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Cdc-like kinase 1 (CLK1) is a dual-specificity kinase capable of autophosphorylation on tyrosine residues and
Ser/Thr phosphorylation of its substrates. CLK1 belongs to the CLK kinase family that regulates alternative
splicing through phosphorylation of serine-arginine rich (SR) proteins. Recent studies have demonstrated that
CLK1 has an important role in the replication of influenza A and chikungunya viruses. Furthermore, CLK1 was
found to be relevant for the replication of HIV-1 and the West Nile virus, making CLK1 an interesting cellular
candidate for the development of a host-directed antiviral therapy that might be efficient for treatment of newly
emerging viruses. We describe here our attempts and detailed procedures to obtain the recombinant kinase
domain of CLK1 in suitable amounts for crystallization in complex with specific inhibitors. The key solution for
the reproducibility of crystals resides in devising and refining expression and purification protocols leading to
homogeneous protein. Co-expression of CLK1 with A-phosphatase and careful purification has yielded crystals of
CLK1 complexed with the KH-CB19 inhibitor that diffracted to 1.65 A. These results paved the path to the
screening of more structures of CLK1 complexed compounds, leading to further optimization of their inhibitory
activity. Moreover, since kinases are desired targets in numerous pathologies, the approach we report here, the
co-expression of kinases with A-phosphatase, previously used in other kinases, can be adopted as a general
protocol in numerous kinase targets for obtaining reproducible and homogenic non-phosphorylated (inactive)

forms suitable for biochemical and structural studies thus facilitating the development of novel inhibitors.

1. Introduction

The search for lead compounds as part of drug discovery and opti-
mization procedure is a complex and challenging process. The utiliza-
tion of experimentally derived structures of target protein in complex
with small molecules provides an accurate presentation, promoting the
optimization of higher affinity and efficacy binders. The primary and
one of the most relevant methods accelerating drug discovery is X-ray
crystallography. In this regard, the advances in protein expression and
purification, as well as rapid crystal data collection and analysis, vastly
promote the field. The most critical restraint in such studies is the
reproducibility in protein production and crystallization of well-

diffracting crystals.

The cdc2-like kinases (CLKs) are dual-specificity kinases that un-
dergo autophosphorylation on tyrosine residues [1] and phosphorylate
their substrates exclusively on serine/threonine residues [2]. The CLK
family consists of four conserved isoforms: CLK1, CLK2, CLK3, and
CLK4, differing in their target specificities [1,3]. The CLK1 is composed
of 484 amino acids and its catalytic domain (residues 148-484), based
on its three-dimensional X-ray structure, exhibits a typical protein ki-
nase fold [4]. The human CLK1 plays an important role in controlling
alternative RNA splicing by regulating the cellular distribution and
splicing activity of the SR family splicing factors via phosphorylation of
their C-termini [2,5]. CLK1 was recently implicated in several
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Fig. 1. Schematic representation of the T7 based vector used for
CLK1 expression.

pathophysiological diseases such as Duchenne muscular dystrophy,
Alzheimer’s disease and cancers [6]. Moreover, in two independent
genome-wide RNAI screens for host cell factors required for influenza A
virus (IAV) replication, CLK1 was identified as one of the major factors
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involved in viral infection and replication, as in the case of alternative
splicing of the influenza virus M2 gene during influenza infection and
replication [7]. CLK1 was also found to influence adenoviral E1A gene
alternative splicing in COS-1 cells [5], to increase gag protein expression
in HIV-1 infected HeLa cells [8] and recently it was found to be essential
for efficient replication of West Nile [9] and chikungunya viruses [10].
Wong et al. [8,11] have shown that different CLK1 inhibitors can
decrease HIV replication in vitro by effecting mRNA processing. Simi-
larly, it was found that specific CLK1 inhibitors influenced IAV mRNA
splicing levels and hampered virus replication [12-14]. Furthermore,
knockdown of CLK1 in primary cells and a mice model [14] was shown
to reduce virus IAV replication. The involvement of CLK1 in these pa-
thologies makes it a promising and essential target for developing spe-
cific inhibitors that can be utilized as novel anti-viral therapeutics.
The human kinome comprises of more than 500 protein kinases
essential for cell function, playing a crucial role in primary signaling
processes [15,16]. Their abnormal activities are associated with many
diseases including life-threatening conditions [17]. These molecules are
important targets for drug therapy and are regularly explored through
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Fig. 3. Screening conditions for co-expression of CLK1 with A-phosphatase in BL21 (DE3). (a) Flow chart describing the screening process using IPTG-induced
expression protocol. (b) Cell lysates from cultures grown in different expression conditions were used for small scale affinity purification with Ni-NTA beads. Un-
bound (UB), wash (W) and eluted protein (Ni) were analyzed using SDS-PAGE. Molecular weight markers were loaded on the left lane. The selected optimal

conditions are surrounded by circles in (a) and by a red rectangle in (b).

structural studies, mainly via X-ray crystallographic methods. For that
purpose, one must obtain a highly purified homogeneous protein prep-
aration. In this context, the preparation of kinases for structural studies
using available expression systems could result in nonspecific or partial
phosphorylation(s) leading to heterogeneous modifications on the sur-
face of the protein. To overcome this predicament, careful progression in
the expression and purification stages should be taken, by evaluating
each step towards the desired outcome. In this study, we describe the
preliminary stages of expression and purification of the kinase domain of
human CLK1 aiming to obtain a reliable and reproducible source of
crystallizable protein. This approach of kinase and phosphatase
co-expression was previously used for the expression of other kinases,
either by co-expressing on two separate plasmids [18,19] or by
co-expressing on the same plasmid [20-23], and could be regarded as a
common practice (benchmark) when producing protein kinases for
reproducible crystallization assays and consequent structural studies.

2. Materials and methods

2.1. Cloning, expression, and purification of the kinase domain of human
CLK1

The synthetic gene of CLK1 kinase domain (Accession Number:
NP_004062, residues 148-484) was ordered from GeneScript, as codon
optimized sequence for expression in E. coli cells. The CLK1 kinase
domain was subcloned into the pET-based vector pHisParallel2 [24],
using BamHI and Xhol restriction enzymes, leaving 6xHis-tag and a TEV
protease site at the 5’ end of the cloned domain (Fig. 1).

In order to select the most suitable host for the soluble expression of
the protein, sequence-verified pHis2CLK1 was transformed into several
bacterial strains (BL21 (DE3), HMS174 (DE3), BL21 (DE3) Rosetta (EMD
Novagen) and C41 (DE3) (Lucigen)), and subjected to standard auto-
induction procedures [25]. In short, a single colony from each trans-
formed bacterial strain was picked and grown for 16 h in 3 mL ZY me-
dium (containing: 1% Bactotryptone (BD), 0.5% Bacto yeast extract
(BD), 1 mM MgSOy4, 0.2% lactose, 0.05% glucose, 0.5% glycerol, 1xNPS
(25 mM (NH4)2804, 50 mM KH2P04 and 50 mM NazHPO4) and 100
pg/mL ampicillin), in an incubator shaker at temperatures of 30 °C and
37 °C. 1.5 mL culture of each condition was harvested, lysed in 750 pl of
lysis buffer (50 mM Tris-HCI pH 7.5, 10% glycerol, 500 mM NacCl, 0.1%
DDM, 1 mM PMSF, 0.2 mg/mL lysozyme, 10 mM MgCl,, and 0.05
mg/mL DNase), and analyzed by SDS-PAGE. The selected strain was
further calibrated for refining expression profile using IPTG induced

expression protocol as follows: A single colony of freshly transformed
bacteria was inoculated into 2 mL LB containing antibiotics. After 16 h
the cells were diluted into 200 mL 2xYT media containing 1% glucose,
1xNPS and 100 pg/mL ampicillin. When the cell density reached the
value of 0.7 at ODgqg, the culture was divided into six flasks; each was
incubated in one of the following temperatures: 17 °C, 22 °C and 30 °C,
and induced by one of two IPTG (Merck, MBS420322) concentrations:
0.1 mM and 0.5 mM 1.5 mL samples of each condition were harvested
after 4 and 16 h, lysed in 750 pl of lysis buffer, and 50 pl of Ni-NTA beads
(Qiagen, 30,230) were added for small scale analysis of binding.
Following 1 hour incubation at 4 °C, the beads were washed twice with
1 mL buffer (50 mM Tris-HCl pH 7.5, 10% glycerol, 500 mM NaCl).
Elutions were preformed twice, with buffer containing 250 mM imid-
azole. Samples were loaded on 12% PAGE-SDS gels and analyzed by
Coomassie stain and by Western blot with anti His-tag antibody
(Novagen, 70796-3). Fig. 2a and b shows a schematic description of the
screening procedure. For the large-scale production of CLK1 kinase
domain, freshly transformed C41 (DE3) cells were plated on 100 pg/mL
ampicillin selective LB agar plates. A single colony was used for a 16 h
starter in 10 mL LB. The starter was then used to inoculate 1 L of 2xYT
media containing 1% glucose, 1xNPS and 100 pg/mL ampicillin. When
the cell density reached the value of 0.7 at ODgq, the culture was
transferred into a 22 °C shaker and IPTG was added to a final concen-
tration of 0.5 mM. The cells were harvested 16 h post induction.

2.2. Co-expression of CLK1 with A-phosphatase

In the second attempt for expression, the pHis2CLK1 vector was co-
transformed into BL21 (DE3) and into C41 (DE3) previously trans-
formed with pACYC-LIC vector containing the A-phosphatase gene
(kindly provided by Prof. Stefan Knapp, SGC, Oxford [26]). To screen for
the best expression conditions of CLK1 we co-expressed it with A-phos-
phatase, to deplete unwanted phosphorylation. Protein production was
induced in the following conditions: 0.1 mM or 0.4 mM of IPTG at 17 °C
or 20 °C. 1.5 mL samples of each condition were harvested after 4 h and
after 16 h, lysed, and the supernatant was used for small scale Ni
binding, as previously described (Fig. 3a shows a schematic description
of the screening procedure). Fractions from Ni purification were
analyzed using SDS-PAGE (Fig. 3b).

For large-scale production of CLK1 co-expressed with A-phosphatase,
freshly transformed BL21 (DE3)- A-phosphatase cells were plated on 34
pg/mL chloramphenicol and 100 pg/mL ampicillin selective LB agar
plates. A single colony was used for a 16 h starter in 10 mL LB that was
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then used to inoculate 1 L of 2xYT media containing 1% glucose, 1xNPS,
34 pg/mL chloramphenicol and 100 pg/mL ampicillin. When cell den-
sity reached 0.7 at ODgq, the culture was transferred into a 20 °C shaker
and IPTG was added to a final concentration of 0.1 mM. Culture was
harvested 4 h post induction.

In both expressions attempts (with and without A-phosphatase) cells
were harvested at 10,000 g for 10 min at 4 °C, and the dry pellet was
immediately frozen at —80 °C until use. Cell pellet from 4 L culture was
thawed on ice and immediately suspended in 400 mL buffer A (20 mM
Hepes pH 7.5, 500 mM NacCl, 5% glycerol, 10 mM beta mercaptoethanol
(BME), 10 mM imidazole), 50 pg/mL DNase, 0.2 mg/mL lysozyme, 0.5
mM PMSF, 1:500 protease inhibitor cocktail (Mercury, MBS539137),
and 2 mM MgCl,. Cell disruption was done using a microfluidizer
(model M — 110 EHIS; Microfluidics Corp., Newton, MA), 21,000 psi, at
4 °C throughout the process. Insoluble cell debris was removed from the
cell lysate by centrifugation at 4 °C for 20 min (15,000 g). Subsequently,
the cleared lysate was filtered through 0.45 pm filter. All steps, from
thawing the pellet to loading the lysate onto the column, were per-
formed on ice.

2.3. Purification of CLK1 expressed without A-phosphatase

Supernatant was loaded onto an equilibrated 5.1 x 1.0 cm column (4
mL) Ni-Sepharose FF column (GE-Healthcare) in an AKTA Explorer
system (GE-Healthcare) at 4 °C. After loading, the column was washed
with buffer A until low ODsgonm, and with buffer A with 30 mM imid-
azole. Finally, the His-tagged CLK1 was eluted by instantly increasing
the imidazole concentration to 300 mM. Fractions were pooled ac-
cording to ODagg,260 profile, and concentrated with a 10 kDa cut-off
ultrafiltration device (PALL). CLK1 was further purified on a Superose
75 gel filtration column from GE Healthcare (100 x 1.6 cm, ~200 mL)
pre-equilibrated with final storage buffer containing 20 mM HEPES 7.5,
500 mM NacCl, 10% glycerol and 10 mM BME. Fractions containing CLK1
monomer (according to ODagp 260 profile) were pooled, aliquoted and
kept frozen at —80 °C until crystallization assays.

2.4. Purification of CLK1 co-expressed with A-phosphatase

Supernatant was loaded onto an equilibrated 8 x 1.6 cm column (16
mL) Ni-Sepharose FF column (GE-Healthcare) in an AKTA Explorer
system (GE-Healthcare) at 4 °C. After loading, the column was washed
with buffer A until low ODgonm, and with buffer A containing 30 mM
imidazole. Finally, the His-tagged CLK1 was eluted by increasing the
imidazole concentration to 500 mM. Fractions were pooled according to
OD3g0/260 profile, supplemented with 50 mM arginine, 50 mM gluta-
mate and 10 mM DTT to avoid aggregation [27-29], and concentrated
with a 10 kDa cut-off ultrafiltration device (PALL). The protein was then
incubated with TEV protease (1:20 v:v) for overnight dialysis at 4 °C
against buffer A.

The TEV protease was expressed using pRK793 plasmid kindly pro-
vided by Dr. David Waugh and purified as previously described [30].
CLK1 was further purified on a Sephacryl S100 gel filtration column
from GE Healthcare (100 x 2.6 cm) pre-equilibrated with GF buffer
containing 20 mM Tris-HCl 8.5, 100 mM NacCl, 2 mM EDTA, 5% glycerol
and 5 mM BME. Fractions containing the soluble monomeric CLK1 were
pooled and subsequently loaded onto a 10 x 1 cm Res 15Q
anion-exchange column (GE Healthcare) equilibrated with AEX buffer,
containing 20 mM Tris-HCl 8.5, 50 mM NaCl, 2 mM EDTA, 5% glycerol
and 5 mM PME. Last ion-exchange column separated two different CLK1
populations: the first one, which did not bind to the column (unbound
fraction) and the second one, which was eluted in higher NaCl con-
centration (see result section for crystallization information). Each of the
two eluted CLK1 populations was dialyzed overnight against a buffer
suitable for crystallization, containing 50 mM Hepes pH 7.5, 0.5 M NaCl,
5% glycerol, 50 mM arginine, 50 mM glutamate and 10 mM DTT. Pu-
rified CLK1 solution was then concentrated to 8 mg/mL and kept frozen
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at —80 °C until subjected to crystallization assays. CLK1 concentration
was determined using Abs 0.1% (=1 g/L) of 1.060 at 280 nm.

2.5. SDS-PAGE and Western blot analysis

Samples from different purification steps were boiled in the presence
of reducing buffer (50% glycerol, 10% SDS, 3.8% DTT, 100 mM Tris-HCl
pH 6.8 and bromophenol blue) and resolved on Mini-Protean TGX Stain-
Free 4-20% gels (Bio-Rad, 4568096). Precision Plus Protein All Blue
Standards (Bio-Rad, 1610737) were used as molecular weight markers.
Gels were stained with Instant Blue (Expedeon) and visualized using
ChemiDoc XRS camera (Bio-Rad). For Western blot analysis, total pro-
tein was visualized using ChemiDoc XRS camera, Image Lab software,
Stain Free Gel protocol. The proteins were then transferred to a nitro-
cellulose membrane (using BioRad trans-blot turbo) and blocked with
blocking solution containing 10% glycerol, 3% BSA, 1% skim milk, 1 M
L-glucose and 0.5% Tween-20 in Tris buffer saline at 22 °C for 1 h.
Membranes were incubated with mouse anti-phosphotyrosine (clone
4G10, Merck Millipore) and mouse anti-phosphothreonine (clone 42h4,
Cell Signaling) at a 1:1000 dilution in antibody incubation buffer (5%
skim milk, 0.05% Tween-20 in Tris buffer saline) at 22 °C for 1 h.
Membranes were washed three times for 10 min each with TBS-T (10
mM Tris, 150 mM NaCl and 0.1% Tween-20). Goat anti-mouse IgG
(Jackson Immunoresearch, 115-035-003) was added at a 1:5000 dilu-
tion in antibody incubation buffer and incubated at 22 °C for 1 h.
Membranes were washed three times for 10 min with TBS-T. Bands were
visualized following addition of EZ-ECL (Biological Industries, 20-500-
120) using ChemiDoc XRS + camera (Bio-Rad).

2.6. Crystallization data collection and processing of CLK1

We have examined the grade of CLK1 preparation suitable for crys-
tallization by repeating the already available conditions for CLK1 in
complex with the KH-CB19 inhibitor [4]. In this regard, crystals in the
complexed form were obtained by the sitting drop vapor diffusion
method. The KH-CB19 inhibitor was solubilized in DMSO (100 mM) and
added to the protein solution containing 8 mg/mL CLK1 in its final so-
lution (see purification segment) at the 1:100 ratio. Crystals of the CLK1:
KH-CB19 complex were obtained at 4 °C at a 2:1 protein-reservoir with
reservoir solution consisting of 2.1-2.3 M sodium malate at the pH range
of 6.0-7.0 as previously reported [4]. Crystals appeared within 2 days
and grew to the final size within a week. Prior to freezing, crystals were
suspended in a cryo solution containing 20% ethylene glycol and the
reservoir solution, mounted on a MiteGen loop and flash cooled in liquid
nitrogen. Crystallographic data were collected at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France on beamline ID29
[31] at the temperature of 100 K, using an Oxford Cryosystem Cryo-
stream cooling device. The data were indexed, integrated and scaled
using the HKL2000 suite [32].

Screens for additional crystallization conditions were carried at the
HTX lab in Grenoble. The initial hits were refined and CLK1 was crys-
tallized in the sitting drop vapor diffusion method, the reservoir con-
taining 24% polyethylene glycol 3350, 200 mM MgClz-6H20, 100 mM
BisTris pH 6-6.5. The crystallization drop contained 1:1 ratio of protein-
reservoir, incubated at 20 °C. The cryo solution for these crystals con-
tained 20% glycerol and the reservoir solution.

3. Results and discussion
3.1. Protein expression and purification

The human CLK1 gene is 1455 bp in length and encodes a 484 amino
acids protein. A synthetic gene corresponding to the kinase domain of
CLK1, was sub-cloned into the expression vector pHis2parallel [24].
Using the auto-induction protocol we have screened expression in
several bacterial strains (Fig. 2a) and final expression conditions were
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Fig. 4. The purification process of CLK1. (a) Ni-Column chromatogram. Elevating the imidazole concentration to 500 mM resulted in the elution of CLK1 (second
peak, fractions 20-33). (b) SDS-PAGE analysis of fractions collected before TEV cleavage (1st lane) and after TEV cleavage (2nd lane). (¢) Gel filtration chromatogram
where CLK1 is eluted in the second peak (fraction 20-34). (d) Anion-exchange chromatogram. Two CLK1 populations were separated by this column. Only the
unbound pool I (fraction 7-18) resulted in crystals, whereas pool II (fractions 30-35), eluted by elevating NaCl concentration, did not result in crystal formation. (e)
SDS-PAGE analysis of fractions collected before (1st lane) and during anion-exchange column purification. The fraction number above each lane corresponds to the

fraction number in (d).

selected by screening various IPTG concentrations, temperatures and
harvest time. We found that the highest yield of soluble CLK1 was ob-
tained when using C41 (DE3) induced with 0.5 mM IPTG, harvested 16 h
post induction at 22 °C (Fig. 2b). The C4land C43 strains [33] are
known for supporting the expression of otherwise toxic proteins. Indeed,
in our case, we were able to obtain higher levels of expressed protein in
this strain, probably due to overcoming the toxic effects of the kinase
that were more evident in the other strains in the screen (data not
shown). However, despite the high expression level and purity of the
protein, the CLK1 produced in this procedure did not yield crystals, most
probably due to non-homogeneous phosphorylation of the protein. In
this regard, Western blot analysis using anti-phosphothreonine and
anti-phosphotyrosine antibodies clearly showed that the CLK1 is phos-
phorylated on tyrosine and threonine residues (Fig. 5a and b, right
panel, lane 4). This is an expected outcome since CLK1 has autophos-
phorylation capabilities on Tyr, and cross phosphorylation on Ser and
Thr residues [34].

We attempted to produce a more homogeneous non-phosphorylated
CLK1, by co-expression of CLK1 with A-phosphatase. To obtain this we
have transformed expressing bacteria with both pACYC-LIC A-phos-
phatase [26] and pHis2CLK1. Several expression conditions were
screened as detailed in the materials and methods section (Fig. 3a). Best
results (soluble and purified protein) were obtained when constructs

were transformed into BL21 (DE3) cells, induced with 0.1 mM IPTG at
ODgpo = 0.7, grown at 20 °C and harvested 4 h post induction (Fig. 3b).
Induction with 0.4 mM IPTG and growing for 16 h at 17 °C also resulted
in high levels of soluble CLK1 (Fig. 3b). However, once obtaining
well-diffracting crystals from CLK1 grown in 20 °C, we continued with
these conditions.

We then used the calibrated conditions to scale-up CLK1 production
in 4 L culture. In the first step of purification CLK1 was loaded on Ni-
sepharose FF column and eluted with 500 mM imidazole (Fig. 4a). In
order to avoid protein aggregation, samples containing CLK1 were
supplemented with DTT, arginine and glutamate [27-29]. The pool was
then subjected to an overnight digestion with TEV protease, to remove
the N-terminus His-tag from the CLK1. The TEV cleavage was verified by
SDS-PAGE analysis (Fig. 4b). In our first purification attempts, TEV
cleavage was followed by a negative-Nickel column in order to remove
the un-cleaved His-tagged CLK1. However, SDS-PAGE analysis showed
that this step is redundant, since the TEV digestion of CLK1 His-tag was
complete (Fig. 4b).

The N-terminus cleaved CLK1 was then loaded on gel filtration col-
umn. CLK1 was eluted in two peaks (Fig. 4c), where the first peak
contained the aggregated protein and the second peak corresponds to
the CLK1 monomer. The fractions containing the monomer were then
pooled and loaded on an anion-exchange column. Two separate peaks
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could be distinguished on the anion exchange chromatogram (Fig. 4d)
and by SDS-PAGE (Fig. 4e). The first peak corresponds to a CLK1 pop-
ulation that did not bind to the column. A second population was eluted
by a NaCl gradient between 50 mM and 200 mM. These two populations
were pooled separately and subjected to crystallization assays, but only
the first population (the unbound fractions) resulted in crystals.
Examination of the phosphorylation profile by Western blot analysis,
using anti-phosphotyrosine and anti-phosphothreonine antibodies,
showed that the unbound fraction that resulted in crystals, contained
undetectable levels of threonine and tyrosine phosphorylation (Fig. 5b
and d, lane 2). On the other hand, in the second population that did not
form crystals, the threonine was phospohorylated in similar intensity as
the CLK1 expressed without A-phosphatase (Fig. 5b, lane 3 and 4
respectively). This indicates that the co-expression of CLK1 with
A-phosphatase dramatically decreased the phosphorylation of the tyro-
sine and partially decreased the phosphorylation of threonine. Thus, the
failure to crystalize the second populations may be attributed to het-
erogeneity in CLK1 phosphorylation pattern. In summary, a typical
purification run of CLK1 from a 4 L culture, including Ni-sepharose, gel
filtration and a final anion-exchange column from which only the
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Fig. 5. Phosphorylation profile of CLK1. CLK1

was dephosphorylated by co-expression in BL21

(DE3) with A-phosphatase. (a, ¢) Purified CLK1

fractions were loaded on 4-20% TGX Stain-Free
4 precast gels (Bio-Rad). Lane 1: molecular
weight markers; Lanes 2-3: ion-exchange column
fractions (pools I and II, see Fig. 4d); lane 4:
phosphorylated form of CLK1, expressed without
A-phosphatase. Total protein was visualized
using Bio-Rad Stain Free Gels with the Stain free
gel protocol (Image Lab software) (a and c) and
then probed against anti-phosphothreonine (b)
and against anti-phosphotyrosine (d), to detect
phosphorylation levels. The two bands detected
on lane 4 in (d), are due to incomplete TEV
cleavage.

unbound population was collected resulting in approximately 8 mg of
homogeneous and crystallizable protein.

Since CLK1 has a tendency to aggregate during purification, all
procedures were performed using protocols developed in our group for
purification of prone to aggregate proteins [28,29]. In general, physi-
cochemical environment such as buffers, pH value, and the use of
chosmotropes or chaotropes additives should be screened in the purifi-
cation development of such proteins. It should be noted that the
cell-disruption conditions (including the apparatus type) might intro-
duce batch to batch variability, leading to irreproducibility. Hence, for
this type of ‘delicate’ proteins, aggregation problems can often occur at
different stages of the purification process. In this regard, an intriguing
observation where a change of the cell disruption apparatus, from a
gentler disruption to a somewhat aggressive (higher pressure and
probable increase in temperature) resulted in a non-stable CLK1 with an
increased tendency to aggregate and thus unsuitable for crystallization
assays. Moreover, the procedures require rapid manipulation at 4 °C, as
well as avoiding protein overcrowding during purification steps.
Emphasis should be given to designing a “rapid strategy of purification”,
where proteins must be produced and stored as fast as possible. To
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Fig. 6. Crystals of CLK1 complexed with the KH-CB19 inhibitor. The black bar
indicates the size of 0.1 mm.

Table 1

Data collection and processing statistics.
ESRF Beamline 1D29
Wavelength A 0.930
Temperature 100K
Crystal-detector distance (mm) 258.56
Rotation range per image 0.2°
Exposure time per image (sec) 0.1
Total no. of images 880
Space group P6522

a=688Ac=2850A
50.0-1.65 (1.68-1.65)

Cell parameters
Resolution range &)

(Outer shell)
Unique reflections 49,449 (2432)
Completeness 99.6 (99.9)
Rsym 0.103 (0.922)
Redundancy 6.5 (6.5)
/o 16 (1.64)
CC(1/2) 0.98 (0.59)

achieve this goal, optimization of each of the purification steps should be
performed prior to scale-up.

3.2. Crystallization of CLK1

The crystals of the CLK1 complexed with the KH-CB19 inhibitor
(Fig. 6) were characterized and belong to the hexagonal P6522 space
group, with unit cell parameters a = 68.8 A, ¢ = 285.0 A containing one
CLK1 molecule in the asymmetric unit with the Vm value of 2.52 A%/Da
(Table 1). The current space group and cell parameters differ from the
previously published complex (PDB entry 2VAG) which was the
monoclinic C2 (a = 90.9 A, b = 64.1 Ac =789 A, b = 118.2°) [4]
although highly similar crystallization conditions were employed. The
structure was solved via molecular replacement methods using PHASER
[35] implemented in CCP4i [36] and is being analyzed. In this regard,
there is a clear electron density indicting the presence of the inhibitor in
the active site (not shown).

4. Conclusions

In this work, we devised a method for the expression and purification
of CLK1 suitable for crystallization assays. Our general aim was to obtain
a homogeneous preparation of CLK1 in order to achieve reproducible
results in crystallization and co-crystallization with potential inhibitors.
In order to cleave all possible phosphates from the phosphorylation sites,
we have co-expressed CLK1 with A-phosphatase in the same E. coli host
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strain. By doing so, the inherent heterogeneity was substantially
decreased as shown via Western blot analysis. We extensively screened
for numerous expression conditions and purification protocols that
finally resulted in crystals used for structure analysis of CLK1 complexed
with small molecule compounds. In this context, the third and final
anion exchange polishing purification step resulted in a homogeneous,
reproducible and crystallizable CLK1. It is thus highly recommended to
analyze and validate the protein homogeneity and monomodality using
different criteria such as size, charge and light scattering methods. The
methodology that was used in this work and by others [33] could be
adopted as a standard approach for producing kinases in their
non-phosphorylated inactive forms for biological and biochemical pur-
poses as well as for obtaining viable targets for successful and repro-
ducible crystallization attempts.
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