § Rfree =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj calculated
using a random set containing 5% of the reflections that were not included throughout
structure refinement. } Calculated using PROCHECK (Laskowski et al., 1993).

1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: XB5047). Services for accessing this material are described at the
back of the journal.



structure owing to poor electron density (Supplementary

Table S1). An extra C-terminal �-helix (�L) embedded in a

cradle formed by the �F–�G junction is a distinct structural

feature that may confer the regulatory property of RSK1.

3.2. ATP-binding cleft

The ATP-binding cleft is located between the two lobes.

The highly conserved phosphate-binding loop (P loop)

between �1 and �2 is highly flexible in the absence of ATP

(Huse & Kuriyan, 2002). In our RSK1 CTKD structure the

glycine-rich motif in the P loop (residues 425–431) is dis-

ordered (Figs. 1a and 2). A precise spatial arrangement of

the catalytic residues is required for optimal phosphotransfer

(Huse & Kuriyan, 2002). In the structure of RSK1 CTKD the

residues Asp535 in the RD motif, Asp557 in the DFG motif,

Lys447 in the �3 strand and Glu459 in the �C helix, which are

essential for catalysis in the ATP-binding cleft, share similar

conformations with those in active cyclic AMP-dependent

protein kinase (PKA; Fig. 2). Therefore, the ATP-binding cleft

of RSK1 CTKD is structured ready for phosphotransfer

catalysis.

3.3. Glu496 is not essential for autoinhibition of human RSK1

Sequence alignment shows that the CTKDs of RSKs share

a high degree of sequence identity (Fig. 3), indicating similar

three-dimensional structures. The sequence identity between

human RSK1 CTKD and murine RSK2 CTKD is 81%.

Therefore, it is not surprising that the overall structure of

human RSK1 CTKD closely resembles that of murine RSK2

CTKD (Fig. 1c). Overlay of the two structures results in an

r.m.s.d. of 0.7 Å for backbone C� atoms. Differences between

the two structures mainly lie in loop regions (Fig. 1c).

In vitro and in vivo studies have shown that the truncation

or mutation of a putative autoinhibitory �-helix results in

constitutive activation of RSK2 CTKD (Poteet-Smith et al.,

1999). The crystal structure of murine RSK2 CTKD revealed

that the inhibitory �-helix (�L) occupies a ‘cradle’ shaped by

the �F–�G junction. Compared with PKA, �L shifts �D away

from the catalytic cleft and results in the reorientation of

Glu500 (Malakhova et al., 2008). Lys700 captures Glu500,

forming an ionic pair and inhibiting Glu500 from binding to

ATP, revealing the structural basis of RSK2 autoinhibition

(Malakhova et al., 2008; Fig. 4a). In contrast, despite the

high structural similarity between RSK1 and RSK2 CTKDs,

Glu496 of RSK1 is still in the ATP-binding position, as is the

analogous Glu127 of active PKA. The difference in glutamate

orientation between RSK1 and RSK2 is mainly caused by the

mutation of Pro696 in RSK2 to Leu691 in RSK1 (Figs. 4b
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Figure 2
Superimposition of the ATP-binding clefts of RSK1 CTKD (cyan) and
PKA (orange; PDB entry 1cdk; Bossemeyer et al., 1993). The P loop in
RSK1 CTKD is disordered. The catalytic residues which are required for
optimal phosphotransfer are shown as sticks and labelled.

Figure 1
(a) Overall structure of human RSK1 CTKD. Missing regions are indicated by dotted lines. (b) The interactions of the inhibitory �L helix (pink) with the
rest of the structure (cyan). (c) Superimposition of the CTKDs of RSK1 (cyan) and RSK2 (magenta; PDB entry 2qr7).



and 4c). Pro696 and Arg507 of RSK2 form a stable packing

interaction (Misura et al., 2004) and attract Asp503 to form an

ionic interaction. Thus, Glu500 has sufficient space to interact

with Lys700. In RSK1, Leu691 takes the place of Pro696 in

RSK2. The hydrophobic leucine

side chain extrudes between

Asp499 and Arg503 and breaks

the ionic interaction. Instead,

Asp499 is rearranged to interact

with Lys695. The ionic interaction

between Glu496, Asp499 and

Lys695 constrains Glu496 in the

favourable ATP-binding confor-

mation.

Therefore, unlike in the case of

murine RSK2, the autoinhibition

of �L in human RSK1 is not

defined by Glu496.

3.4. aL occupies the substrate-
binding groove

Several Ser/Thr kinases have

been reported to adopt a negative

regulatory mechanism, including

PKA (Zheng et al., 1993; Bosse-

meyer et al., 1993), Ca2+/calmo-

dulin-dependent protein kinase

(CaMKI; Goldberg et al., 1996),

titin (Mayans et al., 1998) and

MAP KAP kinase 2 (MK2; Meng

et al., 2002; Underwood et al.,

2003). MK2 is closely related to

RSK1 CTKD in structure and in

regulatory mechanism. Their

sequence identity is 34.4%.

Overlay of the two structures
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Figure 4
Orientation and interaction of Glu496. (a) Comparison of Glu496 in RSK1 (cyan) with analogous residues in RSK2 (magenta) and active PKA (orange;
PDB entry 1cdk). Glu496 of RSK1 is in the ATP-binding position, as is the analogous Glu127 of active PKA. In contrast, the analogous Glu500 of RSK2
is orientated away from the ATP-binding position and forms an ionic interaction with Lys700. The different orientation of the glutamate in RSK1 and
RSK2 is mainly caused by the mutation of Pro696 in RSK2 to Leu691 in RSK1. (b) Pro696 and Arg507 of RSK2 (spheres) form a stable packing and
attract Asp503, forming an ionic interaction. Thus, Glu500 has space to interact with Lys700. The same view of RSK1 is shown in (c) and shows that
Leu691 (spheres) breaks the interaction between Asp499 and Arg503 and forces Asp499 to interact with Lys695. The ionic interaction between Glu496,
Asp499 and Lys695 constrains Glu496 in the ATP-binding conformation.

Figure 3
Sequence alignment of the C-terminal kinase domains of human RSK1–4 (hRSK1–4), human MSK1
(hMSK1) and murine RSK2 (mRSK2).



resulted in an r.m.s.d. of 1.146 Å over 216 C� atoms. In addi-

tion, the structural phases of RSK1 CTKD can also be

obtained by using the coordinates of MK2 (PDB entry 1kwp;

Meng et al., 2002) as the search model for molecular repla-

cement. The C-terminal regulatory domain of MK2 (residues

328–400) forms �-helical structures and occupies the

substrate-binding groove, acting as a pseudo-substrate (Meng

et al., 2002; Fig. 5). Deletion of this domain resulted in acti-

vation of the catalytic activity (Zu et al., 1995). Similarly,

truncation of �L in RSK2 resulted in constitutive activation of

the CTKD (Poteet-Smith et al., 1999). In our crystal structure

of RSK1 CTKD �L is linked by a loop to the rest of the

domain and sits in the putative substrate-binding groove,

forming nearly the same conformation as �K in MK2 (Fig. 5)

and indicating that RSK1 and MK2 share a similar auto-

inhibitory mechanism. The inhibitory �L in RSK1 CTKD is

fixed and orientated by ionic interactions between Glu496,

Asp499 and Lys695 and by hydrogen bonding between Ser599

and Tyr702 (Fig. 1b). Mutation of Tyr707 in RSK2 (equivalent

to Tyr702 in RSK1) to Ala resulted in activation of the CTKD

(Poteet-Smith et al., 1999). The structure of PKA complexed

with peptide consensus sequence PKI(5–24) revealed an

extended conformation of the substrate analogue along the

binding groove (Bossemeyer et al., 1993), whereas in RSK1

CTKD the binding groove was blocked by �L, suggesting that

the autoinhibition of RSK1 is mainly caused by inhibition of

peptide substrate binding (Fig. 5). Biochemical and structural

studies have shown synergistic effects of peptide and MgATP

binding (Bossemeyer et al., 1993). Therefore, owing to the

inhibition of substrate binding by �L, ATP binding is less

favoured. We attempted to obtain the structure of RSK1

CTKD in complex with ATP or ATP analogues by soaking and

cocrystallization, but failed. The same problem was experi-

enced with murine RSK2 (Malakhova et al., 2008).

RSK activation requires ordered phosphorylation mediated

by ERK1/2 and phosphoinositide-dependent protein kinase 1

(PDK1) and RSK autophosphorylation (Cargnello & Roux,

2011). In vivo studies have shown that RSK and ERK1/2 form

an inactive complex in quiescent cells (Hsiao et al., 1994; Zhao

et al., 1996), suggesting that binding of ERK1/2 cannot replace

the inhibitory �L in RSK activation. The activation of RSKs

requires the phosphorylation of Thr573 in the activation loop

of CTKD and of Thr359/Ser363 in the linker region by

ERK1/2 upon mitogenic stimulation (Cargnello & Roux, 2011;

Ranganathan et al., 2006; Smith et al., 1999; Sutherland et al.,

1993; Dalby et al., 1998). Therefore, rather than displacing �L

from the substrate-binding groove of RSK, ERK1/2 initiates

RSK activation by phosphorylation. The phosphorylated RSK

may undergo a dramatic conformational change and remove

�L from the substrate-binding groove. Alternatively, the

phosphorylated sites may increase the substrate-binding affi-

nity and thus the binding of the native substrate to �L.
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