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Abstract: Dystrophia myotonica protein kinase (DMPK) is a serine/threonine kinase composed

of a kinase domain and a coiled-coil domain involved in the multimerization. The crystal structure
of the kinase domain of DMPK bound to the inhibitor bisindolylmaleimide Vil (BIM-8) revealed

a dimeric enzyme associated by a conserved dimerization domain. The affinity of dimerisation
suggested that the kinase domain alone is insufficient for dimerisation in vivo and that the
coiled-coil domains are required for stable dimer formation. The kinase domain is in an active
conformation, with a fully-ordered and correctly positioned aC helix, and catalytic residues in a
conformation competent for catalysis. The conserved hydrophobic motif at the C-terminal
extension of the kinase domain is bound to the N-terminal lobe of the kinase domain, despite
being unphosphorylated. Differences in the arrangement of the C-terminal extension compared
to the closely related Rho-associated kinases include an altered PXXP motif, a different
conformation and binding arrangement for the turn motif, and a different location for the
conserved NFD motif. The BIM-8 inhibitor occupies the ATP site and has similar binding mode as
observed in PDK1.
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Introduction

Dystrophia myotonica protein kinase (DMPK) is a pro-
tein strongly linked to myotonic dystrophy type 1
(DM1), the most prevalent muscular dystrophy in
adults. Genetic defects in DM1 cause amplification of a
trinucleotide repeat in the 3’ untranslated region of
DMPK."* The severity of the disease depends on the
number of repeats which can range from normal indi-
viduals that have 5—-30 repeats, mildly affected persons
(50—80 repeats), and severely affected individuals that
have 2000 or more copies. It is thought that the dis-
ease results from both gain-of-function of the dmpk
RNA and from decreased DMPK expression in the cyto-
plasm (reviewed in Ref. 3). Of these, the RNA repeats
are most likely the primary causative agent: DM2 is
caused by a similar gain-of-function of a CCTG repeat
within intron 1 of znf9,* and transgenic mice express-
ing an artificial CUG repeat have a DM phenotype.® In
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addition, mice with the muscleblind-homologue pro-
tein MBNL knocked out display DM phenotypes®; in
humans, there are three muscleblind-homologue pro-
teins, which specifically bind CUG repeats, and these
co-localize with nuclear foci in DM cells.”® An induci-
ble CTG repeat mouse model confirmed these findings
and showed that the CTG repeats themselves were
causative of severe skeletal muscle wasting.” The CTG
repeats also result in mRNA mis-splicing of the insulin
receptor.’® Therefore it appears that DM is primarily
caused by sequestering of RNA/DNA binding proteins
by the overlong nucleotide repeats.

However, reduced DMPK activity is thought to be
responsible for certain disease phenotypes of DMi.
DMPK~/~ mice develop late onset mild myopathy,*2
while DMPK~/~ and DMPK*/~ mice displayed cardiac
conduction defects.”® In addition, homozygous knock-
out mice exhibited impaired insulin signaling, suggest-
ing that DMPK has a role in susceptibility to type-2
diabetes.'* DMPK substrates identified in vitro include
phospholemman, a membrane-bound protein involved
in ion transport,” the myosin-binding subunit of myo-
sin phosphatase'® and phospholamban, a regulator of
the calcium pump in cardiac muscle cells."”

DMPK is an AGC family kinase and is most
closely related by sequence to the myotonic dystrophy
kinase-related Cdcg2-binding kinases alpha, beta and
gamma (MRCKo/MRCKB/MRCKy) which all share
about 60% sequence identity with the DMPK kinase
domain. MRCKy is also known as DMPK2. DMPK is
also closely related to the Rho-associated kinases I and
II (ROCK1/ROCK2), with 45 and 43% identity, respec-
tively, and to citron kinase (CRIK). There are six dif-
ferent DMPK isoforms, of which four are distributed
independently of tissue type while two are predomi-
nantly present in smooth muscle.*® Four isoforms have
molecular weights of ~74 kDa, while the two smooth
muscle-specific isoforms are only approximately
68 kDa in size, being C-terminally truncated relative
to the larger isoforms.

In addition to the kinase domain, all isoforms of
DMPK possess an N-terminal region which is leucine-
rich in some isoforms, and a C-terminal o-helical
domain that forms coiled-coil structures; the structure
of the isolated coiled-coil domain of DMPK has been
reported recently.’” Both DMPK and the ROCKs are
known to form dimers, and studies on DMPK, the
ROCKs, and MRCK have shown that dimerisation is
mediated not by the coiled-coil domain, but by the
regions immediately N- and C-terminal to the kinase
domain.'®*°7#* The crystal structures of ROCK1 and
ROCK2 confirmed these observations, showing that
the N- and C-terminal regions of the kinase domain
combine to form the dimerisation interface.**3

AGC kinases are regulated by activation loop
phosphorylation as well as phosphorylation of the
hydrophobic motif. MRCK requires dimerisation and
trans-autophosphorylation for activation, with likely
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phosphorylation sites at Ser234, Thr240, and
Thr403.2° These residues are all conserved in DMPK,
and while DMPK undergoes autophosphorylation,®* as
yet no definite sites have been identified. Autophos-
phorylation activity differs between different isoforms
and this activity is modulated by the VSGGG motif
present only in some splice variants.>*

To examine the structural basis of DMPK activity
we determined the structure of the kinase and flank-
ing association domain of DMPK isoform 2 (which
includes the VSGGG motif) in complex with the ATP-
competitive inhibitor bisindolylmaleimide VIII (BIM-
8). The structure revealed an active kinase confor-
mation in the absence of activation loop and hydro-
phobic motif phosphorylation. In solution, association
studies determined dissociation constants in the low
UM region suggesting that under physiological condi-
tion DMPK requires additional association domains
for effective dimerization.

Results and Discussion

The DMPK structure shows the typical fold of a pro-
tein kinase, with two lobes connected by a hinge
region (see Fig. 1). The extended C-terminus typical of
an AGC-family kinase wraps around the N-terminal
lobe before packing between the N-terminal dimerisa-
tion helices and the kinase domain itself. The structure
of DMPK superimposes with a 1.43 A root mean
squared deviation over 295 Co atoms (out of 406 Cu
atoms in total) with the structure of the related family
member ROCK1 with which it shares 45% sequence
identity over the kinase domain (see Supplementary
Fig. 1 for a sequence alignment). A region of sub-
stantially different backbone conformation is in the
extended C-terminus typical of AGC-family kinases,
spanning from the conserved PXXP motif (residues
353—356) of the C-lobe tether (CLT)* until the con-
served C-terminal FXX®(S/T)® hydrophobic motif
(® = hydrophobic, residues 400-405: FVGYSY in
DMPK) that binds in a groove in the N-terminal lobe
(the N-lobe tether, NLT).

C-tail PXXP motif (C-lobe tether)

The PXXP motif that anchors the C-terminal extension
to the loop between helices oD and oE [Fig. 2(A)] con-
serves the hydrophobic nature of this interaction as
seen in the ROCK structures. The difference in the sur-
face of the PXXP motif binding pocket, which com-
prises Trp174 and Tyr168 in ROCK1, and Met171 and
Phe163 in DMPK, is accounted for by an alteration of
the PXXP motif, from PVVP in ROCK1 to PFTP in
DMPK resulting in a good shape complementary of
the PXXP binding motifs and the binding pocket in
both enzymes.

C-tail conserved NFD motif (active-site tether)

In ROCK1, the region linking the two conserved AGC
motifs contains a phenylalanine (ROCK1 Phe368)
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Figure 1. Domain arrangement of DMPK. The BIM-8
inhibitor in the active site is shown as a ball-and-stick
representation. The N-terminal kinase lobe is mostly above
the BIM-8 inhibitor and the C-terminal kinase lobe mostly
below. The C-terminal section of the protein is colored
purple, the activation loop is colored red, the oEF/aF loop
is colored yellow, and the glycine rich loop colored blue.
The N-terminal helices involved in the dimerisation interface
are colored orange.

which points into the active site and is adjacent to
bound inhibitors. This arrangement is reminiscent of
the one described for protein kinase A2® and protein
kinase C theta (PKCO) with NVP-XAA228 (PDB ID
2JED). This region has been termed the active-site
tether (AST),*® which may have a role in nucleotide
binding and release, and substrate recognition. The
NFD motif is completely conserved in the DMPK fam-
ily (see Supplementary Fig. 1). However, although rea-
sonably well-conserved in other AGC kinases this AST
region is often disordered in AGC kinase structures. In
DMPK, residues from Phe358 to The362 were disor-
dered; however, in contrast to ROCK1, PKA, or PKCO
in complex with NVP-XAA228, the NFD motif (resi-
dues 366—368) was clearly defined by electron density
in a position not adjacent to the active site and form-
ing an intermolecular disulphide bond between Cys365
and Cys206. Previous work on PKA showed this region
adjacent to the ATP-binding site in binary complexes
with nucleotide, but disordered in the absence of
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nucleotide. The AST region has sufficient flexibility to
allow this movement without effecting changes to the
kinase conformation or the binding of the hydrophobic
motif. However, while the intermolecular disulphide
bond which presumably stabilizes the NFD motif away
from the active site is a feature of crystallization, it is
also possible that the equivalent phenylalanine in
DMPK (Phe367) was prevented from binding adjacent
to the active site by the bulky BIM-8 inhibitor, which
projects further out of the active site compared to the
inhibitors used for crystallization with ROCK1. It is
worth noting that in the structure of PKC6 with stau-
rosporine, the inhibitor on which BIM-8 was based,
the entire AST region is disordered.*”

C-tail turn motif

Despite the differing backbone conformations of
DMPK and ROCK1 between the CLT and NLT, the
side-chain of Thr384 in this linker region occupies a
similar position to the equivalent conserved threonine
in ROCK1 [Fig. 2(B)]. In PKA Ser338 is a known phos-
phorylation site where the phosphate group serves to
stabilize a tight turn through interactions with PKA
residues Asn340 and Lys342. These phosphoserine-
binding residues are not conserved in DMPK or other
members of the DMPK family. The side-chain hydroxyl
of the un-phosphorylated Thr384 does form a hydro-
gen bond with the side-chain of Asp387, however,
which stabilizes a different tight turn that allows a
hydrogen bond to be formed between Ser386 from
this part of the C-terminal region and Asni42 from
the B4/B5 loop. Ser386 and Asp387 are not conserved
in other members of the DMPK family [Fig. 2(C)] but
of possibly greater importance, the hydrophobic resi-
due present immediately C-terminal to Thr384
(Leus85 in DMPK) is conserved in all members apart
from citron kinase. In both DMPK and ROCKi, this
residue binds into a hydrophobic pocket at the junc-
tion between the conserved hydrophobic residue at the
start of helix aB (Trpio5 in DMPK), the B4/p5 loop
and the start of the NLT, and appears important for
stabilizing this part of the structure.

Isoforms 1 and 2 of DMPK have a five residue
insertion (VSGGG) directly N-terminal to Thr384, rel-
ative to isoforms 3 and 4, but a similar position for
Thr384 would still be possible in isoforms without this
insertion as demonstrated by ROCK1 which also does
not have this insertion. The VSGGG motif is unique
among DMPK-related kinases and has been shown to
modulate autophosphorylation activity.>* Whether
presence of the motif increases the kinase activity of
DMPK, perhaps by stabilizing the active conformation,
or if the presence of the motif makes a turn-motif ser-
ine/threonine more available for autophosphorylation
is unknown.

From these observations it appears that the region
of the DMPK family kinases between the CLT and the
NLT can assume a variety of different conformations,

Structure of DMPK
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Figure 2. Comparison of the binding of the C-termini of DMPK and ROCK1 to the N-terminal lobe. (
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A) The PXXP motif, the

ROCK1 C-terminus is in yellow, and DMPK is colored as in Figure 1. (B) The turn motif. (C) Sequence alignment of DMPK and
the Rho kinases over the region covering the PXXP, active-site tether and turn motifs. The VSGGG insertion present in

isoforms 1 and 2 of DMPK is indicated with red lettering.

despite the very high level of sequence conservation.
The exception to this allowed flexibility is the necessity
for the loop to bind at the junction between helix oB,
the B4/B5 loop, and the start of the NLT motif.

Conserved dimerisation domain
The crystallographic asymmetric unit contains two mol-
ecules of the DMPK kinase domain. These two mole-
cules are not related by a simple rotation and therefore
are unlikely to constitute the genuine biological dimer.
An examination of the -crystallographic symmetry
revealed a conserved inter-molecule interaction that
represents the biological dimer interface [Fig. 3(A)]
conserved in the structures of ROCK1 and ROCK2>*23
[Fig. 3(B—D)]. The regions of DMPK involved in the
dimer interface are the four N-terminal helices, and
the C-terminus of the kinase domain, which fits with
the observed necessity of these regions for dimerization
in DMPK", the ROCKs*"** and MRCK.?°

The dimeric state of DMPK was confirmed by size-
exclusion chromatography (data not shown) and by an-
alytical ultracentrifugation (AUC). The data obtained
from AUC sedimentation velocity experiments identi-
fied a mixture of monomer and dimer present in solu-
tion (see Fig. 4). From a monomer-dimer model used to
fit sedimentation equilibrium data, a dissociation con-
stant, Kg, in the range 1—5 uM was calculated (see Fig.
4). It is therefore likely that under physiological concen-
trations of DMPK the coiled-coil region of DMPK con-
tributes and is required for effective dimerisation. The
surface area of interaction of the DMPK dimer is

Elkins et al.

1266 A2, while that of ROCK1 is 2115 A? (calculated by
the MSD-PISA server: http://www.ebi.ac.uk/msd-srv/
prot_int/pistart.html). Some of this difference may be
accounted for by the N-terminal truncation of the
DMPK construct; in the ROCK structures there is an
additional N-terminal o-helix that contributes to the
dimerization interface. Therefore, our measurement of
the dimerization affinity of the kinase domain may be
an underestimate.

A number of residues involved in the dimer inter-
face are strictly conserved between DMPK and the
ROCKs (see Fig. 3). Most of the conserved residues
are hydrophobic, but of particular interest is the con-
served Asp27, which forms a hydrogen bond to the
hydrophobic motif Ser404. This may be a method of
stabilization of the hydrophobic motif in this family,
instead of the phosphorylation observed in other fami-
lies of AGC kinase. Asp27 is conserved in the ROCKs
(and the same interaction is seen in the ROCK struc-
tures), and in MRKCa and MRCKB. Interestingly how-
ever, it is not conserved in MRCKy or in citron kinase
(CRIK). MRCKy does have an adjacent glutamate
(Glu1s), C-terminal to the conserved position, which
may perform a similar function.

Conserved binding of the C-terminal tail to the
N-terminal lobe - the hydrophobic motif

The dimerization interface is made possible by the
binding of the C-terminal tail of the kinase domain to
a groove in the N-terminal lobe (see Fig. 3). This bind-
ing arrangement is a general feature of AGC

PROTEIN SCIENCE ‘ VOL 18:782-791 783



Hi H2
- M e
DAPE_2 1) Q1VLI-Par-Lc.L!P LILD\IHD.LGJ\
N )

rock 15 DNBLABR KSEY NS DE pallvvoror **°
H4 H5

[t e
I SEhontnn.:muwvm.uvn
7 Mk v BN ONEls R Y KDT | MK RDL AW

184

¥
GG LSDIREG
EEEMFH IR x

FXXF

F L v H F SRS CMALROSEVP 416
ol Ll YSNARRYLSS AN 410

Figure 3. DMPK dimer. (A) The DMPK biological dimer, with each molecule colored blue to red from N- to C-terminus.

(B) The dimerisation interface of DMPK. The surface is shown for one DMPK monomer, colored according to hydrophobicity,
with blue more hydrophobic and red less hydrophobic. The other DMPK monomer is shown as a ribbon, with residues that
are conserved between ROCK1 and DMPK illustrated. The DMPK ribbon is colored as in Figure 1. (C) Partial sequence
alignment of the N-terminal regions of DMPK and ROCK1 involved in the dimer interface. (D) Partial sequence alignment of
the C-terminal regions of DMPK and ROCK1 involved in the dimer interface.

kinases,?>2® where a groove is created in the N-termi-  the C-terminal tail between oC and B4. This binding
nal lobe by insertion of a small a-helix, which causes a  has occurred despite the lack of phosphorylation at the
separation of the oC helix and the B4 strand. The C-  hydrophobic motif, with Asp27 from the N-terminal
terminus of the protein wraps around the N-terminal  part of the protein involved in the dimer interface pro-
lobe to allow the binding of the hydrophobic motif on  viding a hydrogen bond partner for the hydrophobic
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Figure 4. Self association of DMPK studied by analytical ultracentrifugation. (A) Sedimentation velocity experiment, the
concentration of DMPK was 25 pM. At that concentration the protein was mainly populated as a dimer as indicated by the
peak at 4.8 Swedberg units. The molecular weights determined from the velocity data were ~48 and ~100 kDa, respectively,
consistent with the expected molecular weight of a DMPK monomer and dimer. (B) Sedimentation equilibrium experiment of
DMPK. The upper panel shows residuals to a nonlinear least-squares fit to a monomer—-dimer model, shown as a solid line.
The determined association constant was in the range 1-5 pM.
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motif serine. In the recent crystal structure of inactive
serum and glucocorticoid-regulated kinase 1 (SGK1),
also with an un-phosphorylated hydrophobic motif,
the C-terminal tail does not bind the N-lobe and is
disordered.”® In the AGC kinase family, there are a
number of variations to the hydrophobic motif that do
not have a phosphorylation site, for example FXXFN
as in STK32A,B,C (YANK1-3), FXXFD as in PKN1-3,
FXXFE as in PKCt and PKC{, or FXXF-COOH as in
PRKG1,2 and PRKX and PRKY. In some of these the
variation may act as a phosphomimetic (as seen in
the structure of PKCi3°) while in others such as the
YANKSs an alternative interaction may occur.

Active conformation despite lack

of phosphorylation

Mass spectrometry of the recombinant DMPK con-
firmed that the crystallized protein was unphosphoryl-
ated. However, the activation loop occupies a well-
ordered conformation that does not impede access to
the nucleotide or substrate binding sites (see Fig. 5).
This loop is in the same conformation in both inde-
pendent molecules in the structure and resembles an
active conformation. As in the ROCK structures, an
extension in the length of the activation loop relative
to that in PKA allows a small antiparallel B-sheet to be
formed from a part of the activation loop, and a part
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Figure 5. (A) Activation segment of DMPK, coloured as in
Figure 1. (B) Partial sequence alignment of the activation
loop and oEF/aF loop regions of DMPK against the Rho
kinases 1 and 2, which are colored as in (A). The residues
equivalent to those phosphorylated in MRCK are indicated
with green stars. A full sequence alignment of the DMPK
subfamily can be seen as Supplementary Figure 1.
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of the aEF/aF loop, which is also extended in DMPK
and ROCK1. In DMPK, the oEF/oF loop is extended
by a further three residues compared with that of
ROCK1. The conservation of these structural features
between DMPK and ROCK1 confirms that the interac-
tions between the activation loop and the oEF/oF
loop are important in stabilizing the activation loop in
this active conformation. The active conformation of
the activation segment is additionally stabilized by a
hydrogen bond formed by the catalytic loop (HRD)
arginine (Arg194) with the backbone carbonyl of
Ser216 located C-terminally to the DFG motif. The gly-
cine-rich loop was ordered due to the presence of the
BIM-8 inhibitor but high temperature factors in par-
ticular in the tip of the loop suggest that this structural
element is still quite flexible.

The catalytic aspartate of the HRD motif (Asp195)
is in a suitable position for catalysis, and forms a
hydrogen bond to Asn200. Also important for catalysis
is the position of helix aC in close proximity to the
active site. This helix is completely ordered in the struc-
ture, unlike the structures of some inactive kinases,
and the salt bridge between oC and B3 that is an indi-
cator of an active kinase conformation is present (resi-
dues Glu119 and Lys100 in DMPK).

The combined observations of the dimerisation
interface that stabilizes the bound, unphosphorylated,
hydrophobic motif, and the active conformation of the
unphosphorylated activation loop suggest that DMPK
does not require phosphorylation for activation. This
has also been proposed for the ROCKs.?3

Although DMPK is active without phosphoryla-
tion, there is still the question of what the structural
impact of phosphorylation at the conserved phospho-
rylation sites would be, if indeed they do get phos-
phorylated. With regard to potential kinases that phos-
phorylate DMPK, a known example is Raf-1 kinase
which can bind to DMPK and also phosphorylate it,
stimulating both its auto-phosphorylation and trans-
phosphorylation activity.®* It is unknown which sites
on DMPK are phosphorylated in this activation.
DMPK does not have the typical basic residues at the
start of aC and on B9 to bind a phosphorylation at
the activation loop position of Ser228. The arginine of
the HRD motif that would bind such a phosphoryla-
tion is present, but taken together with the activated
position of the activation loop in the absence of phos-
phorylation, this suggests that phosphorylation of the
activation loop may not increase the activity of DMPK.

Phosphorylation of the hydrophobic motif Ser4o4
might increase DMPK activity; DMPK has a glutamine
residue on B4 (GIn139) equivalent to the glutamine in
PKC6 that binds a phosphoserine at the hydrophobic
motif. However, the conformation of GIn139 is same
in the non-phosphorylated DMPK as in the phospho-
rylated PKC6.

Although Raf-1 is known to bind DMPK, it is
unknown exactly where on DMPK this binding takes
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place although it is on the kinase domain, in contrast
to the binding and increase in activation of DMPK
with constitutively active Rac1,3" which is likely due to
GTPase binding the coiled-coil domain, as is the case
with  ROCK1i and RhoA.3> This interaction also
explains the activity increase in response to the G-pro-
tein activator GTPyS.33 It is unknown whether there
are any negative modulators of DMPK corresponding
to the interaction of RhoE/Rnd3 with the kinase
domain of ROCK1.34

The BIM-8 inhibitor occupies the ATP

binding site

The ATP-competitive inhibitor BIM-8 (bisindolylmalei-
mide VIII) occupies the DMPK ATP binding site (see
Fig. 6). The inhibitor forms hydrogen bonds to the
backbone of residues Glui49 and Tyri51 in a typical
ATP mimetic binding mode, while the hydrophilic pri-
mary amine group is directed towards the solvent
space, forming a hydrogen bond with the side-chain of
Asp213, which would be expected to coordinate Mg>"
in a structure with bound ATP. Hydrophobic interac-
tions on both faces of the inhibitor provide the major-
ity of the binding interactions. Key interactions are
with Ile77 and Val85 on the ‘top’ face of the inhibitor,
and Leu202 on the “bottom” face.

The inhibitor BIM-8 is bulkier than any of the
inhibitors that were shown bound to ROCK1,** and it
also binds deeper in the ATP binding site. The extra
depth in the ATP binding site is made possible by the
smaller size of DMPK1 Leu123 compared with the
equivalent Met128 in ROCK1. This allows a different
conformation of DMPK1A Met148 compared with the
equivalent Met153 in ROCK1, in which the side-chain
of Met148 points away from the ATP binding site.
Another difference which increases the volume of the
ATP binding site comes from the conserved Lys100
and Glu119, which form a salt bridge as in activated
structures, and are both displaced away from the

Figure 6. The active site of DMPK with inhibitor BIM-8
bound.
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active site by more than 1 A compared to their posi-
tions in the ROCK1: inhibitor complexes.

The BIM-8 compound has also been cocrystallized
with PDK1.%% In both structures, BIM-8 has essentially
the same orientation. The only difference is in the
position of the primary amine. In PDK1 this moiety
forms a hydrogen bond with Glu166; the equivalent
residue in DMPK is Aspi55, which is not long enough
to reach the inhibitor decoration. Instead, in DMPK,
the primary amine group forms a hydrogen bond with
the side-chain of Asp213. Eleven other kinases, out of
sixty that were analyzed for ligand binding by a ther-
mal shift assay, showed a ATm of greater than 5°C
and, therefore, a significant interaction with BIM-8.3°

Materials and Methods

Cloning

DNA for DMPK1 isoform two residues Glni1 to
Pro420 was amplified by PCR from template DNA in
the Mammalian Gene Collection (IMAGE Consortium
Clone ID 6480902). The PCR product was incorpo-
rated into a homemade vector containing an N-termi-
nal hexahistidine tag and TEV protease tag cleavage
site (sequence MHHHHHHSSGVDLGTENLYFQSM),
by ligation-independent cloning. The resulting plasmid
was transformed into E. coli BL21 (DE3) cells contain-
ing the pRARE2 plasmid from commercial Rosetta II
(DE3) cells.

Protein purification

Cultures were grown in shaker flasks with 1 L of LB
medium containing 50 pg/mL kanamycin. 2L of cul-
ture were combined for a typical purification. After
inoculation, the cells were grown at 37°C to an OD600
of 0.4 when the temperature was reduced to 18°C.
When the OD600 reached 0.8 protein expression was
induced by addition of 1 mM isopropyl-p-D-thiogalac-
topyranoside. Expression was continued overnight
before the cells were harvested by centrifugation. The
cells were resuspended in binding buffer (50 mM
Hepes pH 7.5, 500 mM NaCl, 5% Glycerol, 5 mM
Imidazole, 0.5 mM TCEP and frozen at —20°C).

The resuspended cells were thawed, lysed by soni-
cation, and the cell debris was removed by centri-
fugation. The DMPK1 protein was purified from the
clarified cell lysate by immobilized metal ion chroma-
tography followed by size-exclusion chromatography:
The clarified lysate was passed through a drip column
containing DE52 resin (pre-equilibrated in binding
buffer) to bind the DNA, followed by a drip column
containing Ni*" resin. When the lysate had passed
through the Ni*" resin, the resin was washed with
binding buffer, and then with binding buffer contain-
ing 30 mM, 50 mM and finally 250 mM imidazole.
The DMPK1 eluted in both the 50 mM and 250 mM
imidazole fractions. The eluted DMPK1 was

Structure of DMPK



concentrated to a volume of 8 mL using a spin con-
centrator and, twice, 4 mL was injected onto an S200
16/60 size-exclusion column pre-equilibrated in gel fil-
tration buffer. The eluted fractions containing DMPK1
were pooled and TEV protease was added. The diges-
tion was left overnight at 4°C and when the digestion
had completed the TEV protease and hexahistidine tag
were removed by binding to Ni** resin.

For crystallization the gel filtration buffer was
50 mM BisTrisPropane pH 6.5, 500 mM KCl, 0.5 mM
TCEP, and subsequently the protein was exchanged
into 50 mM BisTrisPropane pH 6.5, 100 mM KClI,
0.5 mM TCEP. The protein was then concentrated to
11 mg/mL in a spin concentrator.

Crystallization and structure solution

Crystals were grown at 4°C using the sitting drop
vapor diffusion method. The BIM-8 inhibitor was
added to the protein solution (11 mg/mL in 50 mM
BisTrisPropane pH 6.5, 100 mM KCl, 0.5 mM TCEP)
to a concentration of 0.5 mM. This protein:inhibitor
solution was mixed in a 3:1 ratio with the reservoir so-
lution (1 M (NH,).SO,, 1.5% PEG3350, 0.1M Bis-Tris
pH 7.0) in a total drop size of 300 nL and equilibrated
against reservoir solution. Crystals appeared after a
few weeks.

Crystals were cryoprotected by transfer into reser-
voir solution diluted with ethylene glycol to a final eth-
ylene glycol concentration of 25%, and then flash-fro-
zen in liquid nitrogen. X-ray data was collected at the
Swiss Light Source beamline X10 using a cryostream
to maintain the crystal at 100 K.

The data was processed with MOSFLM?” and the
CCP4 suite.?® The structure was solved by molecular
replacement using PHASER®® and the structure of the
ROCK1 kinase domain minus dimerisation regions
(PDB: 2ESM) as a search model. There were two mol-
ecules in the asymmetric unit of a P3,21 unit cell. The
model was rebuilt using COOT*° and refined using
REFMAC5.#* Data collection and refinement statistics
are in Table 1.

Analytical ultracentrifugation

Samples were studied in a solution of 25 mM HEPES
pH 7.5, 150 mM NaCl, 0.5 mM TCEP, at a tempera-
ture of 8°C. Sedimentation of particles was monitored
using the interference optics in a Beckman XL-I Ana-
Iytical Ultracentrifuge equipped with a Ti-50 rotor.
Sedimentation velocity experiments were carried out
on samples at concentrations of 8, 16, and 25 pM, in
two-sector cells, employing a rotor speed of 50,000
rpm Radial scans were collected in 30-s intervals. Data
were analyzed using SEDFIT#* to calculate c(s) distri-
butions. The software package SEDNTERP was used
in order to normalize the obtained sedimentation coef-
ficient values to the corresponding values in water at
20°C, s;(m. Sedimentation equilibrium experiments
were performed at 8°C and a protein concentration of
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Table 1. Data Collection and Refinement Statistics

Data collection

Space group

Unit cell [a, b, ¢ (A)]
Resolution range® (108)

No. of unique observations®
No. of total observations®
Completeness® (%)

P3,21
122.6, 122.6, 134.3
45.27-2.80 (2.95.2.80)
29,215 (4185)
163,620 (23,719)
100.0 (100.0)

Multiplicity® 5.6 (5.7)
Rinerge” (%) 10.0 (85.1)
1/o(D)* 16.7 (3.0)
Refinement

R factor (%) 19.6
Rfree (%) 24.3
Rmsd bond length (A) (angle (°)) 0.010 (1.3)
PDB ID 2VDj5

# Values in parentheses are for the highest resolution shell.

8, 14, and 25 uM. The dissociation constant was calcu-
lated from global fitting of all data to a monomer—
dimer equilibrium model, using HETEROANALYSIS
(University of Connecticut Bioservices Center). The
data was also analyzed using ULTRASPIN (MRC
Centre for Protein Engineering) for comparison,
resulting in a similar dissociation constant.

Conclusions

The BIM compounds were originally designed to be
more effective, and also more selective, versions of the
general kinase inhibitor staurosporine, as well as pro-
viding access to a range of synthetically accessible
derivatives of the basic scaffold and allowing flexibility
between the indole rings. For many protein kinases it
is desirable to be able to have specific inhibitors, how-
ever for DMPK it seems more likely that avoidance of
inhibition is the aim. Nevertheless, inhibitor design for
drug targets in the AGC family of kinases is aided by
additional structural knowledge of this family. There is
still much to learn about the role of the AGC C-termi-
nus, especially with regard to the NFD motif (which
Kannan et al. called the active-site tether, AST*®) and
its potential role in nucleotide binding or release.

The structure of DMPK illustrates that the most
structurally varied part of AGC kinase proteins is the
long C-terminus; compared with the structure of the
closely related ROCKs, this is the only region of sub-
stantial structural divergence. Furthermore, the differ-
ence in the location of the conserved C-terminal NFD
motif, adjacent to the active site in the ROCKs and
away from it in DMPK, can be compared with the sim-
ilarity in position of the only partially conserved C-ter-
minal turn motif. In designing specific inhibitors for
AGC family kinases, it may be necessary to incorporate
the C-terminus into the design. Inhibitors that can
occupy the ATP-binding site while also offering moi-
eties capable of binding divergent motifs on the C-ter-
minal extension may be a worthwhile future direction.
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Coordinates
Coordinates and structure factors have been deposited

in

the Protein Data Bank with the accession code

2VDs5.
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