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ABSTRACT

Prolonged drug residence times may result in longer lasting drug efficacy, improved
pharmacodynamic properties and “kinetic selectivity” over off-targets with fast drug disso-
ciation rates. However, few strategies have been elaborated to rationally modulate drug
residence time and thereby to integrate this key property into the drug development pro-
cess. Here, we show that the interaction between a halogen moiety on an inhibitor and an
aromatic residue in the target protein can significantly increase inhibitor residence time.
By using the interaction of the serine/threonine kinase haspin with 5-iodotubercidin (5-iTU)
derivatives as a model for an archetypal active state (type 1) kinase-inhibitor binding
mode, we demonstrate that inhibitor residence times markedly increase with the size and
polarizability of the halogen atom. This key interaction is dependent on the interactions
with an aromatic residue in the gate keeper position and we observe this interaction in
other kinases with an aromatic gate keeper residue. We provide a detailed mechanistic
characterization of the halogen-aromatic 1 interactions in the haspin-inhibitor complexes
by means of kinetic, thermodynamic, and structural measurements along with binding en-
ergy calculations. Since halogens are frequently used in drugs and aromatic residues are
often present in the binding sites of proteins, our results provide a compelling rationale for
introducing aromatic-halogen interactions to prolong drug-target residence times.
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Significance

The time that a drug resides on its target protein has emerged as an important parameter
for drug development. A longer drug-target residence time can lead to improved drug effi-
cacy and reduced adverse side effects. However, general strategies for the rational de-
sign of drugs with long target residence times are lacking. Here, by experimental and
computational characterization of a set of inhibitor-kinase complexes, we show how inter-
actions between inhibitor halogen atoms and protein aromatic residues can increase tar-
get residence times. Our results provide a simple strategy for the rational design of inhibi-

tors with prolonged target residence times.

Introduction

The kinetics of drug binding have emerged as important parameters in drug development.
A long drug residence time will result in prolonged inhibition after the free drug concentra-
tion has dropped due to in vivo clearance, potentially leading to improved drug efficiency
and reduced off-target mediated toxicity. In cases where slow off-rates are specific for the
target, kinetic selectivity can be achieved over fast off-target dissociation despite similar
binding constants(1). The kinetics of the interaction of a drug with its target are defined by
the association rate (kon) and the dissociation rate (kox) constants. For bimolecular interac-
tions, the ratio of these two parameters defines the equilibrium dissociation constant (Kp)
of a drug, and hence the drug occupancy. Since on- and off-rates are coupled in simple
rigid bimolecular interactions, the favorable scenario of fast “on” and slow “off’-rate inter-
actions at a given Kp cannot be achieved using this minimalistic binding model. Instead
more complex binding models such as induced conformational changes that may trap a

ligand in an induced binding pocket are frequently evoked to explain slow binding kinetics.

Kinases are particularly dynamic proteins that provide multiple opportunities for the devel-
opment of inhibitors that target induced or allosteric binding sites (2-4). One of the first
kinase inhibitors for which slow dissociation rates have been described is the p38 MAP
(mitogen activating protein) kinase inhibitor BIRB-796. This inhibitor binds to an inactive
conformation in which the DFG maotif is displaced in a so-called “DFG-out” conformation
(5). Inhibitors that bind to this conformation are called type Il inhibitors and often have pro-
longed residence times (1). However, not all type Il inhibitors show slow binding kinetics,
suggesting that the DFG-out conformational change per se is not sufficient to explain the
slow dissociation rates of BIRB-796 from p38 MAP kinase(6). Indeed, more recent studies
attributed the slow binding kinetics to efficient hydrophobic contacts in the DFG-out pock-
et, rather than the kinetic dissociation barrier introduced by the DFG-out transition(7).

However, conformational change has also been evoked as the main mechanism contrib-
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uting to the slow off-rate of the breast cancer drug lapatinib, a type | inhibitor of the epi-

dermal growth factor receptor (8).

In addition to protein conformational changes, the rearrangement of water molecules has
been discussed as a potential mechanism influencing inhibitor residence time (9). An ex-
ample for the influence of water molecules on ligand binding kinetics is the type | CDK in-
hibitor roniciclib whose slow off-rate is the result of changes in the hydration network cou-
pled to conformational adaptation of the DFG motif (10). In some cases, the presence of
water-shielded hydrogen bonds can also lead to slow dissociation behavior (11). In addi-
tion, reversible covalent inhibitors have recently emerged as an interesting strategy for
prolonging target engagement of inhibitors by the interaction of a transient covalent bond

between an electrophile and a cysteine residue present in the kinase active site (12-15).

Even though protein conformational changes and allosteric pockets can be specifically
targeted, they do not offer a straightforward route for ligand design for the modulation of
off-rates. Also, the design of reversible covalent interactions requires the presence of cys-
teine residues in the drug binding site. Many drug receptors, including a large number of
kinases, contain cysteines in close proximity to their active sites (16), but the development
of covalent inhibitors may not be feasible for all drug targets. In addition, the introduction
of a reactive group into an inhibitor poses additional challenges.

Here, we present data that suggest that interactions mediated by halogens, that are com-
mon in drugs, and aromatic residues, that are also typically found in drug binding sites on
proteins (17), can be utilized to design ligands with slow off-rates. We used 5-
iodotubercidin (5-iTU), a close analogue of the kinase cofactor ATP, as a model inhibitor
for a canonical active state kinase binding mode (type 1) which does not induced any con-
formational changes that could contribute to slow inhibitor binding kinetics. Screening
against more than 100 diverse kinases showed that an aromatic gatekeeper residue that
interacts with the halogen moiety of this inhibitor is required for high affinity binding. We
chose haspin, a serine/threonine kinase with known three-dimensional structure (18, 19),
as a model system. Analysis of ligand binding kinetics surprisingly showed that 5-iTU had
slow binding kinetics. Mutation of the gatekeeper residue as well as removal or substitu-
tion of the iodide with other halogens showed that the slow inhibitor off-rates are due to a
n-stacking interaction of the halogen with the aromatic gatekeeper. Further studies on a
different kinase, cdc?2 like kinase (CLK1), showed strong inhibition by 5-iTU, support the
generality of our findings. Here, we present structural, biophysical and computational data
that strongly suggest that halogen interactions with aromatic residues can be exploited for

the development of inhibitors with slow off-rates.
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Results and Discussion
5-iTU exhibited slow dissociation rate from haspin

Comparative analysis of the high resolution haspin structures revealed high conservation
of the binding modes of both 5-iTU and the nucleoside adenosine (Fig. 1A-B). In contrast
to adenosine or ATP, which binds with a Kp of about 180 pM(19), 5-iTU showed high affini-
ty for haspin and an unexpectedly long target engagement time. We then further assessed
the thermodynamics and kinetics of the binding with ITC (Isothermal Titration Calorimetry),
BLI (BioLayer Interferometry) and SPR (Surface Plasmon Resonance) experiments, which
consistently confirmed the tight binding with a relatively slow binding kinetics, as meas-
ured for instance by BLI (Fig. 1C). Comparing the binding mode of 5-iTU with that of
adenosine, the most striking structural difference between these highly similar molecules
was the presence of the iodide moiety which was positioned in close proximity to the F605
gatekeeper forming a halogen-aromatic 1T interaction (Fig. 1D). We therefore hypothe-
sized that this interaction might contribute most of the increase in binding free energy

(AG) and be responsible for the slow dissociation rate of 5-iTU from haspin.

Preference of 5-iTU for kinases with aromatic gatekeeper

To address our hypothesis, we screened 5-iTU against 137 diverse kinases using temper-
ature shift assays (20) and observed unexpected selectivity of the inhibitor with only 10
kinases exhibiting AT, of >5 °C (Fig. 2A, Table S1). Interestingly, analyses of the gate-
keeper residues of kinase targets that showed significant temperature shifts and therefore
high affinity for 5-iTU, revealed a strong preference for kinases harboring a phenylalanine
(Phe) at this position whereas kinases that showed weak interaction (ATm 2-5 °C) re-
vealed no preference for a certain residue. This analysis supported our hypothesis that the
aromatic gatekeeper is important for high affinity binding (Fig. 2B). To confirm these re-
sults, we determined the structure of 5-iTU bound to another high affinity target that is
structurally very diverse from haspin, CLK1 (ATn of 8.6 °C). As expected, the interaction
of 5-iTU with CLK1 remarkably resembled that observed in haspin, including the con-
served interaction geometry of the iodide with the CLK1 gatekeeper F241. 5-iTU bound
CLK1 with high affinity (Kq of ~7 nM by ITC) and slow off-rates estimated to be ~50 mins
by BLI (Fig. 2C-E and Fig. S1).

Importance of halogen o-hole property for halogen-1r interaction for slow off-rate

Formation of a halogen-1r interaction (C-X:--17) is driven by the directional positive polari-
zation along the halogen o-bond with the 1 molecular orbital of the aromatic system (21).
However, the main focus of halogen-protein interactions has been on halogen carbon-

yl/sulphonyl interaction (C-X:--O,S bonds) with few examples on the analysis of halogen-
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aromatic interactions (22). Because the partial positive charge along the halogen o-bond
diminishes with the size of the halogen, we next substituted the iodide by smaller halo-
gens and characterized the affinities and binding kinetics of these 5-iTU derivatives. In-
deed, ITC experiments showed that the affinities of 5-iTU halogen derivatives were re-
duced with decreasing size of the halogen (Fig. 3 and Table S2).

Removal of the halogen led to a 42-fold decrease in the potency of tubercidin (TU) when
compared to that of 5-iTU, and similarly an 8-fold decrease was measured for 5-
fluorotubercidin (5-fTU). Analyses of the binding kinetics of these five synthesized 5-
tubercidin halogen derivatives with haspin were performed using three independent tech-
niques: kinetic probe competition assays (KPCA) in solution(23), BLI and SPR using im-
mobilized haspin. Binding affinities determined by these three independent methods cor-
related well with each other and also with the binding constants determined in solution us-
ing ITC (Fig. 3B). Dissociation rate constants from all experiments revealed the same be-
havior with 5-iodide substituted tubercidin displaying the slowest off-rate. The off-rates in-
creased with decreasing halogen size from 5-iodo to 5-fluoro substituted tubercidin and
the unsubstituted tubercidin showed the fastest off-rates of binding (Fig. 3C-D). However,
the absolute values differed somewhat between the different experimental methods used
with the residence time ranging from 60 mins (BLI) to 7 mins (SPR) for 5-iTU (S| Appen-
dix, Table S2 and S3). We also observed slower on rates using BLI but not in the SPR ex-
periments. While the general trends were the same in both technologies, the differences in
on- and off-rates that have been observed might be due to differences in protein immobili-
zation. As SPR is the more established technology, we used SPR kinetic data for quantita-
tive analysis. The substitution from hydrogen to iodide at the 5 position of TU led to a 48-
fold increase in the on-rates and 274-fold decrease in the off-rates (Fig. 3D and S| Appen-
dix, Table S3).

Thus, the fast dissociation kinetics observed for 5-fTU coincided with the lack of a pro-
nounced c-hole in smaller halogens, and hence an inability to form a polar halogen-T in-
teraction with the aromatic gatekeeper. The increase in enthalpically favorable polar inter-
actions of larger halogens was also evident in the calorimetric data that showed a steadily
decreasing (more negative) binding enthalpy change from tubercidin to the larger halo-
gens (H < F < Cl < Br < ). This effect of the halogen moieties was supported by the crystal
structures showing that despite the highly conserved binding mode of all derivatives, the
presence of an additional water in the tubercidin complex within the space adjacent to the
gatekeeper created by the removal of larger halogen substituents and the longer distance
to the fluoro group, presented suboptimal geometry for direct contacts with F605 in tu-
bercidin and 5-fTU, respectively (Fig. 3E and SI Appendix, Fig. S2).
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Importance of aromatic phenylalanine for slow off-rate binding

We next investigated the contributions of the Phe gatekeeper to the binding affinity and
the observed slow dissociation kinetics of 5-iTU. Six haspin gatekeeper mutants using
amino acids commonly found in kinases were generated, and their affinities against 5-iTU
and its halogen-derivatives were analyzed using DSF assays (Fig. 4A). As expected, the

potency of 5-iTU with the aromatic tyrosine mutant was comparable to wild-type haspin.

For comparison, we analyzed the binding characteristics of 5-iTU with a representative
mutant (F605T) in detail. Structural superimposition between the wild-type and the mutant
structures (F605Y and F605T) showed that the gatekeeper mutation did not affect the
binding mode of 5-iTU, yet led to slight variation of the environment in the pocket. The
substitution of the bulky aromatic residue F605 with the small threonine resulted in exten-
sion of a water network that filled the expanded binding site in the mutant (Fig. 4B and Sl
Appendix, Fig. S3). No direct contact was observed between the threonine side chain and
the iodide of 5-iTU, although interactions might be mediated through a water bridge. The
absence of any strong contact was in agreement with the fast kinetics with ~16-fold lower
affinity as demonstrated by SPR (Fig. 4C-D). In comparison to the wild-type, the loss of
the halogen-1r contact in the F605T mutant led to a 6-fold decrease and 8-fold increase in
association and dissociation rates, respectively, with the estimated residence time of 5-

iTU dramatically dropping to less than a minute (Fig. 4E and S| Appendix, Table S3).

Thermodynamics of halogen-1r interactions in slow kinetic behavior

In order to assess the energetic contributions of the halogen-aromatic gatekeeper interac-
tion, we calculated the energy of this interaction using ab initio quantum mechanics and
classical methods. The second order Mgller—Plesset interaction energies (Ewp2) between
the inhibitor and the gatekeeper residue correlate well with dissociation rate constants and
equilibrium dissociation constants determined experimentally (Fig. 5A and S| Appendix,
Fig. S5 and Tables S6-S9). Partitioning of Ewmp: into its constituent energy components us-
ing a many-body interaction energy decomposition scheme shows that the major contribu-
tion to Ewpz is the correlation energy (Ecorr) Which describes second-order intermolecular
dispersion interactions and the correlation corrections to the Hartree-Fock energy. Ecorr
increases in magnitude with increasing size of the halogen, corresponding to the decreas-
ing rate of dissociation measured experimentally (Fig. 5B), and indicating the importance
of the halogen interaction with the aromatic gatekeeper for the prolongation of residence
times as halogen size increases. The computed ab initio energies also correlate for the

interaction of 5-iTU with the F605Y mutant but the magnitude of the interaction energy of
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5-iTU with the threonine mutant was underestimated. This discrepancy could be explained
by the additional bound water molecule present between 5-iTU and the threonine residue
in the F605T structure which was not included in the calculation but would make an ener-
getically favorable contribution to the binding. To account for the complete protein struc-
ture in the computation of the binding free energies of the haspin-ligand complexes, we
used the classical MMGBSA approach with an implicit solvent model. The computed en-
ergies correlate well with calorimetric data measured by ITC, consistent with the increas-
ingly favorable enthalpic contribution to binding as halogen size increases (Fig. 5C-D and
S| Appendix, Table S10).

Halogens are frequently found in approved drugs. Interestingly, drug candidates with
heavy halogens (Cl, Br, 1) perform better in the clinical development pipeline increasing
steadily from phase Il (44%) to approved drugs (63%) whereas fluorine-containing drug
candidates decrease from 56% in phase Il to 36.6% in launched drugs (17). Unfortunately,
information on binding kinetics is not available for these molecules but it is tempting to
speculate that the presence of halogens may lead to longer lasting drug-protein interac-
tions. A recent survey of the PDB for halogen-protein interactions reported that 33% of all
non-bonded interactions (excluding C-X:--H contacts) of the heavier halogens in the pro-
tein database form aromatic stacking interactions of the C-X:--1r type (24). A large number
of halogens also interact with backbone carbonyls and thiols and it would be interesting to
investigate if these interactions also result in slower ligand binding kinetics. For the se-
lected case of protein kinases, aromatic gatekeeper residues are the most frequently
found residue type. Our proposed strategy of incorporating heavier halogens into inhibi-
tors with the goal of increasing target residence time by designing interactions with aro-
matic residues is a general approach that may lead to active compounds with improved
pharmacological properties. The biophysical, structural and computational data presented
here on 5-halogen substituted tubercidin derivatives provides a good basis for future stud-

ies on this exciting topic.
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Figure legends

FIGURE 1. The 5-iodotubercidin inhibitor (5-iTU) exhibits tight binding with slow dissocia-
tion kinetics from haspin. A) Chemical structures of 5-iTU and adenosine. B) Superimposi-
tion of haspin-5iTU and AMP (pdb id: 4ouc) reveals similar binding modes of the two
compounds. C) BLI sensorgram suggests slow kinetic behavior of the 5-iTU-haspin inter-
action. D) The iodide and the benzene moieties of 5-iTU and F605, respectively, are lo-

cated in close proximity with a favorable geometry for a halogen-1r bond.

FIGURE 2. Interaction of 5-iTU with various human kinases. A) Temperature shift assays
show high AT, preferentially for kinases harboring an aromatic gatekeeper. B) Distribution
of gatekeeper residues reveals that the majority of strong AT hits harbor a phenylalanine
gatekeeper. C) The binding mode of 5-iTU in the off-target CLK1, including the iodide
gatekeeper interaction, is highly conserved. CLK1 has a high affinity for 5-iTU as meas-

ured by ITC (D) and a slow off-rate (E) as assessed by BLI.

FIGURE 3 Binding kinetics of haspin with five tubercidin derivatives harboring halogen
substituents at the 5-position. A) ITC thermodynamic binding parameters. B) Comparison
of dissociation constants (Kp) measured by ITC, BLI, SPR and kPCA shows good correla-
tion of the measured equilibrium data. C) SPR sensorgrams demonstrating increasingly
slow dissociation rates with increasing size of the halogens. D) Rate plot with Isoaffinity
Diagonal (RaPID) of kon and kosf constants measured by BLI, SPR and kPCA. The red ar-
row indicates the trend to increasing kon and decreasing ko upon increasing the atomic
radii of the halogens. E) Crystal structures reveal conserved binding modes of all five tu-
bercidin derivatives, albeit with an additional water molecule adjacent to the inhibitor and

F605 gatekeeper in tubercidin.

FIGURE 4 Effect of gatekeeper mutation on the binding kinetics of haspin with tubercidin
derivatives. A) Tm shifts of six haspin mutants against five tubercidin derivatives. B) Su-
perimposition of 5-iTU-complexed crystal structures of wild-type, F605Y and F605T
haspin reveals conserved binding mode of the inhibitor, yet differences in bound water
molecules within the binding site. C) SPR sensorgram demonstrates fast binding kinetics
for the interaction between 5-iTU and the F605T mutant, and this is accompanied by a

significant decrease in Kp (D) and decreased kon and generally increased ko constants

(E).

FIGURE 5 Correlation of calculated binding free energies with experimental parameters

for the halogen-gatekeeper interaction. A) Second-order Mgller—Plesset interaction energy
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(Emp2) and B) second-order correlation correction energy term (Ecorr) between the TU
derivatives and the gatekeeper residues vs BLI kot values. The linear fits and correlation
coefficients (R?) were computed omitting the outlier F605T mutant. The experimental error
bars are smaller than the size of the data plots. Comparison of (C) MMGBSA internal and
solvation contributions (AEgas+AAGsonation) VS the ITC enthalpies (AHirc) and (D) MMGBSA
binding free energies (AGumcesa) Vs the ITC binding free energies (AGrrc) of the interac-
tions between haspin and TU derivatives. Some AGumcesa Values are positive as they only
include translational and rotational entropic terms and do not include vibrational and con-
formational entropy contributions.
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Material and Methods

Protein purification

Haspin and CLK1, both wild-type and all mutants, have been purified as described (18,
25). Briefly, the recombinant proteins were purified using Co**/Ni** affinity chromatog-
raphy. For haspin, the His-tagged protein were subsequently purified by size-exclusion
chromatography and the final protein was stored in 50 mM HEPES, pH 7.5, 300 mM
NaCl, 0.5 mM TCEP. For CLK1, the histidine tag was removed by incubating the protein
with TEV protease overnight. The cleaved CLK1 protein was separated by reverse purifi-
cation on Ni?" affinity chromatography, and subsequently size exclusion chromatography.
The final CLK1 protein was stored in 30 mM HEPES, pH 7.5, 300 mM NacCl, 50 mM L-
Arginine/L-Glutamate mix, 10 mM DTT, 1% glycerol.

Protein crystallization

All crystallization experiments were performed using sitting-drop vapour-diffusion method
at 4 °C. For Haspin, the protein at ~12 mg/ml was incubated with 1 mM inhibitors, and the
complexed crystals were obtained using the crystallization condition containing 51-63%
MPD and 0.1M SPG buffer, pH 6.0-6.5. To obtain the inhibitor-CLK1 complex, apo crystals
grew in 20% 1,2-propanediol, 5% glycerol and 0.1 M NaKPO4 were soaked with inhibitor
overnight.

Data collection and structure determination

All diffraction data were collected at Diamond Light Source, and processed using
MOSFLM(26). Scaling was performed using aimless from the CCP4 suite(27). All struc-
tures were solved by molecular replacement using Phaser (28) and the deposited CLK1 and
haspin structures (PDB entries XYZ and 40UC respectively) as models. All structures
were subjected to one round of automated model building using ARP/wARP(29), followed
by iterative cycles of manual model building in COOT (30), alternated with refinement us-
ing REFMAC (31). TLS definitions used in the final refining rounds were calculated using
the TLSMD server (31). The model quality and geometric correctness of all complexes
was verified using MolProbity (32). Statistics for data collection and structure refinement
are summarized in Supplemental Table 11.

Thermal shift assays

Protein were diluted to 2 uM in a buffer containing 10 mM HEPES, pH 7.5 and 500 mM
NaCl, and mixed with SYPRO Orange at 1000-fold dilution of the dye. The inhibitors were
added at 10 pM final concentration. The DSF assay was performed using a Real-Time
PCR Mx3005p machine (Stratagene) according to the protocol described previously (33).

Isothermal Titration Calorimetry

All proteins were exchanged into a suitable storage buffer. CLK1 at 100 uM was stored in
20 mM HEPES, pH 7.5, 300 mM NaCl, 50 mM L-arginine/L-glutamate mix and 0.5 mM
TCEP. For haspin at 80 uM, the buffer containing 20 mM HEPES, pH 7.5, 250 mM NaCl
and 0.5 mM TCEP was used for the wild-type protein, while the gatekeeper mutants were
buffer exchanged into 30 mM HEPES, pH 7.5, 400 mM NaCl and 0.5 mM TCEP to in-
crease their stabilities. Calorimetric measurements were carried out using a VP-ITC calo-
rimeter (MicroCal) at 15 °C. For all experiments, the proteins were titrated into the reac-
tion cell containing the compound. Integrated heat of titrations were manually corrected
and analysed in Origin. Using a single binding site model, the obtained curve was fitted
following a nonlinear least-square minimization algorithm. The binding isotherms and the
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measured binding enthalpy changes enabled the calculation of entropy changes (TAS),
Gibbs free energy (AG), the stoichiometry » and Kg.

Biolayer Interference

The binding kinetics were measured by Biolayer Interference method (BLI) using Octet
RED384 system (fort¢BIO). For haspin, the experiments were performed in the buffer
condition containing 20 mM HEPES, pH 7.5, 400 mM NaCl and 0.5 mM TCEP. For
CLK1, the same buffer supplemented with 50 mM L-arginine/L-glutamate mix was used.
Biotinylated proteins, prepared as previously described, were immobilized on streptavidin
biosensors, which were subsequently quenched with L-biotin(34). The interference pat-
terns of association and dissociation events were measured through a time course of 600
seconds. The binding data were corrected using a double-referencing method, and the ki-
netics analyses were performed according to the manufacture protocol (fortéBIO).

Surface Plasmon Resonance (SPR)

SPR experiments were performed in HBS-PE+ buffer on a Biacore T200 System (GE
Healthcare). Biotinlyated wt and mutant Haspin (50 pg/ml in HBS-P+ buffer) were cap-
tured to a SA sensor chip (GE Healthcare) at typical densities of 2-5 kRU using the proto-
cols provided by the manufacturer. Compounds were serially diluted in DMSO and trans-
ferred to assay buffer in a 1:100 dilution step to achieve their final test concentrations at a
[DMSO] = 1%. For binding analysis, contact times of 60, 120, 240, 300 or 420 seconds
were used depending on the kinetics assessed in preliminary tests. Likewise, dissociation
times were adjusted to180, 900, 1500 or 3600 seconds, to achieve return of the SPR signals
to baseline levels. To obtain kinetic and affinity parameters, sensorgrams (acquired at 10
Hz) were fitted using the BIAevaluation Software (GE Healthcare) to a 1:1 Langmuir
model accounting for mass transport limitations. Steady state analysis was performed with
the same software using a single site equilibrium binding equation.

Equilibrium und Kinetic probe competition assays (ePCA and kPCA)

ePCA and kPCA experiments were performed in Tris-HCI pH7.5, 150 mM NaCl, 0.01%
Tween, 0.01% BSA, 2 mM DTT buffer as previously described for CDK2 in Schiele et al
(23). Biotinylated wt and mutant Haspin (4 nM in assay) were labelled at a molar ratio of
8:1 with SA-Terbium (Cisbio) as TR-FRET donor. Tracers 236 and 199 (Invitrogen) la-
belled with an Alexa 647 TR-FRET acceptor were respectively used as kinase specific
probes at a final concentration of 100 nM.

Compounds were diluted and transferred to Greiner black small volume 384-well micro-
titer test plates as described(23). For ePCA, tracer and labeled proteins were dispensed to
the ready-to-use compound plates to a final volume of 5 pL and the mixture was incubated
for 2 h prior to acquisition of the steady state TR-FRET ratiometric signals (665/620 nm)
upon excitation at 337 nm. Normalized values were fitted to a logistic 4-parameter model
using the Genedata Screener™ software, and Ki values calculated using the Cheng-Prusoff
relationship. For kPCA, the tracer was dispensed to the ready-to-use compound plates prior
to introducing them into the PHER Astar FS™ microtiter plate reader. Then the labeled
proteins were added to wells to a final volume of 10 pL using the injector system of the
instrument, and kinetic TR-FRET readings were made at time zero and every 10 seconds.
Blank-subtracted kinetic traces were analyzed with a competitive binding kinetics model
using the GraphPad Prism™ software as described (23).

Prior to compound testing, the steady state affinities of the probes were determined by
equilibrium binding titrations (0 to 400 nM) on various Haspin concentrations (0 to 8 nM)
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with end-point readings of the TR-FRET signals. The probes’ association and dissociation
kinetics were characterized by titrating them on 4 nM labeled Haspin (0.5 nM SA-Tb) and
acquiring the TR-FRET signals in real time. Binding curves were fitted to the correspond-
ing models with Graph Pad Prism™ in order to obtain the affinity and kinetic constants
used as parameters in the Cheng-Prusoff and Motulsky and Mahan models.

Quantum mechanical interaction energy calculations

The energy contributions of the inhibitor-aromatic gatekeeper interaction were calculated
using ab initio Meller—Plesset perturbation theory to second order (MP2). The Moeller-
Plesset perturbation theory improves on the Hartree-Fock method by adding electron-
correlation effects by means of Rayleigh-Schrédinger perturbation theory to different or-
ders (second order in our case). The Protein Preparation wizard of the Maestro program of
the Schrodinger suite (Version 2015.r3) was used to pre-process the X-ray crystallographic
structures of the haspin-inhibitor complexes, to add missing side chains and to optimize the
H-bond network. The impref utility of the Maestro was used for energy minimization using
the OPLS3 force field. The impref utility(35) first optimizes position of hydrogen atoms
followed by all-atom minimization where non-hydrogen atoms are restrained with a har-
monic potential using a force constant of 25 kcal/mol.A%. The coordinates of the inhibitor
and the gatekeeper phenylalanine residue were extracted from these energy-minimized
structures of haspin-inhibitor complexes. The termini of the phenylalanine residue were
blocked with hydrogen atoms and their positions were optimized using the OPLS3 force
field in the Maestro program of the Schrodinger suite (36). In the case of the gatekeeper
mutants, the corresponding gatekeeper residues (tyrosine and threonine) were prepared in
the same way.

The def2TZVP basis set was used for all calculations and effective core potentials
(ECPs) were used for the iodine atom. Ab initio interaction energies at the MP2 level were
calculated using the GAMESS software, and partitioned into their constituent interaction
energy terms (see Equation 1) using the many body interaction energy decomposition
scheme (EDS) described by Gora et al.(37). In this scheme, the total interaction energy is
calculated in a super-molecular approach as the difference between the total energy of a
complex (here, of the inhibitor and the gatekeeper residue) and the sum of the energies of
its isolated constituents. In all calculations, the complex centered basis set (CCBS) was
used consistently and the results are therefore basis set superposition error (BSSE) free due
to the full counterpoise correction.

Evp2 = Egpmre + Egrpen + Epx + Eppr + Ecorr

Escr = Eppmrp + Epppen + Epx + Epgy Equation (1)

Eyr = Egpmre + Epppen + Egx
Eg, = Egpmrep + EgLpen

As shown in Equation 1, the total interaction energy at the MP2 level of theory (Eyp;) in-
cludes the components of the Hartree-Fock interaction energy (Es.r) and the second order

Coulomb correlation correction term (Ecogg). This correlation term (Ecprg) includes the
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second order intermolecular dispersion energy and the correlation corrections to the SCF
components. The Hartree-Fock interaction energy (Egcr) Was partitioned into a first order

Heitler-London component (Ej;) and a higher order Hartree-Fock delocalization interac-
tion energy component (Epg;), which encompasses the induction and the associated ex-

change effects. Because their separation could lead to a non-physical charge transfer, this
component was not partitioned any further. The Heitler-London interaction energy compo-
nent (Ey;) can be separated into the first-order electrostatic interactions (Eg;) of monomers

(the inhibitor and the gatekeeper residue in our case) and the associated Heitler-London
exchange repulsion energy (Egy) due to the Fermi electron correlation effects. The electro-

static interaction energy (Ej;) was obtained as a first-order term in the polarization pertur-
bation theory and the exchange repulsion term (Egy) was calculated by subtracting the
electrostatic interaction energy from the Heitler-London energy (Erx = Ey; - Egp). Egpmre

refers to the electrostatic multipole component estimated from an atomic multipole expan-
sion, Eg; ppy 1s the electrostatic penetration energy, calculated from the following expres-

sion: Eg; ppn = Egr - Egpmre-

Binding free energy calculations

The molecular mechanics-generalized Born surface area (MM/GBSA) method was used to
estimate the binding free energy of the inhibitors to haspin kinase. The initial coordinates
of the haspin-inhibitor complexes were obtained from the co-crystallized structures (see
Supplementary Figure 2). The Protein Preparation wizard of the Schrodinger suite (Ver-
sion 2015.r3) was used for pre-processing of the structures, formation of disulfide bonds,
addition of hydrogen atoms and assigning protonation states at pH 7.0. The pmemd module
of the Amberl4 software suite (38) was used to perform the molecular dynamics (MD)
simulations with the ff74SB(39) force field for protein. The LEap module of AmberToolsi4
was used to construct the topologies of the haspin-inhibitor complexes. The ligand parame-
ters were generated based on the generalized Amber force field (GAFF). To improve the
description of charge, dipole moment and geometry of halogenated compounds in molecu-
lar mechanics calculations, the positive region (o hole) centered on the halogen atom was
represented by an extra-point charge (EP). This inclusion of an EP results in improved
modeling of halogen-bonding in MD simulations. The force field parameters for this EP
were taken from Ibrahim et al.(40). For generation of the partial atomic charges for the lig-
ands, the RESP(41) program was used to fit the atom-centered charges to the molecular
electrostatic potential (MEP) grid computed by the GAMESS program. The system was
centred and aligned with the axes to minimize the volume. The system was then solvated
using the 7/P3P water model(42) by immersing the protein-ligand complex in a cubic box
of water molecules, such that the shortest distance between the edge of the solvation box
and the complex is 10 A. The net charge (-2e) of the system was then neutralized by add-
ing Na" counter ions. For each system, energy minimization was performed in three 1500-
cycle consecutive runs using the steepest descent minimization method followed by
switching to the conjugate gradient method after 500 cycles. Gradually decreasing harmon-
ic restraints with force constants of 500, 1 and 0 kcal/mol.A? were used for non-hydrogen
atoms in three consecutive runs. Energy minimization was followed by 1 nanosecond (ns)
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of gradual heating from 10 K to 300 K with harmonic restraints with a force constant of 50
kcal/mol.A? acting on non-hydrogen atoms. Then the system was equilibrated for 1 s un-
der NPT conditions at 300K, with heavy atoms (except solvent ions) harmonically re-
strained with a force constant of 50 kcal/mol.A%. This was followed by an NPT equilibra-
tion of 2 ns without any positional restraints. The potential energy function and atomic co-
ordinates were calculated using a 2 femtoseconds (fs) time step. The SHAKE(43) algorithm
was used to constrain all the bonds involving hydrogen atoms. The Particle Mesh Ewald
(PME) method was used to calculate the electrostatic interactions. A cut-off of 10 A was
set for generating the non-bonded pair list and this pair list was updated every 100 steps.
After equilibration, data were collected over a 6 ns simulation run for binding free energy
calculations and 3000 sets of atomic coordinates were saved every 2 picoseconds (ps).
MM/GBSA calculations of the binding free energy were performed using the MMPBSA.py
module implemented in the Amberi4 analysis tools. A single-trajectory approach was used
in which receptor, ligand and complex geometries were extracted from a single MD trajec-
tory. All the ions and water molecules were stripped from the trajectory snapshots. A salt
concentration of 0./5 M and the Born implicit solvent model (igh =2) were used. Each
binding free energy was computed as the sum of a molecular mechanics term (AEgs), a
Gibbs solvation term (A AGsolvation) and an entropic contribution (T ASsolute). For the en-
tropic contribution to binding free energy, we computed translational and rotational entro-
pies with a rigid rotor model using the MMPBSA.py module. The calculation of vibrational
entropies using normal-mode analysis with MMPBSA .py failed due to the inclusion of the
EP in the force field. The free energy of binding for some of the derivatives is positive
since vibrational and conformational entropy terms are neglected.
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Supplemental Figure S1
A
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Supplemental Figure S1. The binding mode of 5-iTU is maintained in CLKI1. (A) Su-
perimposition of the structures of CLK1 and haspin (PDB ID: 40UC) in complex with 5-
1TU, showing that the binding mode is conserved. (B) Co-crystal structure of CLK1 and 5-
1TU, highlighting interacting amino acid residues and the Phe gatekeeper. Water molecules
are represented as green spheres, hydrogen bonds within 3 A as blue dashed lines. Relevant
atoms are colored as follows: oxygen — red, nitrogen — blue and iodine — purple. |2Fo|-|Fc |
omitted electron density map is contoured at 3o level. (C) Geometric measures of the puta-
tive n-X bond. (D) |2Fol-|Fc | omitted electron density map contoured at 1o level, showing
alternative  conformation = of  delocalized iodine in  binding  pocket.
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Supplemental Figure S2
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Supplemental Figure S2 - Structural studies of haspin in complex with the halogenat-
ed derivatives. (A-B) Co-crystal structure of haspin and 5-iTU, showing the ATP-
competitive binding mode for the inhibitor. Interacting residues and the Phe gatekeeper are
highlighted. Water molecules are represented as green spheres, hydrogen bonds within 3 A
as blue dashed lines. Relevant atoms are colored as follows: oxygen — red, nitrogen — blue
and iodine — purple. |2Fo|-|Fc | omitted electron density map is contoured at 3o level. (C-F)
Co-crystal structures of haspin and different derivatives (see blue label), representation
equivalent to (A). Bromine atom is shown in dark red, chlorine atom in green and fluorine
atom in cyan.
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Supplemental Figure S3
A 7

haspin wild type
haspin F605Y
haspin F605T

Supplemental Figure S3 - 5-iTU-haspin binding site is maintained in the absence of
an aromatic gatekeeper residue. (A) Superimposition of co-crystal structures of wild-
type haspin (orange), haspint®®Y (slate) and haspin™®T (cyan) in complex with 5-iTU,
showing that the binding modus is maintained in gatekeeper mutants. (B) Similar to (A),
highlighting relevant residues in the binding pocket. Water molecules are shown as spheres
and numbered from 1-5. (C) Co-crystal structure of haspin™®T in complex with 5-iTU.
Water molecules are represented as green spheres and hydrogen bonds within 3 A as blue
dashed lines. Relevant atoms are coloured as follows: oxygen — red, nitrogen — blue and
iodine — purple. |2Fol-|Fc | omitted electron density map is contoured at 3¢ level. (D) Same

as (C), showing the co-crystal structure of haspin™®Y in complex with 5-iTU.
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Supplemental Figure S4. Geometric measures of putative halogen-n-bonds. Overview
of the halogenated derivatives approaching the aromatic ring of the Phe gatekeeper residue
in haspin. The distance between the halogen and the closest carbon atom of the aromatic
ring was measured and compared with the sum of the van der Waals radii (D _rvaw). O is the
angle between C-X bond to the centre of the phenylalanine aromatic group (C-X:--m),
while > is the angle of the halogen to the plane of phenylalanine aromatic ring (X:--n-C).
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Supplemental Figure S5 — Correlation plots of computed quantum mechanical energies
against experimental binding parameters. A) Second-order Moller—Plesset interaction en-
ergy (Emp2) between the tubercidin derivatives and the gatekeeper residue versus the exper-
imental (SPR) dissociation rate constants (kofr) of the tubercidin derivatives. B) The sec-
ond-order correlation correction energy term (Ecorr) for the interaction between the tu-
bercidin derivatives and the gatekeeper residue versus the experimental (SPR) dissociation
rate constants (kofr) of the tubercidin derivatives This correlation energy (Ecorr) includes
second-order intermolecular dispersion interactions and the correlation corrections to the
Hartree-Fock (HF) energy. C) Second-order Moller—Plesset interaction energy (Ewmp2) be-
tween tubercidin derivatives and gatekeeper residue versus the experimental (ITC) binding
affinities (kp) of the tubercidin derivatives. D) Second-order correlation correction energy
term (Ecorr) for the interaction between the tubercidin derivatives and the gatekeeper resi-
due versus the experimental (ITC) binding affinities (kp) of the tubercidin derivatives. The
correlation coefficients (R?) and the linear fits were computed omitting the outlier data
points for the FO05T mutant. The error bars for the Kp (ITC) values are smaller than the
size of the data point symbols.
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Supplemental Table S1. DSF results for 5-iTU against 137 kinases. All results are listed with
decreasing melting temperature shifts (ATm). The gatekeeper residues (GK) of the kinases were
determined by sequence alignment and analysis of the structures for hits with ATm > 2°.

Kinase ATy GK Kinase AT GK Kinase AT, Kinase ATy
Haspin 11.40 Phe TTK 2.20 Met MAPK2TG 0.79 CAMKI1G 0.20

DYRK2 10.38 Phe RSK4 2.20 Leu GRK1 0.76 CAMK1D 0.20

CLK4 9.59 Phe AMPK1 2.19 Met MYLK 0.73 CDPK1PF 0.12

CLK1 8.60 Phe PIM2 2.04 Leu CHEK2 0.70 VRK3 0.10

CLK3 7.50 Phe GSK3pB 2.00 Leu CAMK2A 0.70 VRK2 0.10

CKle 5.90 Met CK2a2 197 Phe RIPK2 0.69 TOPK 0.10

DYRK1A 5.80 Phe MAP2K2 1.90 MAPK9A 0.60 CAMK2B 0.10

CLK2 5.20 Phe PRKCL1 1.83 CAMK2G 0.60 AAK1 0.09

CDK2 4.98 Phe ITK 1.78 BMP2K 0.60 ADRBK2 0.03

MST3 4.96 Met STK38 1.70 RPS6KAL 0.50 BMX 0.02

DRAK2 4.84 Leu SNF1LK 1.70 AMPKA2 0.50 PRKG2 0.00

LOK 4,70 lle RPS6KA2 1.70 LOC340156 0.48 PDK1 0.00

YSK1 4.30 Met RIOK2 1.70 ADRBK1 0.48 NLK -0.10
SLK 4.20 lle PRKCL2 1.70 MAPK13 0.46 MAP2K6 -0.10
CAMK4 3.75 Leu MERTK 1.70 TEC 0.45 NEKG6 -0.20
AMPKa2 3.58 Met PDPK1 1.69 CDKL2 0.43 CDKG6 -0.20
MPSK1 3.40 Leu RPS6KA3 1.66 NEK7 0.40 PKMYT1 -0.22
CKl1y2 3.30 Leu PRKCZzZ 1.56 NEK2 0.40 DDR1 -0.38
PHKYy2 3.24 Phe MAPK3A 1.50 MAP3K5 0.40 CDC42BPG -0.38
RIPK3 321 Thr TLK1 1.45 JAK1 0.40 MAPK11 -0.40
CDKL5 3.16 Phe PIM1 1.40 SRPK2 0.39 CAMK2D -0.40
MST1 3.10 Met NEK11 131 CDPK1PV 0.39 DMPK1 -0.58
STK33 3.06 Leu PRKACA 1.30 BRK1 0.39 CDC42BPAB  -0.74
PLK4 2.90 Leu PIM3 1.30 MAPK2PF 0.35

DAPK3 2.90 Leu GAK 1.30 CDC42BPB 0.35

DRAK1 2.80 Leu CDKL3 1.30 ZAK 0.34

PFTAIRE1 2.71 Phe MYLK2 1.28 DCAMKL 0.33

CDK8 271 Phe IKBKB 1.25 YANK3 0.30

MST2 2.70 Met PRKD2 1.24 PRKX 0.28

ERK3 2.70 Gin PCTK1 111 TYK2 0.27

CSNK1y3 2.70 Leu NEK9 1.06 MSSK1 0.26

PRKCN 2.62 Met CSNK2A1 1.05 LIMK1 0.26

NDR2 2.60 Met TNIK 1.00 SRPK1 0.25

CK1y1 2.50 Leu PRKG1 1.00 VRK1 0.20

QIK 241 lle NEK1 0.96 TYRO3 0.20

STK39 2.40 Met PCTK2 0.83 PAKG6 0.20

MEK1 2.29 Met MST4 0.80 PAKS5 0.20

GRK5 2.22 Leu YANK1 0.79 CDKL1 0.20
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Supplemental Table S2A - Summary of ITC and BLI data for 5-iTU in complex with CLK1

and CLK3
ITC data BLI data
n AH TAS AG K Kd kon koff ReSI-
kcal/mol  kcal/mol  kcal/mol M nM Mtst st denceTim
5-iTU vs e

CLK1 0.96 -16.66 -5.94 -10.72 1.39e+8 7.2 10.9e+4 3.14e-4 53.1 min

(+0.09) (£1.99e+7)  (#1.0) | (£8.48e+3)  (+1.06e-5) (6.3 min)
CLK3 1.00 -12.04 -2.44 -9.60 1.91e+7 52.4 - - -

(+0.05) (£1.28¢+6)  (+3.5)

Supplemental Table S2B- Summary of
against haspin

ITC and BLI data for halogenated derivatives

ITC data BLI data
n AH TAS AG K Kd kon koff RESI-
kcal/mol  kcal/mol  kcal/mol M1 nM M1st st denceTim
haspin vs e
tubercidin | 0.95 -16.95 -8.21 -8.74 4.18e+6  239.2 | 9.56e+4 4.74e-2 21.1 sec
(+0.10) (*1.74e+5)  £10.0) (£1.45e+3) (+6.72e-4) (0.3 sec)
5-FTu 1.00 -18.10 -8.39 -9.71 2.34e+7 427 | 9.26e+4 6.32e-3 2.6 min
(+0.07) (+1.56e+6)  (+2.8) | (£9.71e+2)  (+4.44e-5) (1.1 sec)
5-CITu 0.98 -21.54  -11.27 -10.27  6.14e+7 16.3 | 9.00e+4 9.22e-4 18.1 min
(£ 0.06) (£3.29¢e+6) (20.9) (£5.94e+2) (+8.00e-6) (9.4 sec)
5-BrTu 1.00 -2250 -12.28 -10.22 5.70e+7 175 | 9.57e+4 6.42e-4 25.9 min
(+0.07) (x4.26e+6)  (x1.3) | (#3.36e+2)  (#5.76e-5) (+2.3 min)
5-1Tu 0.96 -23.40  -1253 -10.87 1.75e+8 5.7 9.59%+4 2.76e-4 60.4 min
(+0.07) (+1.66e+7)  (+0.5) | (#5.61e+2)  (+5.96e-6) (+1.3 min)
Supplemental Table S2C- Summary of ITC and BLI data for haspin gatekeeper mutants
against 5-iTU
ITC data BLI data
n AH TAS AG K Ky Kon Kot Resi-
kcal/mol kcal/mol  kcal/mol Mt nM Mgt st denceTim
5-iTU vs e
F605Y 0.96 -22.26  -11.27 -10.99  2.34e+7 4.6 11.2e+4 4.29e-4 38.9 min
(£ 0.05) (+ 1.56e+6) (20.3) (£1.45e+3) (+8.87e-6) (+48 sec)
F605H 0.98 -20.35 -9.42  -10.93  6.14e+7 5.1 - - -
(+0.05) (+3.29e+6)  (0.3)
F605M 0.94 -22.09  -10.89 -11.20 5.70e+7 3.2 - - -
(+0.04) (+4.26e+6)  (£0.2)
F605L 0.97 -23.35  -12.36  -10.99 1.75e+8 4.6 - - -
(£0.04) (+1.66e+7)  (£0.4)
F605T 0.93 -20.48 -9.42  -11.06 1.75e+8 4.2 12.4e+4 1.23e-3 13.5 min
(+0.03) (+ 1.66e+7) (£0.4) (£6.22e+2) (+6.54e-6) (4.3 sec)
F605Q 0.98 -23.23  -1256 -10.67 1.75e+8 8.0 - - -
(+0.04) (+1.66e+7)  (+0.8)
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Supplemental Table S3. Summary of SPR data for haspin wild-type and F605T mutant
against tubercidin derivatives

A wild-type (F605)

B mutant F605T

Kpeqg | Kpkin kon k off Kpeqg | Kpkin Kon k off

(nM) (nM) (M7s7) (s (nM) (nM) (M7s™) (s
tubercidin | 2560 | 2910 | 1.96x10° | 6.57x10" tubercidin | 5410 | 6870 | 5.53x10* | 3.29x107
(hydrogen) | +1230 707 | +£1.59x10° | +3.62x10" (hydrogen) | 2180 +1.25x10" | +0.68x10"
5-fTU 155 79.3 2.06 x10° 2.49x10" 5-fTU | 1660 1490 1.22x10° 1.76 x10"
(fluoride) | +91 | +359 | £2.07x10° | +0.79x10" (fluoride) | +661 | +258 | +0.40x10° | +0.33x10"
5-clTU 6.6 49 2.79x10° 1.45x107 5-clTU 166 154 747 x10° 1.12x10"
(Chloride) +2.8 28 | £1.26x10° | +1.18x10? (Chloride) +81 +44 | £1.00x10° | +0.25x10"
5-brTU 2.6 13 | 971x10% | 1.19x10? 5-brTU | 533 | 463 | 1.07x10° | 4.88x107
(Bromide) +0.3 +0.3 | +2.67x10° | +0.18x107 (Bromide) | +24.6 +9.1 | +0.12x10° | +0.77 x107
5-iTU 08 03 | 939x10° | 2.40x10° 54TU | 128 | 120 | 1.61x10° | 1.89x10?
(iodide) +0.2 +0.1 | +2.03x10° | +0.70x10° (iodide) +5.1 +2.2 | +0.44x10° | +0.38x107

fold difference fold difference
Htol &3200 \]/9700 ’]‘48 \L 274 Htol \L 422 \L 573 T29 \L 17
Ftol l} 194 J{ 264 ’]‘ 5 &104 Ftol \L 129 \L 124 ?‘13 \L 9

C wild-type (F605) vs mutant F605T on 5-iTU

fold difference

Kpeq
(nM)

KD kin
(nM)

5-iTU

516

| 40

33


https://doi.org/10.1101/255513
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/255513; this version posted January 29, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Heroven et al. 34

Supplemental Table S4. Solvent accessible surface area of ordered water molecules in the
binding pocket. The Solvent Accessible Surface Area (SASA) of water molecules W1-W5 (as
shown in Supplemental Figure 3), the nitrogen atom of the e-amino group of K511 (NZ) and the
closest C atom of the aromatic ring of F605 (CD1), was obtained by the POPS server, using a
probe with 1.4 A radius(44). The structures with the halogenated derivatives are compared with
the haspin apo-structure (PDB ID: 2WBS).

SASA) | SHD ShrmU  semU ST wboreidin APONaIn
w1 2.13 2.20 1.88 1.84 1.74 1.34
W2 3.14 2.69 2.64 2.64 1.70 2.06
W3 - - 4.03 3.94 3.50 5.07
w4 - - - - 3.47 -

W5 - - - - 3.21 -

NZ (K511) 4.56 4.88 3.80 3.46 4.02 4.23

CD: (F605) 1.49 1.39 1.44 1.41 1.37 131

Supplemental Table S5. Measured geometric parameters between the halogens and the

Phe gatekeeper

Preferred ge-
ometry of
X-bonds

CLK1/ haspin / haspin / haspin / haspin /
5-iTU 5-iTU 5-brTU 5-cITU 5-fTU

Distance between |, .o & 352 A 368 A 3.61A 3.85A

CIOZZ'S‘:QSZ%””‘: of | 028A  +018A  £019A  £017A  £017A <3 ow
gatekeeper Xraw) CXraw) EXraw) (EXraw) (X fvaw)

Sum of van der 3.68 A 3.68 A 3.60 A 3.45 A 3.20A -

Waals radii
Angle 8, 1495  153.7°  1547°  1533°  1540°  ~160°- 165°
Angle ©; 1080°  1240°  1251°  1246° 12530 . 120°(=90

for n-x-bond)
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Supplemental Table S6

g logkoy logker logKe logKp
5-iTU -2.62 -3.56 -9.10 -8.24 -1.85 2.79 2.15 -3.01
5-brTU -1.92 -3.19 -8.59 -7.76 -1.09 2.22 1.78 -2.74
5-cdTU -1.84 -3.04 -8.18 -7.79 -0.52 1.91 1.58 -2.24
S5-fTU -0.60 -2.20 -6.81 -7.37 0.17 1.15 0.94 -1.44
tubercidin -0.18 -1.32 5.59 -6.62 -0.09 0.65 0.47 -1.48
Pearson Correlation coefficient
(sz withlog K, (SPR) 0.82 -0.98 -0.98 0.93
Pearson Correlation coefficient
(RZ) with log k , (BLI) 0.82 -0.98 -0.99 0.91
Pearson Correlation coefficient
(R?) with log K, (SPR) 0.71 -0.97 -0.99 0.87
Pearson Correlation coefficient
(R?) with log K,, (ITC) 0.79 -096 -0.97 0.86

Supplemental Table S6 - Total interaction energy [kcal. mol!] between tubercidin deriva-
tives and gatekeeper Phe 605 residue at consecutively increasing levels of quantum me-
chanical theory, see equation 1. E; is the electrostatic energy only, Exz includes the Heit-
ler-London energy, Escr includes the Hartree-Fock energy as well, and Ewyp: is the full
Moeller-Plesset second order energy. kofr values were measured by SPR and BLI, and Kp
values were measured by SPR and ITC.

Supplemental Table S7

logkor logker logKn logKb

Inhibitor (SPR) (BLI) (SPR) (ITC) Egwre  Epupen  Emx Epe  Ecorr

5-iTU -2.62  -356  -9.10  -8.24 248  -433 463 -0.64 -5.16

5-brTU -1.92  -319  -859 776 1.03  -212 330 -042 -454

5-clTU -1.84 -3.04 -818 -7.79 -021 -0.32 244 -0.34 -3.82

5-fTU -0.60 -2.20 -6.81 -7.37 0.13 0.04 087 -0.21 -2.37

tubercidin -0.18  -132 -559 -6.62 -0.07 -0.01 074 -0.18 -1.94

Pearson Correlation coefficient (R?)

hlog k- (SPR) 0.55 0.69 094 0.89 0.98

Pearson Correlation coefficient (R?)

hlog kg (BLI) -0.68 0.76 -092 0.88 096

Pearson Correlation coefficient (R?)

withlog K, (SPR) -0.49 061 -0.88 080 095

Pearson Correlation coefficient (R?) ) )
with log K, (ITC) 0.70 0.76 030 0.88 092

Supplemental Table S7 - Contribution of the different interaction energy terms to the total
interaction energy, Eup: [kcal. mol'], between tubercidin derivatives and the gatekeeper
Phe 605 residue. See equation 1 for the definition of the terms. Egz m7p is the electrostatic
multipole term, Erz pen 1s the penetration electrostatic term, Ery is the exchange term, Epgr
is the delocalization term, and Ecorr is the correlation energy term. kosr values were meas-
ured by SPR and BLI, and Kp values were measured by SPR and ITC.
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Supplemental Table S8
logker logker logKo logKp
R (SPR) (BLI) (SPR) (ITC) b= Em Esce  Ewm
Wild type 262 356  -9.10  -824 -185 279 215 -3.01
F605Y ND -3.37 ND -8.34 -227 301 230 -3.13
F605T -1.72 -291  -7.89 -838  -0.78 138 099 -1.14

Pearson Correlation coefficient
(R?) with log k., (BLI) 0.84 -0.91 -0.92 0.94
Pearson Correlation coefficient
(R2) withlog K, (ITC) -0.52 0.64 0.65 -0.69

Supplemental Table S8 - Total interaction energy [kcal. mol"'] between tubercidin deriva-
tives and gatekeeper Phe 605 residue at consecutively increasing levels of quantum me-
chanical theory, see equation 1. Eg; is the electrostatic energy only, Exz includes the Heit-
ler-London energy, Escr includes the Hartree-Fock energy as well, and Ewyp: is the full
Moeller-Plesset second order energy. kofr values were measured by SPR and BLI, and Kp
values were measured by SPR and ITC. The correlation coefficient was calculated only for
kott and Kp values measured by BLI and ITC, respectively, as there were no SPR data
available for the F605Y mutant.

Supplemental Table S9

logkar logksr logKp logk

Wild type -2.62 -3.56 -9.10 -8.24 2.48 -4.33 4.63 -0.64 -5.16
F605Y ND -3.37 ND -8.34 0.41 -2.68 5.28 -0.71  -5.43
F605T -1.72 -2.91 -7.89 -8.38 -6.97 6.19 2.17 -0.39 -2.13

Pearson Correlation coefficient
. -1.00 0.99 -0.88 0.88 093

(R?) with log k, (BLI)

Pearson Correlation coefficient

I:RE) with log K, (ITC) 0.86 -0.82 0.58 -0.57 -0.68

Supplemental Table S9 - Contribution of the different interaction energy terms to the total
interaction energy, Eup: [kcal. mol'] between 5-iTU and the gatekeeper residue for the
wild type and the two mutants. See equation 1 for the definition of the terms. Egz mrp is the
electrostatic multipole term, Erz pev 1S the penetration electrostatic term, Ery is the ex-
change term, Epg; is the delocalization term, and Ecorr 1s the correlation energy term. Kotr
values were measured by SPR and BLI, and Kp values were measured by SPR and ITC.
The correlation coefficient was calculated only for kofrand Kp values measured by BLI and
ITC, respectively, as there were no SPR data available for the F605Y mutant.
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Supplemental Table S10
. AE . +FAAGsoivation TASumcBsa AGymcesa
gas 80
Llibies (Kcal /mol) (Kcal/mol) (Kcal/mol)
54TU -25.95+ 2.93 -23.5240.02 -2.434+ 295
5-brTU -26.00 4+ 2.75 -23.274+0.02 -2.734+2.77
S-clTU -21.58 + 3.33 -22.9740.02 1.394 3.35
5-fTU -20.31 +3.04 -22.8340.01 2524 3.05
tubercidin -19.45 4 2.87 -22.65+4+0.02 3.20+ 2.89

Supplemental Table S10 - Binding free energies calculated using the MMGBSA ap-
proach for the binding of tubercidin derivatives with haspin.
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Supplemental Table SS11 - Data collection and refinement statistics

Heroven et al.

haspin- haspin- haspin- haspin- haspin- haspinFe05Y- haspinF605T- CLK1-
5-iTU 5-brTU 5-clTU 5-fTU tubercidin 5-iTu 5-iTu 5-iTu
Data collection
Space gl’Oup P 212121 P 212121 P 212121 P 212121 P 212121 P 212121 P 212121 P 121
Wavelength (A) 0.9794 0.9795 0.9794 0.9795 0.9794 0.9795 0.9795 1.0282
Cell dimensions
a, b, c (A) 78.6,78.7, 79.7 78.3,78.8,79.4 77.7,78.9,79.8 78.7,78.9, 79.6 78.6, 78.8, 80.0 78.8,79.0,79.5 78.4,78.7,79.8 56.2,116.2,91.0
o B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 99.0, 90.0
Resolution (A) a 23.98-1.76 23.87-1.55 23.78-1.46 23.80-1.48 24.05-1.43 22.01-1.45 22.01-1.43 12.96-2.00
(1.79-1.76) (1.63-1.55) (1.48-1.46) (1.51-1.48) (1.45-1.43) (1.53-1.45) (1.45-1.43) (2.04-2.00)
Rmerge 0.087 (0.224) 0.073 (0.643) 0.075 (0.629) 0.149 (2.022) 0.102 (1.135) 0.060 (0.570) 0.122 (2.039) 0.104 (0.949)
1/ol2 13.9(7.2) 10.8 (2.3) 12.3 (2.5) 9.9 (2.5) 8.6(1.2) 14.2 (3.0) 11.3(2.7) 7.6 (1.6)
Completeness (%) 98.1 (96.8) 99.8 (99.8) 99.8 (98.1) 100.0 (100.0) 99.9 (98.3) 98.3 (96.9) 99.8 (99.5) 99.6 (100)
CC1/22 0.994 (0.968) 0.996 (0.758) 0.996 (0.741) 0.994 (0.648) 0.994 (0.379) 0.997 (0.801) 0.995 (0.751) 0.997 (0.680)
Redundancy @ 6.2 (6.5) 5.2 (5.2) 6.0 (5.5) 9.3(9.2) 5.9 (4.2) 5.4 (5.4) 9.3(9.5) 5.2 (5.2)
Unique reflections 48,665 (2,699) 71,557 (10,321) 85,664 (4,145) 83,206 (4,087) 92,144 (4,423) 86,860 (12,366) 91,424 (4,471) 106,488 (5242)
Refinement
Rwork/Rfree 0.138/0.174 0.160/0.183 0.149/0.176 0.148/0.167 0.143/0.165 0.158/0.175 0.150/0.175 0.188/0.218
No. atoms
Protein 2,602 2,778 2,742 2,612 2,595 2,726 2,655 8,251
Inhibitor 21 42 53 20 19 42 25 120
Others® 249 336 253 220 293 356 236 346
B-factors
Protein 21.45 27.38 21.82 19.59 21.52 23.86 20.65 26.74
5-1Tu/derivative 16.85 18.87 26.56 13.66 14.84 16.47 15.37 27.75
Water/solvents 27.38 38.58 27.87 25.69 30.48 35.89 25.40 45.94
r.m.s. deviations®
bond length (A) 0.017 0.016 0.013 0.013 0.012 0.015 0.013 0.015
bond angles (°) 18 16 16 16 15 1.6 16 15
Ramachandran
outliers (%) 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
favored (%) 98.48 98.85 98.55 98.48 98.78 98.84 98.51 97.7
Coordinate error
0.18 A 0.19A 0.17 0.17 0.17 0.17 0.18 0.28

(Luzzati plot)

2 values in parentheses refer to the highest resolution shell.
b Others indicate water and solvent molecules

¢r.m.s. deviations indicates root mean square deviations
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