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Abstract

Down syndrome (DS) is a chromosomal aberration that causes learning disability and
neurodegeneration. Previous studies suggest that the overexpression of the dual-specificity
tyrosine phosphorylation-regulated kinase 1A (DYRK1A) contributes to the early onset of DS
symptoms. This study was conducted to find key binding interactions between DYRK1A and
both AMP-PNP and the novel inhibitor DYR219. X-ray quality crystals of DYRK1A-AMPPNP
and preliminary crystals of DYRK1A-DYR219 complexes were obtained. The crystal structure
of the DYRK1A-AMPPNP complex was determined at a resolution of 2.7 Å. The structure
identifies residues involved in the binding of AMP-PNP. Ser169, Glu239, and Leu241 form a
hydrogen bond network with the ATP analogue. Asn292 and Asp307 coordinate the AMP-PNP
molecule via a Mg #$ ion. Finally, a hydrophobic pocket binds the adenine ring of the AMP-PNP
molecule. The structure of the DYRK1A-AMPPNP complex was compared with other DYRK1A
structures to identify differences in conformation of the protein and ligand binding. ATP binding
sites for various kinases from the CMGC group were also compared to identify similarities and
differences in the ATP pocket. The structure of the DYRK1A-AMPPNP complex showed a
distinct conformation at residue Phe170 and movement in the activation loop. Successful
crystallization of the DYRK1A-DYR219 complex should result in a crystal structure and will
enable detailed characterization of binding of DYR219 in the ATP pocket. These data are
fundamental for the designing of new potent DYRK1A inhibitors.

2

Introduction

Down syndrome (DS) is a genetic disorder caused by trisomy of human chromosome 21.
Down syndrome is one of the most common chromosomal aberrations with an incidence of one
in every seven hundred births (Parker et al., 2010). People suffering from DS exhibit various
medical conditions such as cognitive disability and delayed development. It is hypothesized that
the overexpression of genes located in chromosome 21 (Hsa21), caused by the extra copy of it,
results in some of the symptoms shown by people with DS (Wegiel et al., 2010). Mutations in
the Drosophila DYRK1A, referred to as minibrain, were linked to abnormal brain development,
which was by itself correlated to neurodegeneration (Tejedor et al., 1995). In consequence, the
human orthologue of the minibrain gene, DYRK1A (dual specificity tyrosine-phosphorylationregulated kinase 1A), became central for the understating of DS in humans.
DYRK1A forms part of the DYRK family from the CMGC kinase group. DYRK1A
participates in the down regulation of around 239 human genes. Studies suggest that the
overexpression and abnormal distribution of DYRK1A in patients with Down syndrome
contribute to neuronal loss, neurofibrillary degeneration, b-amyloidosis, and dementia (Wegiel et
al., 2010). In patients with DS, DYRK1A phosphorylates 11 sites of the tau protein and enhances
activity of GSK-3b kinase which further phosphorylates tau. Hyper-phosphorylated tau protein
losses enzymatic activity and becomes less effective at stimulating building of microtubules in
brain cells. Additionally, phosphorylated tau protein self-aggregates and causes neurofibrillary
degeneration and neuronal death. DYRK1A colocalizes with neurofibrillary tangles formed by
tau protein. Like DYRK1A, the amyloid precursor protein (APP) gene is located at chromosome
21 and is overexpressed in DS patients. DYRK1A is believed to promote early onset of b-
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amyloidosis in DS patients by phosphorylating APP at residue Thr668 (Ryoo et al., 2008).
Proteolysis of phosphorylated APP produces beta amyloid (Ab) oligomers, which inhibit
neuronal activities and produce Alzheimer’s-like dementia. The extensive participation of
DYRK1A in brain processes that affect Down syndrome patients makes DYRK1A an important
target for therapeutic drugs.
Kinases from the DYRK family are capable of phosphorylating serine and threonine
residues of substrate proteins. Additionally, immediately after translation, DYRK1A can autophosphorylate a critical tyrosine residue (TYR 321) in the YXY motif of its own activation loop
(Alexeeva et al., 2015). Thenceforth, with few exceptions, DYRK1A loses its ability to
phosphorylate tyrosine residues. Interestingly, DYRK1A auto-phosphorylation is necessary for
its full activity. The phosphorylated tyrosine forms ionic bonds with two arginine residues
(Arg325 and Arg328), which stabilize its proper folding (Becker et al., 2010). Apart from the
reduced capability to phosphorylate substrates at tyrosine residues, mature DYRK1A shows
different sensitivities to small inhibitors. The difference in substrate affinities and inhibitor
sensitivities between the transitional intermediate (i.e. right after translation) and mature forms of
DYRK1A are attributed to differences in protein folding (Lochhead et al., 2005). Little is known
about the regulation of DYRK1A in human cells, but studies suggest that some proteins (e.g.
RanBPM) interact with DYR1A to regulate its activity (Becker et al., 2010). Adverse
consequences from the overexpression of DYRK1A in DS patients demonstrate the importance
of its proper regulation or inhibition.
DYRK1A is an important therapeutic target for treatment of Down syndrome; therefore,
identification of molecules capable of inhibiting DYRK1A has become significant. Various
inhibitors had been identified and isolated from natural sources. The compound harmine from the
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liana Banisteriopsis caapi has been shown to reduce levels of phosphorylated tau protein
(Duchon and Herault, 2016). The polyphenol pigallocatechin-3-gallate (EGCG) from green tea
leaves seemingly induces dendritic development in DS patients. Many compounds from different
natural sources (e.g. marine alkaloids) have been found to inhibit DYRK1A activity. However,
most of these natural inhibitors lack specificity for DYRK1A and produce side effects. There is
need for the synthesis of novel DYRK1A inhibitors that have high affinity and specificity.
Several synthetic inhibitors, such as pyrazolidinedione and benzothiazols compounds, have been
recently designed (Becker et al., 2010). However, improvement of the current synthetic
inhibitors is necessary before obtaining an effective drug for the treatment of DS. To address
these issues, a new class of indazole and benzimidazole compounds were developed by
Christopher Hulme and colleagues at the University of Arizona. These inhibitors, as well as most
existing DYRK1A inhibitors, act by competing with ATP for its binding site. Obtaining the
molecular structures of DYRK1A in complex with the new inhibitors would be beneficial for
understanding their mechanism of action and improving their efficacy. In the current project, we
co-crystallized DYRK1A with both AMP-PNP (an ATP analogue) and the inhibitor DYR219 as
a first step towards solving their molecular structures. For the crystals of DYRK1A in complex
with AMP-PNP, we performed X-ray diffraction experiments to determine its structure and
reveal key interactions between the ATP analogue and binding pocket. These interactions have
the potential to be exploited for the design of DYRK1A inhibitors that strongly compete for the
ATP binding site.
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Materials and methods

1.1 Expression

DYRK1A construct for residues 125-485 with a N-terminal 6× His-tagged fusion was cloned
into a pSpeedET vector by Kevin Scott at the University of Arizona. 1 µL of DYRK1A
plasmid was transformed into 50 µL of Escherichia coli BL21 (DE3) pRARE3 cells using
the heat shock method. Transformed cells were plated in LB (Luria–Bertani) plates with 50
µg/mL kanamycin and 34 µg/mL chloramphenicol, and incubated overnight at 37 ℃. One
colony from this culture was used to inoculate a 5 mL starting culture of LB medium with 50
µg/mL kanamycin and 34 µg/mL chloramphenicol. The starting culture was grown at 37 ℃
with shaking at 200 RPM for eight hours. 300 mL of LB medium with 50 µg/mL kanamycin
and 34 µg/mL chloramphenicol were inoculated with the 5 mL starting culture, incubated
overnight at 37 ℃ while shaking at 200 RPM. 6 liters of LB medium with 50 µg/mL
kanamycin were inoculated with the 300 mL culture and grown at 37 ℃ (200 RPM) until
OD600 of 0.5 was reached. Protein expression was induced with 1 mM IPTG (isopropyl β-Dthiogalactoside) at 16 ℃. Cells were harvested at 4500 RPM using a Beckman Coulter
Avanti-J-20 centrifuge and a JLA 8.1 rotor. The bacterial pellet (25 grams) was frozen in
liquid N2 and stored at -80 ℃.
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1.2 Antibiotic optimization for DYRK1A expression

Because we first had difficulties expressing protein with high yield, we optimized antibiotic
concentrations for best protein expression. LB plates with 50 µg/mL kanamycin and 34
µg/mL chloramphenicol, 50 µg/mL kanamycin and 25 µg/mL chloramphenicol, 50 µg/mL
kanamycin and 12.5 µg/mL chloramphenicol, and 50 µg/mL kanamycin were prepared. For
each LB plate, 1 µL of DYRK1A plasmid was transformed into 50 µL of Escherichia coli
BL21 (DE3) pRARE3 cells using the heat shock method and plated. The plates were
incubated overnight at 37 ℃. Six colonies were selected from the plates with the highest
selection pressure (i.e. highest chloramphenicol concentrations) and used to inoculate six 5
mL cultures of LB medium with 50 µg/mL kanamycin and 34 µg/mL chloramphenicol, 50
µg/mL kanamycin and 25 µg/mL chloramphenicol, 50 µg/mL kanamycin and 12.5 µg/mL
chloramphenicol, 50 µg/mL kanamycin, 25 µg/mL chloramphenicol, and 12.5 µg/mL
chloramphenicol, respectively. Cultures were grown at 37 ℃ and 200 RPM until they
reached an OD600 of 1.0. Protein expression was induced overnight with 1 mM IPTG at 16
℃. A western blot using anti-6× histidine tag antibody was used to determine antibiotic
concentration at which the best DYRK1A expression is observed.

1.3 Purification

The bacterial pellet from 6 L culture was re-suspended in lysis buffer (50 mM sodium
phosphate buffer pH 7.4 and 300 mM NaCl, 2 mM MgCl2, 1 mM PMSF, 1 µg/mL aprotinin,
1 µg/mL leupeptin, 1 µg/mL pepstatin, 0.25 mg/mL lysozyme, 100 µg/mL DNase I, and 1
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mM benzamidine). Cells were lysed in a pre-cooled French pressure cell at 1000 psi. The
insoluble cell debris was removed by centrifugation at 40,000 RPM using a Beckman L8-M
ultracentrifuge and a 45Ti rotor. Supernatant supplemented with 5 mM 2-mercaptoethanol
was loaded to a HisTrap column packed with Talon (Co2+ sepharose) resin, washed with
50/300 buffer (50 mM sodium phosphate buffer pH 7.4 and 300 mM NaCl) until absorbance
reached baseline, then washed with 10 mL of 10 mM imidazole pH 7.0 in 50/300 buffer, and
eluted with a concentration gradient ranging from 10 to 300 mM imidazole pH 7.0 in 50/300
buffer over a length of 100 mL. 5 mL fractions were collected for the elution step, and
fractions forming the protein peak were combined and concentrated to a final volume of 2
mL by centrifugation at 5,000 rpm in a Sorvall RC2-B with a KA21.5 rotor using a MWCO
30 kDa ultra centrifugal filter. The 4 ml retentate was diluted with 8 mL of 50 mM sodium
phosphate (pH 7.5) and 5 mM 2-mercaptoethanol buffer in a pre-chilled large glass test tube.
The protein His-tag was cut with TEV protease overnight in ice under Ar. The solution was
again concentrated to 2 mL and diluted five-fold with 50/300 buffer. The solution was passed
through a regenerated HisTrap column and the flow-through fractions were concentrated to a
volume of less than 1 mL and injected into a HiPrep 26/60 sephacryl S200 HR gel filtration
column equilibrated with 50 mM MOPS pH 6.8, 50 mM KCl and 5 mM 2-mercaptoethanol.
Fractions for a peak with retention volume of 177 ml were combined and concentrated to a
final volume less than 1 mL. 100 µL protein aliquots were flash frozen in liquid N2 and
stored at -80 ℃. A 12% SDS-PAGE gel was used to assess the purity and identity of the
collected fractions.
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1.4 Dynamic light scattering

The DYRK1A-AMPPNP complex was prepared by supplementing a DYRK1A aliquot with
1 mM AMP-PNP and 2.5 mM MgCl2 . The DYRK1A-DYR219 complex was prepared by
supplementing a DYRK1A aliquot with 1 mM DYR219, 2.5 mM MgCl2 and 1 mM TCEP.
Each complex was diluted two-fold with buffer consisting of 50 mM MOPS pH 6.8 and 50
mM KCl. Samples were centrifuged at 10,000 RPM and 4 ℃ for five minutes. The
supernatant of each sample was transferred to 100 µL disposable plastic cuvettes and placed
inside the DynaPro NanoStar instrument. After sample equilibration at 4 ℃, the dynamic
light scattering experiment was performed.

1.5 Co-crystallization of DYRK1A and AMP-PNP

DYRK1A was concentrated to 7 mg/ml in HEPES buffer using a MWCO 30kDa ultra
centrifugal filter. Concentration was calculated using the absorbance at 280 nm and an
extinction coefficient of 1.2 (mg/mL)-1 cm-1 . DYRK1A aliquots were mixed with 1 mM
AMP-PNP and 2.5 mM MgCl2 prior to every crystallization experiment. Successful
screening for crystallization conditions for DYRK1A was accomplished using a PHOENIX
crystallization robot and a commercially available PEGRx screen. Crystallization was
performed in 96 well Intelli-Plates using the sitting drop vapor diffusion technique at 4 ℃.
Tetragonal rod-like protein crystals were formed in the presence of 0.1 M imidazole pH 7.0
and 25% v/v polyethylene glycol monomethyl ether 550. These crystals were cryoprotected
with 100 mM trisodium citrate in 35% PEG 6000, and flash frozen in liquid nitrogen. Protein
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crystals were also formed with 18% v/v 2-propanol, 0.1 M sodium citrate tribasic pH 5.5, and
20% w/v polyethylene glycol 4,000.

1.6 Co-crystallization of DYRK1A and ligand DYR219

DYRK1A was concentrated to 22.9 mg/ml in 50 mM MOPS pH 6.8 with 50 mM KCl buffer
using a MWCO 30 kDa ultra centrifugal filter. Concentration was calculated using the
absorbance at 280 nm and an extinction coefficient of 1.2 (mg/mL)-1 cm-1 . DYRK1A aliquots
were mixed with 1 mM DYR219 dissolved in DMSO, 2.5 mM MgCl2 and 1 mM TCEP prior
to every crystallization experiment. Starting crystallization conditions for DYRK1A were
obtained with help of a PHOENIX crystallization robot and commercially available Index
HT screen. Crystallization was performed in 96 well Intelli-Plates using the sitting drop
vapor diffusion technique at room temperature. Protein crystals were formed with the
precipitants 0.056 M sodium phosphate monobasic monohydrate and 1.344 M potassium
phosphate dibasic adjusted to a pH of 8.2. Protein crystals were also formed with 0.2 M Lproline, 0.1 M HEPES pH 7.5, and 10% w/v polyethylene glycol 3,350. Refinement of
crystallization conditions was carried out in 24 well plates using the hanging drop method at
room temperature. For the first condition, sodium phosphate concentration was varied
between 0.056 M and 0.042 M, while sodium phosphate monobasic was varied between
1.344 M and 1.008 M. 1 µL of DYRK1A-DYR219 complex was added to 1 µL of precipitant
solution on a cover slip, placed over the well containing 1 ml of the precipitant solution and
equilibrated at room temperature.
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1.7 Data collection, structure solution, and refinement

X-ray diffraction data for DYRK1A in complex with AMP-PNP was remotely collected at
the SSRL on beam line BL9-2 with Pilatus 6M detector at 100 K and a wavelength l =
0.91162 Å. Data were integrated and scaled using MOSFLM (Battye et al., 2011) and
SCALA (Evans, 2016), respectively, in the space group P212121. Crystallographic data
collection and refinement statistics are summarized in Table 1. Protein structure was solved
by molecular replacement with PHASER (McCoy et al., 2007) using an available DYRK1A
structure (PDB ID code 4YLJ). Model refinement was carried out with the program
REFMAC5 (Murshudov et al., 1997) from the CCP4 project and manually rebuilt using
program COOT (Emsley et al., 2010).

Results

Expression and purification of DYRK1A

DYRK1A gene inserted into the pSpeedET vector (kind gift from the lab of Dr. Eli
Chapman) was expressed with a 6×His tag attached to the N-terminus followed by TEV
sequence. Antibiotics concentration optimization showed that best expression was achieved in
LB media containing 50 µg/mL kanamycin and 25 µg/mL chloramphenicol. A clarified bacterial
lysate was loaded on Talon column with Co2+ sepharose resin. Affinity of the His-tag to the resin
allowed separation of DYRK1A from the cell lysate. Washing with low imidazole was done to
eliminate non-specific binding to the column. A single protein peak was eluted from the cobalt
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column (Fig. 1A). The 6×His affinity tag was cleaved from DYRK1A with TEV protease. SDSPAGE gel shows bands for untagged DYRK1A, 6×His tag, TEV protease, and contaminating
proteins (Fig. 2). The mixture was injected into a second cobalt column in three steps and the
flow-through fractions were pooled together (Fig. 1B). Corresponding line from SDS-PAGE gel
shows the DYRK1A band with minor impurities of higher molecular weight (Fig. 2). Lastly,
mixture was run through a sephacryl gel filtration column were a single peak was eluted (Fig.
1C). SDS-PAGE gel shows the DYRK1A band and minor impurities only seen at large loading
volumes (Fig. 2). Purification gave a yield of 22.9 mg in the final volume of 1 mL. The protein
was distributed over ten 100 µL aliquots stored at -80 ℃.

Overall crystal structure of the DYRK1A-AMPPNP complex

A dynamic light scattering (DLS) experiment was performed for the DYRK1AAMPPNP complex to assess its polydispersity and potential for crystallization. The histogram of
hydrodynamic radius distribution shows 1 peak (Fig. 3) with Rf = 3.2 nm representing a
molecule with molecular weight of about 50 kDa and a normalized polydispersity of 14.1%,
which is a low value. The peak is due to DYRK1A which has a molecular weight of 42 kDa.
Low polydispersity of the peak indicates high crystallizability of the complex.
Crystals for the DYRK1A-AMPPNP complex with two different morphologies were
obtained from two sets of conditions. The first condition (18% v/v 2-propanol, 0.1 M sodium
citrate tribasic dihydrate pH 5.5, and 20% w/v polyethylene glycol 4,000) gave needle clusters
(Fig. 5A). The second condition (0.1 M imidazole pH 7.0 and 25% v/v polyethylene glycol
monomethyl ether 550) gave thick needle-like crystals (Fig. 5B). Several attempts to optimize
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crystallization conditions have not produced bigger crystals or improved the crystal morphology.
Crystals formed in 0.1 M imidazole pH 7.0 and 25% v/v polyethylene glycol monomethyl ether
550 diffracted to 2.70 Å resolution (Table 1). Structure solution was achieved by molecular
replacement using the structure of DYRK1A in complex with 10-Iodo-substituted 11Hindolo[3,2-c]quinoline-6-carboxylic acid (PDB code 4YLJ; Falke et al., 2015) as a starting
model. The final structure gave a crystallographic R-value of 0.21 and a R-free value of 0.28.
Crystallographic data collection and refinement statistics are summarized in Table 1. The unit
cell parameters and the Matthews coefficient of 2.33 suggested that the asymmetric part of the
unit of the crystal consisted of two protein molecules. Self-rotation function calculations
revealed that the two molecules of DYRK1A were related by a two-fold rotation axis almost
parallel to crystallographic vector a. Both molecules had similar conformation (r.m.s.d. for CA
atoms of 0.294 Å) and were well ordered except for the loop formed by residues 406-417.
Additionally, the N- and C-terminals had poor electron density and were not included in the
model. In the final model, chain A included residues 133-482 and chain B included residues 133481. In both molecules A and B Tyr321 is phosphorylated and forms hydrogen bonds with
Arg325 and Arg328 (Fig. 8).
Electron density around residues Cys286 and Cys312 suggests that there are two distinct
states with roughly 50% occupancy each (Fig. 11). In one state, sulfhydryl groups have a
distance of 2.1 Å between them and form a disulfide bond. In the alternate state, sulfhydryl
groups have a distance of 3.6 Å between them and are in their reduced form.
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Binding of AMP-PNP to the ATP pocket

The non-hydrolysable analogue of ATP, AMP-PNP, binds to the amino acids located in
the cleft between the two main domains (Fig. 8). AMP-PNP binds to the binding site in an anticonformation by forming four hydrogen bonds with residues of the pocket (Fig. 9). The N1 atom
of the adenine ring forms a hydrogen bond with the backbone nitrogen (NH) of residue Leu241.
The 6-amino group of the adenine ring forms a hydrogen bond with the backbone carbonyl group
of Glu239. The g-phosphate of AMP-PNP accepts hydrogen bonds from the hydroxyl group and
backbone nitrogen (NH) of residue Ser169. The b and g phosphates of AMP-PNP also have polar
interactions with the backbone nitrogen (NH) of Phe170 and the amino group of Lys188 (Fig.
12).
Additionally, a Mg #$ cation coordinates both the b and g phosphates of AMP-PNP and residues
Asn292 and Asp307 (Fig. 9). Lastly, the adenine ring is buried in a hydrophobic pocket formed
by the residues Ile165, Val173, Ala186, Val222, Phe238, Met240, Leu294, and Val306 (Fig. 10).

Crystallization of the DYRK1A-DYR219 complex

A dynamic light scattering (DLS) experiment was performed in the DYRK1A-DYR219
complex to assess its polydispersity and potential for crystallization. The histogram of
hydrodynamic radius distribution shows 2 distinct peaks (Fig. 4). Peak 1 represents a molecular
weight of about 78 kDa and a normalized polydispersity of 29.5. Peak 2 represents a molecular
weight of about 4526 kDa and a normalized polydispersity of 39.7. Peak 1 is likely caused by
DYRK1A dimers and monomers. Peak 2 may be caused by protein aggregates. Polydispersity
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from the first peak indicates a molecule with high heterogeneity which may hinder
crystallization.
Crystals for the DYRK1A-DYR219 complex with two different morphologies were
obtained from two sets of conditions. The first condition (0.056 M sodium phosphate monobasic
monohydrate and 1.344 M potassium phosphate dibasic adjusted to a pH of 8.2) gave needle
clusters (Fig. 6A). The second condition (0.2 M L-proline, 0.1 M HEPES pH 7.5, and 10% w/v
polyethylene glycol 3,350) gave microcrystals (Fig. 6B). Small improvement in the crystal form
from the first condition was achieved. Mixing of precipitants and water in a 17:3 ratio gave
single but small crystals (Fig. 7).

Discussion

Crystal structure of the DYRK1A-AMPPNP complex

Crystal structure of the DYRK1A-AMPPNP complex was solved at 2.70 Å resolution.
The final model has an R-value of 0.21 and R-free value of 0.28 which indicate a good
agreement between the model and the experimental diffraction data. The structure has good
geometry with r.m.s deviations of 0.031 Å and 1.864° for bond lengths and angles, respectively.
Structure statistics are summarized in Table 1. The structure shows general characteristics of
DYRK1A previously described. Tyr321 is phosphorylated and forms hydrogen bonds with the
guanidinium groups of both Arg325 and Arg328 (Fig. 8). These bonds lock DYRK1A into its
active conformation. This event is unique in DYRK proteins and occurs right after translation
while DYRK1A is still attached to the ribosome (Lochhead et al., 2005).
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Furthermore, Cys286 and Cys312, which are in the catalytic and activation loops,
respectively, appear in two different states (Fig. 11). They can either form a disulfide bond or
appear in reduced form. However, in most DYRK1A structures (e.g. PDB entries 3ANR, 4AZE,
4YLJ, and 2VX3), Cys286 and Cys312 do not form a bond. Nevertheless, the overall structure of
DYRK1A does not seem to be affected by the presence of the disulfide bond; however, there are
differences in the activation loop folding. The r.m.s.d. difference for CA atoms and core residues
150-350 between chain A of the DYRK1A-Harmine complex (PDB code 3ANR; Ogawa et al.,
2010) and chain B of DYRK1A-AMPPNP complex is 1.161 Å. The alignment shows that the
activation loops differ primarily in its middle region, where backbone atoms don’t overlap and
sidechains of residues point in opposite directions (Fig. 11A). Similarly, the r.m.s.d. difference
for CA atoms and core residues 150-350 between chain A of the DYRK1A-PKC412 complex
(PDB code 4NCT; Alexeeva et al., 2015) and chain B of DYRK1A-AMPPNP complex is 0.987
Å. In this case, the DYRK1A-PKC412 complex do contain a disulfide bond between residues
Cys286 and Cys312 and still shows similar differences in its activation loop from the AMP-PNP
structure (Fig. 11B). In fact, the activation loops of the DYRK1A-PKC412 and DYRK1AHarmine complexes are more similar than either of them with the AMP-PNP structure. This
indicates that the activation loop can adopt multiple conformations independent of status of
Cys286 and Cys312. More likely, crystal packaging causes the differences in loop conformation,
and formation of the disulfide bond is just consequences of the different conformation of the
fragment (Alexeeva et al. 2015).
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Binding of AMP-PNP to the ATP pocket

The ATP pocket is highly conserved in kinases from the CMGC group. Structure of
kinases from the CMGC group in complex with AMP-PNP were aligned with our DYRK1A
structure (Fig. 13). Alignment of CA atoms of DYRK1A with ERK2 (PDB code 4GT3;
Pozharski et al., To be published) and GSK (PDB code 1J1B; Aoki et al., 2004) had r.m.s.d.
values of 1.862 and 1.087 Å, respectively. In our structure, we observed that AMP-PNP is
coordinated with Asn292 and Asp307 via a Mg #$ cation. Similar arrangement is observed in the
kinase ERK2. Furthermore, both residues, asparagine and aspartate, are also found in the ERK2
and GSK structures. Conservation of these two residues suggests that they are important for the
binding of both ATP and the Mg #$ ion. Additionally, we observed that in DYRK1A, the adenine
ring of AMP-PNP is buried in a hydrophobic pocket. This pocket is conserved among kinases
from the CMGC group. Several residues forming the pocket, including Ile165, Val172, Ala186
and Leu294, also appear in both ERK2 and GSK. Additionally, only conserved substitutions are
observed in Val222 (isoleucine in the ERK2 structure) and Val306 (cysteine in both ERK2 and
GSK structures). The only non-conservative substitution that was observed from the alignment
occurs at Phe238. This residue appears as glutamine in the ERK2 structure. This new glutamine
has the potential to form a hydrogen bond with 6-amino group of the adenine ring, which may
explain its presence in ERK2, but it does not form the bond in the studied ERK2 structure. The
main differences in the biding of AMP-PNP are observed in the residues involved in the
hydrogen bonding network. First, Ser169 appears as alanine in the ERK2 structure. In DYRK1A,
Ser169 uses its hydroxyl group and backbone nitrogen to form two hydrogen bonds with the gphosphate of AMP-PNP. In ERK2, alanine is only able to form a single hydrogen bond as it does
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not have a hydrogen bond donor group in its sidechain. Similarly, Glu239 appears as aspartic
acid in both ERK2 and GSK. This conservative substitution does not affect the binding of AMPPNP as the hydrogen bonds are formed between the backbone carbonyl groups and 6-amino
groups of the adenine ring. Lastly, Leu241, which uses its backbone nitrogen to form hydrogen
bond with the adenine ring, appears as methionine and valine in the ERK2 and GSK structures,
respectively. The alignment shows that the hydrophobic pocket has the most conserved residues
among kinases from the CMGC group. This suggests that the hydrophobic pocket provides
specificity for the adenine ring that is fundamental in the binding of ATP.
The ATP pocket of DYRK1A in complexes with various inhibitors has been previously
characterized. Overall, the ATP pocket remains relatively unchanged regardless of the ligand
bound to it. However, structure alignment of DYRK1A with the ligands AMP-PNP, DJM2005
(PDB code 2VX3; Soundararajan et al., 2013), and leucettine L41(PDB code 4AZE; Tahtouh et
al. 2012) (Fig. 12) shows that the residue Phe170 can adopt two different conformations.
Structures of DYRK1A with leucettine L41, PKC412 (PDB code 4NCT; Alexeeva et al., 2015),
and harmine (PDB code 3ANR; Ogawa et al. 2010) all show the sidechain of Phe170 pointing
towards the ligand and inside of the ATP pocket. However, structures of DYRK1A with AMPPNP and DJM2005 have Phe170 pointing away from the ATP pocket. The different
conformation of Phe170 does not have any effect in the overall structure of DYRK1A, but
affects the size of the ATP pocket. Since ATP and DJM2005 only bind superficially in the
binding pocket, steric effects must force Phe170 to point away from the binding pocket, thus
increasing the size of it. However, strong inhibitors like PKC412 or harmine usually bind deeper
in the ATP pocket because of additional interactions with residues inside it, and an alternate
conformation of Phe170 is not required or observed (Alexeeva et al. 2015). Additionally, two
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alternate conformations of Glu239 in the AMP-PNP structure are not observed in other structures
(Fig. 12). In one conformation (also seen in the other structures), Glu239 forms a hydrogen bond
with Lys304. Such interaction is not observed in the alternate conformation.

Crystallization of the DYRK1A-DYR219 complex

A new class of indazole and benzimidazole inhibitors of DYRK1A is being designed in the
College of Pharmacy at the University of Arizona. Crystal structures of DYRK1A with these
inhibitors will be helpful for the design of stronger inhibitors with greater specificity. Successful
co-crystallization of DYRK1A with DYR219 (Fig. 6 and 7) is a first step for obtaining these
crystal structures.
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Figure Legends

Figure 1. Chromatograms for the different columns in the purification of DYRK1A. A. first
Co2+ column. B. second Co2+ column. C. gel filtration column.

Figure 2. 12% SDS-Page analysis of the purification of DYR1A. Lines, from left to right,
correspond to protein ladder, cell lysate, protein peak from first Co2+ column, pure TEV protease
(for comparison), protein peak from second Co2+ column, and final DYRK1A sample (loading
volumes of 1, 5, and 10 µL, respectively).

Figure 3. Histogram of hydrodynamic radius distribution and intensity autocorrelation function
from dynamic light scattering experiment on the DYRK1A-AMPPNP complex.
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Figure 4. Histogram of hydrodynamic radius distribution and intensity autocorrelation function
from dynamic light scattering experiment on the DYRK1A-DYR219 complex.

Figure 5. A. Crystals of the DYRKA-AMPPNP complex that formed in 18% v/v 2-propanol, 0.1
M sodium citrate tribasic dihydrate pH 5.5, and 20% w/v polyethylene glycol 4,000. B. Crystals
of the DYRKA-AMPPNP complex that formed in 0.1 M imidazole pH 7.0 and 25% v/v
polyethylene glycol monomethyl ether 550. Crystals formed by sitting drop vapor diffusion
technique at room temperature.

Figure 6. A. Crystals of the DYRKA-DYR219 complex that formed in 0.056 M sodium
phosphate monobasic monohydrate and 1.344 M potassium phosphate dibasic adjusted to a pH
of 8.2. B. Crystals of the DYRKA-DYR219 complex that formed in 0.2 M L-proline, 0.1 M
HEPES pH 7.5, and 10% w/v polyethylene glycol 3,350. Crystals formed by sitting drop vapor
diffusion technique at room temperature.

Figure 7. Crystals of the DYRKA-DYR219 complex that formed in 0.048 M sodium phosphate
monobasic monohydrate and 1.142 M potassium phosphate dibasic adjusted to a pH of 8.2.
Crystals formed by hanging drop vapor diffusion technique at room temperature.

Figure 8. Cartoon representation for overall crystal structure of the DYRK1A-AMPPNP
complex (chain A). N- and C- terminal domains are in cyan. AMP-PNP and residues Cys312,
Cys286, Tyr321, Arg328, and Arg325 are also showed with sticks. The figure was produced
using the program PyMOL.
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Figure 9. Residues participating in the binding of AMP-PNP in the ATP pocket of DYRK1A.
DYRK1A is drawn as a cartoon with wheat color. b-strands are colored in red. Amino-acids
residues and AMP-PNP are shown as sticks. The Mg #$ ion is represented as a yellow sphere.
Hydrogen bonds are represented by red dotted lines. The figure was produced using the program
PyMOL.

Figure 10. Residues from the DYRK1A hydrophobic pocket participating in the binding of the
adenine ring of AMP-PNP. Amino-acid residues and AMP-PNP are shown with sticks. The
figure was produced using the program PyMOL.

Figure 11. Alignment of DYR1A structures in complex with different ligands. A. AMP-PNP
(green) and harmine (pink) structures. B. AMP-PNP (green) and PKC412 (light gray) structures.
Activation loops from structures are shown in a cartoon representation, while residues Cys286
and Cys312 are shown with sticks. The figures were produced using the program PyMOL.

Figure 12. Alignment of DYR1A structures in complex with different ligands. Figures show the
ATP binding site with few residues removed for clarity. The AMP-PNP (green), DJM2005
(pink), and leucettine L41 (yellow) structures are represented with sticks. The figure was
produced using the program PyMOL.

Figure 13. Alignment of kinases structures in complex with AMP-PNP. Figures show the ATP
binding site with few residues removed for clarity. The AMP-PNP (green), ERK2 (orange), and
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GSK (white) structures are represented with sticks. The Mg #$ ions are represented as yellow
spheres. The figure was produced using the program PyMOL.
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Tables
Table 1. Crystallographic data collection and refinement statistics for the structure of the
DYRK1A-AMPPNP complex.
Date measurement
PDB entry
Wavelength (Å)

0.91162

Space group

P212121

Unit cell parameters

𝑎 = 63.8 Å, 𝑏 = 88.73 Å, 𝑐 = 140.48 Å,
𝛼 = 𝛽 = 𝛾 = 90°

Protein molecules in asymmetric unit

2

Resolution (Å)

29.4 – 2.70 (2.77 – 2.70)

Total reflections

181143 (25339)

Unique reflections

22560 (2940)

Completeness (%)

99.6

Mean 𝐼/𝜎@

9.8 (2.1)

Redundancy

8.0 (8.6)

𝑅BCDEC (%)

32.4 (159)

Refinement
No. of reflections used

22497 (1555)

𝑅FGHI (%)

20.8 (33.1)

𝑅JHKK (%)

28.3 (35.1)

No. of solvent molecules

45

RMS deviations
Bond lengths (Å)

0.031

Bond Angles (°)

1.864

Ramachandran plot
Most favored (%)

92.3

Allowed (%)

5.8

Values in parenthesis are for the highest resolution shell.
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Table 2. Models for kinases from the CMGC group in complex with various inhibitors.
Kinase

Ligand

PDB entry

Reference

DYRK1A

DJM2005

2VX3

Soundararajan et al., 2013

DYRK1A

Harmine

3ANR

Ogawa et al., 2010

DYRK1A

Leucettine L41

4AZE

Alexeeva et al., 2015

DYRK1A

10-Iodo-substituted

4YLJ

Falke et al., 2015

11H-indolo[3,2c]quinoline-6carboxylic acid
inhibitor 5j
DYRK1A

PKC412

4NCT

Alexeeva et al., 2015

GSK

ATP

1J1B

Aoki et al., 2004

ERK2

ATP

4GT3

Pozharski et al., To be
published

PRPF4B

ATP

4IIR
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Gao et al., 2013
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