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Abstract

HASPIN is a Ser/Thr kinase that plays a critical role in regulating mitosis
by phosphorylating the Thr3 of histone H3 at the beginning of mitosis. The
phosphorylated histone H3 provides a docking site for the Chromosomal Passenger
Complex (CPC) and guide CPC to the centromeric region of the chromosome, so the
CPC can work as the master regulator of the cell cycle. As HASPIN is deeply
involved in cell cycle regulation, HASPIN has been considered a potential target for
anti-cancer therapeutics. However, the atypical kinase structure of HASPIN made it
difficult to develop a novel HASPIN inhibitor as the Asp-Phe-Gly (DFG) domain
which is critical to the kinase inhibitors is replaced into the Asp-Tyr-Thr (DYT)
domain.

In this research, the structure of the HASPIN kinase domain in complex
with novel nucleoside analogue inhibitors LJ4827 and LJ4760 are identified in the
resolution of 2.70 A and 2.18 A respectively using X-ray diffraction. LJ4827 and
LJ4760 were both bound at the ATP binding region of the HASPIN kinase domain.
The interaction between the inhibitor and the HASPIN hinge region was similar in
both inhibitors. However, the interaction between the HASPIN backbone and the
moiety of the inhibitor which replaces the hydroxyl group at the 5’ of ribose differed
very much. The amino group of LJ4760 interacted with the carbonyl backbone of
Gly492 which tilted the phenyl ring of Phe495 outward and the tilting of the phenyl

ring is suspected to affect the binding of the substrate.
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Introduction

As uncontrolled cell proliferation is the driving force of tumorigenesis and
the hallmark of cancer [1], the machineries involved in progressing the cell cycle
have been considered a classical target for anti-cancer therapeutics [2, 3]. However,
the anti-cancer therapeutics targeting the cell cycle leads to inevitable side effects in
highly proliferating tissues such as hair follicles and bone marrow [4, 5].

HASPIN(Haploid germ cell-specific nuclear protein kinase) is a Ser/Thr
kinase encoded by the gene GSG2 and its only known substrate so far is the Thr3 of
histone H3[6]. The phosphorylated Thr3 of histone H3 (H3T3ph) provides a docking
site to the Chromosomal Passenger Complex (CPC)[7], and leads CPC to localize at
the centromeric region of the chromosome [8]. Moreover, a positive loop is created
by the Aurora B kinase, which is the component of CPC, and participates in further
activation of HASPIN [9]. CPC is known as the master regulator of cell division,
which regulates the chromosomal structure, kinetochore-microtubule attachment,
and spindle assembly at the beginning of mitosis[10]. HASPIN depletion caused
mitotic spindle anomalies and a decrease in growth rate, however, it did not abort the
cell divisions completely[11]. Inhibition of HASPIN ceased the tumor growth [12],
however, HASPIN knock-out mice developed normally without any remarkable
change in phenotype or weight except for germ cell disorder[13].

The typical eukaryotic protein kinase (ePK) is composed of two lobes, and
the ATP binding domain is located at the deep cleft between the two lobes. The
substrate bind at the activation loop, which begins with a highly conserved Asp-Phe-
Gly(DFG) motif and ends with Ala-Pro-Glu(APE) motif. The DFG motif is crucial
to the function of kinase as it coordinates the Mg?* and ATP. Therefore, the position
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of DFG decides the active (DFG-in) and inactive (DFG-out) conformation of an ePK.
The protein kinase inhibitors are classified into 4 types, type I and II bind at the ATP
binding domain and type III and IV bind at the allosteric region. Most of the protein
kinase inhibitors are classified as type I and II. Type I inhibitors bind at the active
(DFG-in) position and type II inhibitors bind at the inactive (DFG-out) position of a
kinase [14]. HASPIN is classified as an atypical ePK, indicating that the structure of
HASPIN kinase domain differs from the typical structure of ePK. Especially the Asp-
Phe-Gly(DFG) motif is replaced with the Asp-Tyr-Thr(DYT) motif and the APE
motif is missing [15]. As the DFG motif is critical to the binding of kinase inhibitors,
the distinct features of HASPIN kinase domain made it difficult to develop a novel
HASPIN inhibitor.

Novel nucleoside inhibitors LJ4827 and LJ4760 have been identified by
computational analysis. In this research, the structure of HASPIN kinase domain in
complex with nucleoside analogue inhibitor LJ4827 and LJ4760 are identified in the
resolution of 2.18 A and 2.70 A respectively by X-ray diffraction. A docking study
was conducted to compare the binding mode and the binding affinity of LJ4827 to

LJ4760, 5-iodotubercidin, and CHR6494.



Materials and Methods

1. Cloning and Expression

The Human HASPIN clone was provided from Korea Human Gene Bank,
Medical Genomics Research center, KRIBB, Korea. The kinase domain of human
HASPIN (452-798) was amplified using PCR and cloned into the pET-21a(+) vector
(Novagen, Madison, WI, USA). The recombinant plasmid was transformed into
Rosetta2(DE3)pLysS (Novagen, Madison, WI, USA) Escherichia coli strain. The
transformed cells were grown in Luria Broth media containing ampicillin at 37°C
until ODgg reached 0.8 and induced with 0.5 mM isopropyl pB-D-1-
thiogalactopyranoside (IPTG). Inducted cells were grown at 20°C for 18 hours. The

cloning of HASPIN was conducted by Sang Won Cheon.

2. Purification

The cells were harvested by centrifugation at 6000g for 10 minutes. The
cell pellets were resuspended in buffer A (500 mM NaCl, 35 mM imidazole, and
20 mM Tris-HCI at pH 7.5) with ImM phenylmethanesulfonylfluoride (PMSF) and
lysed by sonication. The lysates were centrifuged at 35,000g for 1 hour and the
supernatants were filtered with a 0.45 um filter to remove cell debris. The filtered
supernatants were loaded onto a 5 mL HiTrap chelating HP column (GE Healthcare,
Chicago, IL, USA) which was pre-charged with Ni?* and equilibrated with buffer A.
The loaded HASPIN protein was eluted by increasing the gradient of buffer B
(500 mM NacCl, 1 M imidazole, and 20 mM Tris-HCI at pH 7.5). The eluted protein
was loaded onto HiLoad 16/600 Superdex 75pg column (GE Healthcare, Chicago,

IL, USA) which was equilibrated with buffer C (250 mM NaCI,Jllm
3 -"x_! "'l"'ll
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Dithiothreitol, 10% Glycerol, and 20 mM Tris at pH 7.5). The purified protein was
finally concentrated to 5 mg/mL by using Amicon Ultra-10K centrifugal filter device

(Millipore, Billerica, Ma, USA).

3. Crystallization

The concentrated protein was preincubated with the inhibitors LJ4827 and
LJ4760 in a molar ratio of 1:3 at 4°C for 30 minutes. The crystals were grown by the
sitting-drop vapor diffusion method for screening and optimization respectively at
22°C. For both LJ4827 and LJ4760, the initial crystals were obtained at the
commercial crystallization screening solution containing 0.2 M Ammonium sulfate,
0.1 M Sodium acetate trihydrate at pH 4.6, and 25% (w/v) Polyethylene glycol 4000.
Initial crystals were further optimized to obtain the diffraction quality crystals. For
LJ4827, the diffraction quality crystals were obtained in the solution containing
23.75% (w/v) PEG 4000, 0.2 M ammonium sulfate, and 0.1 M sodium acetate at pH
4.6. For LJ4760, the diffraction quality crystals were obtained in the solution
containing 23.75% (w/v) PEG 4000, 0.325 M ammonium sulfate, and 0.1 M sodium

acetate at pH 4.6.

4. X-ray data collection

The crystals were cryoprotected in the crystallization solution
supplemented with 30% glycerol and flash-frozen in liquid nitrogen. The X-ray
diffraction data were obtained at Eiger 9M detector (Dectris Ltd., Baden, Switzerland)
at beamline 5C of Pohang Light Source, Korea. For the crystal in complex with
LJ4827, the crystal was rotated through a total of 250° with a 1.0° oscillation range

per frame. For the crystal in complex with LJ4760, the crystal was rotated through a
¥ oy 1
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total of 250° with a 1.0° oscillation range per frame.

5. Structure determination and refinement

The data collected by the synchrotron were processed and scaled using the
HKL2000 program suite[16]. The structures were determined by the molecular
replacement with the Phaser-MR in PHENIX[17] using the crystal structure of the
HASPIN kinase domain (PDB ID: 2WB8) as a phasing model. The model was
completed using iterative cycles of model building with Coot[18] and refinement

with phenix.refine in PHENIX[17].

6. Docking studies

Autodock Vina[19] was used for the docking studies. HASPIN structure in
complex with LJ4827 were used as control and the grid box sized with 10x10x10
points was centered at the LJ4827 binding site with 1.0 A spacing. LJ4760, 5-
iodotubercidin, CHR6494 were used as ligands for docking and the structure of the

ligand was obtained by PRODRG[20].



Result

1. Cloning

The kinase domain (residues 452-798) of HASPIN was amplified using the
PCR and was verified by the agarose gel electrophoresis (Figure 1). After the
transformation of the recombinant plasmid, it was once again verified by the agarose
gel electrophoresis (Figure 2). Gene sequencing was done to finally confirm that the

HASPIN kinase domain was properly inserted in the expression vector.

Six competent cells were tested for expression and solubility test. Rosetta2
(DE3) and Rosetta 2(DE3)pLysS Escherichia coli strain expressed the most soluble

protein at 20°C (Figure 3).
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Figure 1. Result of agarose gel electrophoresis after PCR.

Lane 1: HASPIN 452-798 no stop codon (1)
Lane 2: HASPIN 452-798 no stop codon (2)
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Figure 2. Result of agarose gel electrophoresis after colony PCR.

Lane 1: HASPIN 452-798 pET-21a vector (1)
Lane 2: HASPIN 452-798 pET-21a vector (2)
Lane 3: HASPIN 452-798 pET-21a vector (3)
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Figure 3. SDS-PAGE analysis after expression test. Rosetta-gami2(DE3),
Rosetta2(DE3)pLysS, BL21-CodonPlus(DE3)-RIPL, BLR(DE3), SoluBL21,
C41(DE3) Escherichia coli cell strains were tested for expression and solubility.
- : Before IPTG induction
+ : After IPTG induction
S : Supernatant
P : Precipitant
. A8 =l
9 =y A-] = E” 1

-]



2. Purification

The harvested wet cell weight was 14.7g for the 3L culture. The first step
utilized the C-terminal hexa-histidine tag by using the Ni?*-chelated HiTrap
Chelating HP column (Figure 4). The SDS-PAGE analysis was conducted for the
elution fractions from HiTrap Chelating HP column (Figure 5). The eluted proteins
were applied to HiLoad 16/600 Superdex 75 pg column (Figure 6). The SDS-PAGE
analysis was conducted for the elution fractions from HiLoad 16/600 Superdex 75

pg column (Figure 7).
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Figure 4. Elution profile from HiTrap Chelating HP column.
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Figure 5. SDS-PAGE analysis for the elution fractions from HiTrap Chelating

HP column.
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Figure 7. SDS-PAGE analysis for the elution fractions from HiLoad 16/600
Superdex 75 pg column.
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3. Crystallization and X-ray data collection

The crystals of HASPIN in complex with inhibitors LJ4827 and LJ4760
were obtained by sitting drop vapor diffusion method at 22°C (Figure 8, 9, 10, 11).
For LJ4827, the X-ray diffraction data were collected with the optimized crystal and
scaled at the resolution of 2.70 A (Figure 12). For LJ4760, the X-ray diffraction data
were collected with the optimized crystal and scaled at the resolution of 2.18 A
(Figure 13). The statistics for the data collection and refinement are summarized in

Table 1.

13



Figure 8. Initial hit crystals of HASPIN in complex with LJ4827.

Figure 9. Optimized crystals of HASPIN in complex with LJ4827.
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Figure 10. Initial hit crystals of HASPIN in complex with LJ4760.

Figure 11. Optimized crystals of HASPIN in complex with LJ4760.

15 it ,1:]



Figure 12. X-ray diffraction data of HASPIN in complex with LJ4827.
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Figure 13. X-ray diffraction data of HASPIN in complex with LJ4760.
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| HASPIN + LJ4827

HASPIN + LJ4760

Data collection and phasing

X-ray source PLS-5C PLS-5C
X-ray wavelength (A) 0.97942 0.97942
Space group P2:12:12 P2:12:12
Unit cell parameters

a,b,c(A) 76.854 79.068 82.432 | 76.263 78.834 82.800

a, B,y () 90.00 90.00 90.00 90.00 90.00 90.00
Resolution range (A) 50.00-2.70(2.80- 50.00-2.18(2.22-

2.70)* 2.18)*
Total/Unique reflection 915556/14296 739456/26745
Redundancy 6.6(6.2)* 8.0(8.2)*
Mean I/o(l) 18.08(3.27)* 18.15(4.57)*
Completeness (%) 99.09 98.91
Rierge (%) 9.7(59.6)* 10.0(47.8)*
CCup 0.988(0.840)* 1.00(0.918)*
Refinement

Ruwork/Rfree 0.1941/0.2290 0.1784/0.2090

No. of non-hydrogen atoms

Protein 2793 2793
Water 36 122
Mean B value (A?) 42.0 33.0
Protein 40.68 32.99
Water 36.46 38.80
Ramachandran plot analysis
Favored (%) 95.31 98.55
Allowed (%) 4.1 1.45
Disallowed (%) 0.59 0.00
R. m. s. deviations from ideal
geometry
Bond length (A) 0.007 0.008
Bond angles (°) 1.03 0.88

*Values in parentheses refer to the last resolution shell

Table 1. Data collection and refinement statistics.
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4. The structure of HASPIN kinase domain

The nucleoside analogue inhibitors LJ4827 and LJ4760 were bound at the
ATP binding domain of HASPIN kinase domain (Figure 15, 16). The interaction
between the inhibitor and HASPIN kinase domain hinge region was similar to that
of AMP and 5-iodotubercidin[15]. The N1 and N6 of adenine interacted with Glu606
and Gly608 of the HASPIN hinge region. The 2’ and 3’ hydroxyl groups of ribose
interacted with Asp611 and Gly653 of HASPIN (Figure 17).

The difference in interaction with the HASPIN kinase domain was made by
the moiety of the ligand which replaces the 5’ hydroxyl group of ribose. In the
structure of the HASPIN kinase domain in complex with AMP, the phosphate group
at the 5’ of ribose interacted with Lys511. Furthermore, the Lys511 and Asp687
formed a salt-bridge. For 5-iodotubercidin, the hydroxyl group at the 5’ of ribose
formed a hydrogen bond with the water which formed a hydrogen bond with Asp687
of HASPIN[15]. In the structure of HASPIN in complex with LJ4827, the azide
group did not form any interaction with the HASPIN backbone. However, in the
structure of HASPIN in complex with LJ4760, the amino group interacted with the
backbone carbonyl group of Glu492. This interaction flipped the phenyl ring of
Phe495 outward, which is different from the structure of HASPIN in complex with
LJ4827, AMP, and 5-iodotubercidin (Figure 18).

The surface electrostatics visualization generated by APBS(Adaptive
Poisson-Boltzmann Solver) showed that by tilting the phenyl ring outward, LJ4760

made an electrostatic hole near the ATP binding domain of HASPIN (Figure 19, 20).
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Figure 15. The overall structure of HASPIN kinase domain in complex with
LJ4827.

21 ..f‘_/i-]—_?;l:” '__l‘



Figure 16. The overall structure of HASPIN kinase domain in complex with
LJ4760.
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Figure 17. Interaction between the ligand and HASPIN kinase domain hinge
region. (A) LJ4827 (B) LJ4760 (C) AMP (PDB ID: 3DLZ) (D) 5-iodotubercidin
(PDB ID: 2VUW)
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Figure 18. Interaction between the inhibitor moiety which replaces the
hydroxyl group on the 5’ of ribose and HASPIN kinase domain. (A) LJ4827 (B)
LJ4760 (C) AMP (PDB ID: 3DLZ) (D) 5-iodotubercidin (PDB ID: 2VUW)
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Figure 19. Surface electrostatics visualization by APBS of HASPIN kinase
domain in complex with LJ4827.
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Figure 20. Surface electrostatics visualization by APBS of HASPIN kinase
domain in complex with LJ4760.
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5. The docking studies

The docking studies were carried out to compare the binding mode and the binding
affinity of LJ4827 to other HASPIN inhibitors. The structure of HASPIN in complex
with LJ4827 was used as the control and LJ4760, 5-iodotubercidin, and CHR6494
were compared with LJ4827 (Figure 21). The interaction of LJ4827, LJ4760, and 5-
iodotubercidin with the HASPIN kinase domain was the same as the identified
structure. For CHR6494, the imidazopyridine moiety interacted with Gly608, and
the indazole moiety interacted with Lys511 and Asp687 of HASPIN. Of the 4 ligands

tested for docking, LJ4827 showed the highest binding affinity (Table 2).

27



Figure 21. Structures obtained by molecular docking studies. (A) LJ4827(control)
(B) LJ4760 (C) 5-iodotubercidin (D) CHR6494.
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Inhibitor LJ4827 LJ4760 5-iodotubercidin CHR6494
(control)
Affinity -10.3 -8.5 -7.9 -9.9
(kcal/mol)
RMSD 0.522 0.681 0.560 X

Table 2. Binding affinity and RMSD value obtained from the docking studies.
The RMSD value refers to the Root mean square deviation (RMSD) value between
the identified and molecular docked structures. The Molecular docked structure of
LJ4827 was compared with the structure of LJ4827 in complex with HASPIN
identified in this research. The Molecular docked structure of LJ4760 was compared
with the structure of LJ4760 in complex with HASPIN identified in this research.
The molecular docked structure of 5-iodotubercidin was compared with the structure
of PDB ID 2VUW. The molecular docked structure of CHR6494 was not able to be

compared because the structure of CHR6494 in complex with HASPIN was not

identified experimentally.
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Discussion

This research identifies the structure of HASPIN in complex with the
nucleoside analogue inhibitor LJ4827 and LJ4760. The two nucleoside analogue
inhibitors differ only in the moiety that replaces the hydroxyl group on the 5’ of
ribose, and it has made a huge difference in interaction with the HASPIN backbone.
As shown in figure 19 and 20, the surface electrostatics of HASPIN in complex with
LJ4760 showed a positively charged hole adjacent to the ATP binding domain, which
did not show in HASPIN in complex with LJ4827, AMP and 5-iodotubercidin. As
this hole is located near the activation loop, where the substrate binds, it can be
speculated that the tilting of the phenyl might affect the binding of the substrate.
Further study of co-crystallizing HASPIN in complex with LJ4760 with Histone H3
peptide must be carried on to prove this hypothesis.

Molecular docking studies were carried on to compare the binding mode
and the binding affinity of the HASPIN inhibitors, and LJ4827 showed the highest
affinity among the inhibitors compared. In order to back up this result, further studies
can be carried on using Isothermal Titration Calometry (ITC) or Surface Plasmon
Resonance (SPR).

This research has shown that in nucleoside analogue inhibitors, the moiety
which replaces the hydroxyl group at the 5’ of ribose might influence the binding of
the substrate. As substrate binding is crucial to a kinase's activity, this result can be

used for further development of nucleoside analogue kinase inhibitors.
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Ser/Thr ¢14F3}ld A HASPINFG FE8 A0l E
FAF AsA] BEA Y +xF 4

933
oketrhst ofet AF

HASPIN Ser/Thr 14t} @42 AXEEA 27| 3AE
H3°] Thr3& <lAks} ste] AXFEGe e o3 de sir) <l
Ak3l ¥l 3| A~E H3+¥ Chromosomal Passenger Complex (CPC)el &4
el & Alwsta, CPCE AL F4A F9= olF5AA CPC7L Al
EEA] viAy AR AR ¢ AF vt HASPINS Alx7d
of A A#E U= W FAA Y] Fask BoR ofAA gttt o
AlE HASPINS Q1A4Fs) g4 AdfAlolA Fo3k <9l Asp—Phe—
Gly (DFG)©¢] Asp—Tyr—Thr(DYT) o2 ul¥l n]dE Aikstasr %
E 7H3 Qo ol d 724 zko]l= ls HASPINS| A A 7Hdel
= ofgsol AT

o|¥ =itellAl= HASPIN 4bst a4 F-99f M= 7Ed2

Aol = FAE A ARl LI48273  LIAT60°] FEZEUA TERE Xeray
33 A



diffractions ©o]-&3sko] Ztzb 270 Ay} 218 A9l A== SISt
LJ4827} LJA760> E-F HASPIN UAFSE &4 7919 ATP A3 9]¢

ARt HASPIN 3 Feeke] 2282 F AsjAel 5 1

)

& S BT SHAIRE A Aol BEA 58] slo|EFAVE
Ask= 227124 HASPINTLS] d5&o= & #ko]7F LSl LI47609]
ou| 7] Gly4929] 7tR A7)} b5 #-8-35to] Phed9se] wld7E wig

2oz 719, 71%ld AP 13 Al L F Ao

F Q0] HASPIN, <1413} a4, 7wEd A ol= FAF AaAl, oA
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