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The protein kinase haspin/Gsg2 plays an important role in mitosis,
where it specifically phosphorylates Thr-3 in histone H3 (H3T3). Its
protein sequence is only weakly homologous to other protein
kinases and lacks the highly conserved motifs normally required
for kinase activity. Here we report structures of human haspin in
complex with ATP and the inhibitor iodotubercidin. These struc-
tures reveal a constitutively active kinase conformation, stabilized
by haspin-specific inserts. Haspin also has a highly atypical activa-
tion segment well adapted for specific recognition of the basic
histone tail. Despite the lack of a DFG motif, ATP binding to haspin
is similar to that in classical kinases; however, the ATP y-phosphate
forms hydrogen bonds with the conserved catalytic loop residues
Asp-649 and His-651, and a His651Ala haspin mutant is inactive,
suggesting a direct role for the catalytic loop in ATP recognition.
Enzyme kinetic data show that haspin phosphorylates substrate
peptides through a rapid equilibrium random mechanism. A de-
tailed analysis of histone modifications in the neighborhood of
H3T3 reveals that increasing methylation at Lys-4 (H3K4) strongly
decreases substrate recognition, suggesting a key role of H3K4
methylation in the regulation of haspin activity.

ATP binding | histone modification | phosphorylation mechanism | germ
cell-specific gene 2 (Gsg2) | mitosis

E ukaryotic protein kinases (ePKs) constitute a large group of
enzymes that regulate a vast diversity of cellular processes.
Kinase activity depends on a number of highly conserved
sequence motifs required for ATP/Mg?" binding and catalysis.
About 10% of human ePKs lack one or more essential catalytic
motifs and have been initially classified as inactive pseudokinases
(1). However, a number of such proteins are active kinases,
including haspin [haploid germ cell-specific nuclear protein
kinase, encoded by Germ cell-specific gene 2 (Gsg2)]. Haspin
lacks both the conserved ATP/Mg?* binding motif Asp-Phe-Gly
(DFG), which is replaced by Asp-Tyr-Thr (DYT), and the
Ala-Pro-Glu (APE) motif usually found at the C terminus of the
activation segment (2). In addition, haspin shares only weak
sequence homology with ePKs and contains a highly divergent
kinase domain with several unique inserts (2, 3). Haspin mRNA
is abundant in testis and also present in somatic cells (4, 5), and
orthologues are found throughout eukaryotic phyla (2). Ectopi-
cally expressed haspin localizes to the nucleus in interphase and
to the chromosomes in mitosis (4, 6), while depletion of haspin
leads to premature chromatid separation, failure of chromosome
alignment, and a block in mitosis in a prometaphase-like state
(6, 7).

Haspin autophosphorylates in vitro (4, 6, 8) and phosphorylates
its only currently known substrate, histone H3, at threonine-3
(H3T3ph) both in vitro and in cells (6). H3T3 phosphorylation
occurs specifically during mitosis and is particularly prominent at
inner centromere regions (6, 7, 9). Recently, H3T3ph has been
suggested to relieve an inhibitory effect of histone H3 on Aurora B,
leading to activation of this key mitotic kinase (10).
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To understand the phosphorylation mechanism of haspin
despite the absence of key catalytic motifs, we determined
high-resolution crystal structures of human haspin in complex
with ATP and the ATP mimetic inhibitor 5-iodotubercidin, a
potent inhibitor of haspin. We further defined the influence of
the histone H3 N terminus on haspin substrate recognition.

Results

The structure of the haspin kinase domain (from Lys-470 to the
C-terminal end, Lys-798) was initially solved by single-
wavelength anomalous dispersion (SAD), and subsequent struc-
tures were determined by molecular replacement. All structures
were refined to low R/Rge. values and showed acceptable
deviations from standard bond length and geometry [supporting
information (SI) Table S1]. All structures were well defined and
revealed the typical bilobed kinase domain architecture, al-
though lacking the ePK helix «G and containing a number of
previously unseen structural features (Fig. 1) also highlighted in
an alignment with cdk2 (Fig. S1).

Stable Positioning of Helix aC. Helix oC is typically a highly mobile
structural element in kinases that is moved into the correct
position for catalysis by various regulatory mechanisms (11).
Intriguingly, in haspin, «C is immobilized by a large number of
hydrophobic contacts that tightly embed this helix (Fig. 1B).
These hydrophobic interactions are largely conserved in haspin
orthologues, suggesting that this property is conserved in haspins
(Fig. S2). A salt bridge between the aC glutamate (Glu-535) and
the active site lysine residue (Lys-511) found in all haspin
structures is a hallmark of active kinases and indicates the correct
positioning of «C for catalysis. «C also is tightly linked to the
activation segment by hydrophobic contacts provided by a
unique B sheet in the activation loop. Low overall temperature
factors in aC and the embedded nature of this helix suggest that
the movement and plasticity of «C helix in haspin are restricted.

A Helical Insert in the Upper Lobe Stabilizes the P-Loop. The most
remarkable feature of the upper lobe architecture is an insert
that forms an additional helix [called the upper lobe helix (ulH)]
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Fig. 1.  Structural features of haspin. (A) Overall structure of haspin showing the location of haspin-specific inserts, as well as the main secondary structure
elements. The ulH helix is highlighted in green, the activation segment is in yellow, and the hairpin insert is in brown. (B) Detailed view of helix aC (magenta)
embedded by hydrophobic residues shown in stick representation. (C) The ulH insert. Conserved aromatic residues that interact with the upper lobe are shown

and labeled.

connected to 85 by a large loop (Tyr-569 to Phe-593). This insert
is conserved in all haspin orthologues (except the divergent
Saccharomyces cerevisiae homologues Alkl and Alk2) and binds
to a deep cradle formed by the 53-strand network typically found
in protein kinases. The conformation of this insert is stabilized
by a core of highly conserved hydrophobic and aromatic residues
(Fig. 1C). Interestingly, the loop connecting the ulH helix to 85
interacts with the entire length of the phosphate-binding “P-
loop,” forming a network of polar interactions involving main
chain contacts and Lys-489, Glu-492, Glu-497, and Asn-588 (Fig.
S3A4). The P-loop is typically a very mobile, glycine-rich region
that is often disordered in crystal structures even when the
cofactor or an inhibitor is bound. In haspin, the P-loop is well
defined and is stabilized by the ulH insert in a conformation
suitable for ATP binding. It is noteworthy that part of the PKA
P-loop (i.e., Lys-47, Thr-48 of B1, and Arg-56 of B2) interacts
with a C-terminal regulatory tail and thus functions as a “gate”
for ATP binding (12). Moreover, in AGC kinase family proteins
such as Aurora A and Aurora B, the N-lobe B-barrel surface
interacts with the regulatory proteins TPX2 (13) and the IN-box
segment of the inner centromere protein INCENP (14), increas-
ing the kinase activity. Similarly, the haspin ulH insert, which lies
in the cradle formed by B strands, might potentially bind to the
N-terminal domain or other proteins, perhaps positively or
negatively regulating its activity. In addition, when all 3 haspin
structures are superimposed, the rigid nature of the P-loop
becomes evident and reveals small differences in upper lobe
orientation showing that the P-loop and the ulH insert move
together as a rigid body (Fig. S34).

A B Hairpin Anchors the aC C-Terminal Loop. A haspin-specific
B-hairpin insert (Lys-663—-Cys-679) located between the 37 and
B8 strands packs against the lower lobe and makes numerous
main chain contacts with a loop region C-terminal to aC, as well
as a hydrogen bond between the partially conserved residues
Asn-670 and Asn-551 (Fig. S3B). A number of hydrophobic
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anchor points present in the 8 hairpin are conserved as well, but
because most interactions are mediated by main chain contacts,
there is little sequence conservation in this region. Interestingly,
a B-hairpin insert located between strands B7 and B8 also is
present in Cdc2-like kinases (CLKs) (15), but there it is oriented
differently and packs against the opposite side of the lower
kinase lobe (Fig. S4).

Haspin Has an Atypical Activation Segment Architecture. In most
kinases, the activation segment is a regulatory element of ~35
residues located between the 2 conserved motifs, DFG and APE
(11). Typically this element consists of an ATP/Mg?*-binding
site (DFG motif), a short B strand (B9), the activation loop, and
the P + 1 loop. The activation segment shows considerable
conformational diversity, but structural comparisons reveal that
2 invariable anchor points formed by the DFG motif and the
central portion of the P + 1 loop and helix «EF lock the termini
of this regulatory element (11). For a large number of protein
kinases, the unphosphorylated activation segment is disordered
or locked into an inactive conformation, while phosphorylation
of one or more residues in the segment stabilizes this region in
an active conformation suitable for the binding of substrates.
The haspin activation segment differs in several ways from those
of other protein kinases (Fig. 2). First, the DFG motif is changed
to DYT. Second, there is an additional 8 strand (9") that forms
an antiparallel sheet with 89. This leads to shortening of the
activation loop and reorientation of the segment structure. The
additional B sheet links the activation segment with «C by largely
hydrophobic contacts. Third, the 86 strand typically found in
ePKs is missing. This strand usually forms an antiparallel 8 sheet
with B9, a function that has been assumed in haspin by B9'.
Fourth, a large, highly conserved aromatic core stabilizes the
conformation of the entire segment. Fifth, the catalytic loop
HRD motif arginine (Arg-648), which typically interacts with
phosphate moieties in serine/threonine kinases that require
activation segment phosphorylation for activity, forms a hydro-
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Fig.2. The haspin activation segment. (A) The kinase is shown in a surface representation, with the activation segment shown as a ribbon diagram. Conserved
aromatic residues that form a core and stabilize the conformation of the segment are shown in a stick representation. (B) Segment rotated by 120 degrees to

provide a detailed view.

gen bond with the backbone of the activation loop tip, linking the
segment to the catalytic loop. Finally, the missing APE motif and
P + 1 loop are replaced by a large helical insert (aAS; Gln-
718-Lys-727) (Fig. 2). The entire activation segment is well
structured, suggesting that it is in a constitutively active confor-
mation suitable for substrate binding. The only possible phos-
phorylation site in the activation segment, the partially con-
served Ser-705, is oriented toward the solvent, but no
autophosphorylation of the recombinant protein is observed at
this position. The unusual activation segment architecture, in-
cluding a cluster of acidic residues (Asp-707, Glu-708, and
Asp-709) and the missing P + 1 loop and APE motif, results in
a significantly altered substrate binding site. This view is rein-
forced by the absence of the aG helix that forms part of the
substrate-binding site in other kinases. Electrostatic potentials
projected onto the surface of haspin reveals a highly negatively
charged channel between the 2 kinase lobes that most likely
serves as a binding groove for the basic histone H3 tail
(Fig. S1B).

ATP Binding in the Absence of a Classical DFG Motif. To address
functional consequences of the altered DFG motif, we solved the
structure of haspin in complex with ATP/Mg?* (Fig. 3). The
structure revealed that, similar to typical ePKs (16, 17), the

Fig. 3. Interaction of ATP with the haspin active site. Detailed view of
interactions formed by the ATP phosphate moieties as well as the Mg?*-
bindingsite. The figure represents an overlay of the iodotubercidin phosphate
complex and the AMP complex to show all relevant observed interactions of
the cofactor with haspin.

20200 | www.pnas.org/cgi/doi/10.1073/pnas.0901989106

adenosine moiety interacts with haspin by forming hydrogen
bonds between the N1 and N6 amino groups and the backbone
of the kinase hinge residues Glu-606 and Gly-608. The sugar
moiety also retains a C2'-endo conformation. In ePKs, the
a-phosphate is coordinated by the conserved active site lysine
residue in the B3 strand. Indeed, the a-phosphate forms a polar
contact with Lys-511 of haspin. Although the distance from
Lys-511 to the closest oxygen atom of the ATP phosphate (3.5
A) is too great for efficient hydrogen bonding, the low activity
of a Lys511Ala mutant confirms the importance of this residue
in haspin (Fig. 44). Unfortunately, the B- and y-phosphate
moieties were not observed in the electron density maps and
were assumed to be either disordered or hydrolyzed, and no
Mg2" ions were detected in the vicinity of the DYT motif.
However, in a co-crystal structure with the nucleoside-based
inhibitor iodotubercidin, a phosphate ion present in the crystal-
lization solution was bound at a position expected to harbor the
ATP +y-phosphate. The isolated phosphate group is directly
coordinated by Asp-687 of the DYT, His-651 in the catalytic
loop, and, unusually, the HRD motif Asp-649, suggesting that in
haspins, the catalytic loop plays an important role in cofactor
binding. The binding modes of ADP/PO,>~ between PKA and
haspin are compared in Fig. S5. His-651 is highly conserved
within the haspin family and lies in a position occupied by lysine
in most serine/threonine kinases (2). The mutation His651Ala
renders haspin largely inactive, confirming its importance for
catalytic activity (Fig. 44). Interestingly, we observed a metal-
binding site that coordinates a Mg?™ ion in the interface of the
catalytic loop, helix aF, and the activation segment (Asp-716,
Gln-718, Trp-652, and Tyr-747) (Fig. 3).

We used differential scanning fluorimetry to determine the
relative strength of cofactor binding to haspin. In this assay,
binding affinities are measured indirectly as a function of melting
temperature increase (ATp). Several studies have shown that
ATy, correlates linearly with binding constants of ligands (18).
Nucleotides demonstrated no interaction with haspin in the
absence of divalent ions (Fig. S5A4), but significant AT, was
observed in the presence of Mg?*, Mn?*, or Ca?* ions, with the
highest ATy, for ATP. Ions alone also stabilized haspin, most
likely due to the metal-binding site detected in the interface of
the catalytic loop, helix aF, and the activation segment, suggest-
ing a role of divalent ions in stabilizing the haspin active state.

Enzymatic Properties of Haspin. The structure of the haspin kinase
domain revealed features suggesting an active conformation.
Consistent with this, both the Hise-tagged protein kinase domain
of haspin and an MBP fusion protein of full-length haspin
expressed in E. coli were active kinases in vitro. The presence of
the N-domain altered the kinetics of H3 peptide phosphoryla-
tion, increasing the Karp ~5-fold, lowering the Ky 6-fold, and
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Fig. 4.

Enzyme activity data. (A) Phosphorylation of 1 uM histone H3 (1-21) peptide as a function of the concentration of WT and K511A and H651A mutants

of MBP-haspin. Reactions were conducted with 200 uM ATP for 7 min. The mean and range of duplicate determinations are shown. (B) Initial reaction velocities
as a function of histone H3 (1-21) concentration, at various fixed ATP concentrations. Reactions were carried out for 5 min with 1 nM MBP-haspin. (Cand D) The
data in (B) were further analyzed by the method of replots (see text). Hyperbolic curves indicate a random sequential mechanism (19). Also see Fig. S7.

increasing keoe =~15-fold (Table S2). Thus, the N-domain has the
potential to modulate haspin activity in cells by influencing the
conformation of the kinase domain and perhaps making direct
interactions with the H3 substrate.

The unusual features of the haspin structure led us to conduct
a more detailed kinetic analysis to gain insight into its reaction
mechanism. We measured initial velocities of phosphorylation
by full-length haspin and the kinase domain alone as a function
of histone H3 (1-21) peptide concentration, at several fixed
concentrations of ATP (Fig. 4B). The datasets were subject to
global nonlinear least squares fitting to equations for 3 standard
kinetic mechanisms, as described in ref. 19. All statistical mea-
sures modestly favored a random mechanism (Fig. S74). To
more fully distinguish between mechanisms, we used the method
of replots (19). Both k¢, and kca/Km for each substrate were
hyperbolically dependent on the concentration of the other
substrate (Figs. 4 C and D and S7B), inconsistent with ping-pong
and rapid equilibrium ordered mechanisms but supporting a
rapid equilibrium random or steady-state ordered mechanism.
Finally, product inhibition studies of MBP-haspin using ADP
and H3 (1-21) T3ph peptides suggested a rapid equilibrium
random mechanism (Fig. S7 C and D). Thus, haspin follows a
random sequential mechanism in which ATP or H3 peptide can
bind first, and binding of the first substrate decreases affinity for
the second substrate.

Substrate Specificity of Haspin. The surface electrostatics and the
shape of haspin indicate the possibility of basic substrates like
histone tails binding to a narrow, highly negatively charged
channel located between the 2 kinase lobes. To examine the
effect of posttranslational modifications of the histone tail, we
determined the efficiency with which haspin catalyzed phos-
phorylation of H3 tail peptides with various preexisting modi-
fications. While Arg-2 dimethylation and Lys-9 monomethyla-
tion, dimethylation, or trimethylation had little effect on
phosphorylation, increasing methylation of the side chain of
Lys-4 resulted in progressively reduced substrate recognition.
The trimethylated substrate (K4me3) was poorly recognized as
suitable haspin substrate (Figs. 5 and S8).
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Discussion

The structure of haspin reveals several structural features that
are highly conserved in haspin-like kinases but not previously
seen in other kinases. The main haspin inserts (helix ulH, the
additional activation segment 9’ strand, and aAS helix, as well
as the B-hairpin insert) appear to secure usually mobile struc-
tural elements, including the aC helix and P-loop, providing a
novel means of stabilizing an active kinase conformation. This
finding, coupled with the kinetic analysis of haspin activity in
vitro, indicates constitutive kinase activity and is consistent with
the absence of identifiable activation loop phosphorylation and
the previous observation that both hypophosphorylated haspin
immunoprecipitated from interphase cells and hyperphospho-
rylated haspin from mitotic cells have kinase activity (6). The
question of how the activity of haspin is prevented from phos-
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Fig. 5. Effect of histone H3 modifications surrounding Thr-3 on haspin
activity. Kinase reactions were carried out with 6 nM MBP-haspin, 1 uM H3
(1-21) peptide, and 120 uM ATP for 4 min. Similar results were obtained with
the kinase domain alone (see Fig. S8).
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phorylating H3 in interphase cells is an interesting one. The
N-domain of haspin is extensively phosphorylated during mitosis
(6), and it is possible that in cells, this modulates access of haspin
to its targets or the interaction of haspin with putative inhibitory
proteins that regulate kinase activity, perhaps through binding to
elements in the upper lobe, such as the ulH helix. In vitro assays
reveal that the N-domain of haspin influences the kinetics of
histone peptide phosphorylation; thus, another possibility is that
regulatory proteins induce conformational changes in the N-
domain to control the activity of the kinase domain.

The cofactor ATP binds to the haspin active site, forming
typical interactions with the kinase hinge region. In one struc-
ture, an isolated phosphate moiety presumably mimicking the
v-phosphate interacts directly with the DYT motif aspartate, not
via Mg?" ions as expected. However, in vitro experiments
showed that haspin requires Mg?* for activity. Given the stabi-
lizing effect of divalent metals on ATP binding, it is likely that
Mg?* normally bridges the B- and y-phosphates with the DYT
motif, and the isolated phosphate moiety seen in our structure
may represent a hydrolyzed phosphate ion before its transfer to
substrate. Other interesting features of the ATP-phosphate
interactions are the direct hydrogen bonds formed to Asp-649
and His-651. His-651 is highly conserved in, and characteristic of,
haspins (2), while the equivalent residue in most serine/
threonine ePKs is a lysine (HRDxK). In PKA, this residue,
Lys-168, forms interactions with the y-phosphate of ATP, as well
as with the HRD aspartate, the activation loop, and the substrate
peptide. This residue is critical for phosphoryl transfer, and its
mutation in PKA abolishes activity (20, 21). In haspin, His-651
is likely to directly coordinates the y-phosphate of ATP, and the
mutation His651Ala severely curtails activity, suggesting that
His-651 fulfills a role similar to Lys-168 in PKA. In contrast,
protein kinases of the divergent RIO/piD261/Bud32 superfamily
typically contain serine or threonine at this position. The mu-
tation Thr163Ala does not substantially alter the activity of
piD261 (22), and Ser-220 in Rio2 does not directly contact ATP
(23). Despite haspin’s unique structural properties, kinetic anal-
ysis has shown that it utilizes a sequential reaction mechanism
like those of ePKs that have been analyzed (24).

The most striking structural differences were observed in the
haspin activation segment. The additional B9’ strand links the
activation segment tightly to «C by numerous conserved hydro-
phobic contacts. In addition, the absence of G helix and the
substitution of the P + 1 loop and the helix «EF by a large helical
insert results in a significantly changed substrate-binding sur-
face. It is noteworthy that the atypical Rio kinases from Ar-
chaeoglobus fulgidus, which lack classical substrate-binding sites
and the highly conserved catalytic motifs, also contain a highly
electronegatively charged cleft between the 2 lobes possibly
involved in the recognition of basic substrates (25). Similarly, the
surface electrostatics of haspin suggests that the basic histone tail
inserts into a narrow groove formed between the upper lobe and
the activation segment. Haspin substrates identified in future are
likely to feature phosphorylation sites imbedded in protruding
basic regions that can enter this narrow binding site.

Interestingly, we found that H3T3 phosphorylation is modu-
lated by methylation levels of the neighboring lysine residue
(H3K4), with decreasing enzymatic activity on peptides with
increasing methylation of H3K4. The bulkiness of K4 methyl-
ation likely compromises H3 tail interactions with the narrow
substrate-binding groove of haspin. This finding is consistent
with the observation that H3T3ph was detected adjacent to
H3K4me, but not to H3K4me2 or H3K4me3, among histone
peptides from mitotic cells (26). In mitosis, H3K4me2,
H3K4me3, and H3T3ph have distinct localizations at centro-
meres (7, 27). It is possible that the influence of H3K4 methyl-
ation on haspin activity contributes to the creation of distinct
zones of chromatin modification that have different functional

20202 | www.pnas.org/cgi/doi/10.1073/pnas.0901989106

attributes. In vertebrates, H3K4 dimethylation and trimethyla-
tion also occur at transcriptionally active genes (28). Cross-talk
between histone modifications is only partially understood, but
the strong negative influence, particularly of H3K4me3, on
haspin catalytic activity suggests that the H3K4 methylation
mark is a significant regulator of haspin activity.

Haspin plays an important role during mitosis. It appears to be
vital for maintaining chromosome cohesion, because depletion
of haspin leads to a loss of cohesin association, premature
chromatid separation, and the failure of normal chromosome
segregation (6, 7). Mitotic kinases have been recognized as
appealing targets for the development of antimitotic drugs for
cancer therapy. Although no direct link between haspin and
cancer has been established, H3T3ph is reported to play an
important role in the activation of the oncology target Aurora B
(10). Because humans, and most other organisms, have a single
haspin gene with low sequence similarity to ePKs, haspin is a
particularly interesting target for the development of specific
inhibitors. Indeed, haspin-selective inhibitors have been identi-
fied by high-throughput screening of chemical libraries (29), and
screening using 88 Ser/Thr kinases showed that the inhibitor
iodotubercidin bound to only one other kinase with low nM
affinity (30). Iodotubercidin’s high potency, cell permeability,
and selectivity for haspin make this compound an interesting
potential tool for studying haspin’s function and a good starting
point for future inhibitor development.

Materials and Methods

Purification of Haspin. The kinase domain (Lys-470-Lys-798) of human haspin
was amplified from a synthetic codon-optimized gene and cloned into the T7
expression vector pNIC28-Bsa4 containing a TEV-cleavable N-terminal Hisg
tag. Vector-transformed Escherichia coli (BL21 Rosetta) was grown and puri-
fied as described in ref. 31, but with the addition of 750 mM NaCl before
concentration of haspin by ultrafiltration. For selenomethionine labeling, the
cells were grown in MD medium with 40 mg/L of selenomethionine for 12 h at
18 °C, and the protein was purified as the native protein.

Crystallization. Crystallization was carried out at 4 °C using matrix-seeded
sitting drops and initial crystals of low quality. The 5-iodotubercidin complex
(I) was grown using equal volumes of protein (10 mg/mL) with 1 mM of the
ligand and reservoir solution [0.1 M SPG (pH 7.0) and 60% MPD]. SeMet crystals
were grown using 0.15 M NHacitrate (pH 5), 25% PEG3350, and 0.1 M Mes (pH
6.0). Crystals of the AMP complex (Il) were grown using 0.2 M Li;SO4, 0.1 M
Hepes (pH 7.5), and 25% PEG 3350. Crystals with 5-iodotubercidin and PO43~
(1) were grown using a 2:1 ratio of protein and 0.4 M (NH4)H,POa.

Data Collection and Structure Solution. Crystals were cryoprotected using
well solution supplemented with MPD (1) or ethylene glycol (Il and Ill) and
flash-frozen in liquid nitrogen. Data for | were collected at the Swiss Light
Source (X10SA). Initial phases were determined using SAD. Selenium sites
were located with SHELXD (32), and phases were calculated with au-
toSHARP (33). The model was built using BUCCANEER (34) and was man-
ually completed in COOT (35). Data for Il and Ill were collected with a
Rigaku FR-E generator. Both structures were solved by molecular replace-
ment using the model of I in PHASER (36) and refined using REFMAC5 (37).
The models and structure factors have been deposited with PDB [accession
codes 2VUW (1), 3DLZ (1), and 31Q7 (111)].

Enzymology. Hise-tagged haspin kinase domain (Lys-470-Lys-798) and full-
length MBP-haspin were produced as described (6, 29). Point mutations were
introduced using QuikChange II XL (Stratagene). H3 (1-21)-GGK-biotin pep-
tides were obtained from Millipore and Abgent, and were quantified by
HABA/avidin assay (Sigma). Radiometric P81 filter binding kinase assays with
v-[33P]-ATP (PerkinElmer) were conducted as described in ref. 29. Haspin
phosphorylated only histone H3 (1-21) peptides that were not prephospho-
rylated at Thr-3, indicating a single phosphorylation site. Endpoint assays were
conducted within the linear initial velocity phase determined from reaction
progress curves (Fig. S6). Data were analyzed by nonlinear least squares fitting
using Graphpad Prism and SigmaPlot 10 and by the method of replots, as
described in ref. 19. A thermal stability assay using differential scanning
fluorimetry for nucleotide and cation binding also was performed, as de-
scribed in ref. 31.
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