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Molecular dynamics simulations

Preparation of structures

The initial structures of polo-like kinase 1 (Plk1) polo-box domain (PBD) were obtained from the
Protein Data Bank. One structure contains a peptide (LHSpTA) bound to the phosphopeptide
pocket (PDB code 3FVH!", resolved at 1.58 A) and with the hydrophobic pocket in the closed
state, while the other contains a peptide (FDPPLHSpTA) bound to both the phosphopeptide and
open hydrophobic pockets (PDB code 3P37!%), resolved at 2.38 A). Their peptides were removed
to generate two unliganded PBD structures. Crystallographic water molecules were retained.
PDB2PQR™ was used to determine the protonation states of residues and to add missing

hydrogen atoms.

Molecular dynamics

The antechamber and LEaP programs in the AMBER 11 package!” were used to set up the
systems for molecular dynamics (MD) simulation. Each system was neutralized with either
sodium or chloride ions and solvated with TIP3P water molecules™ in a periodic truncated
octahedron box such that its walls were at least 9 A away from the solute. In total, three PBD
systems were set up: unliganded PBD with closed pocket, unliganded PBD with open pocket,
and PBD complexed with FDPPLHSpTA peptide. Energy minimizations and MD simulations
were performed with the sander and PMEMD modules of AMBER 11, using the ff09SB-ILDN
1 force field for the protein and peptide and the GAFF™ force field for benzene. Parameters for
phosphoserine in the -2 charge state were developed by Homeyer et al.’) SHAKE!"" was applied
to constrain all bonds involving hydrogen atoms, allowing for a time step of 2 fs. Nonbonded

interactions were truncated at 9 A and the particle mesh Ewald (PME)!"! method was used to
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calculate long range electrostatic interactions under periodic boundary conditions, using a mesh
spacing of 1.0 A. With positional restraints on the solute atoms, 500 cycles of steepest descent
and 500 cycles of conjugate gradient energy minimizations were carried out followed by two 50-
ps MD equilibration runs: in the first equilibration run, the system was heated gradually from 0.1
to 300K at constant volume while in the second equilibration run, the system was at a constant
pressure of 1 atm and temperature of 300 K. Subsequent unrestrained equilibration (2 ns) and
production (50 ns) runs were carried out at constant temperature (300 K) using a Langevin

[12]

thermostat'? with a collision frequency of 2 ps' and constant pressure (1 atm) using a

t{] with a pressure relaxation time of 2 ps. The 10 independent 5-ns MD

Berendsen barosta
simulations of unliganded PBD with closed pocket were initiated with different atomic velocities

and seeds for the pseudorandom number generator and equilibrated as described above.

Umbrella sampling

Umbrella sampling!*! was performed to obtain the free energy profile for the 1 side chain
dihedral of Y481. The fully equilibrated structure of unliganded PBD with closed pocket was
used as the initial structure for all the umbrella sampling simulations. Thirteen 3-ns simulations
were performed by varying the favoured angle from -180° to 180° in increments of 30°. The
torsion angle restraint used was 15 kcal mol™ rad. Positional restraints were placed on all atoms
except for those belonging to Y481, Y417 and F482 in order to reduce the need to equilibrate
over many slow orthogonal degrees of freedom. The combined results from the last 2 ns of the
simulations were analyzed using the weighted histogram analysis method (WHAM).!"*! We have
assessed the convergence of the simulation sampling by comparing the PMF calculated using the

time range 1-2 ns and 1-3 ns, and we obtain very similar results (Figure S2).
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Ligand-mapping MD simulations

The initial unliganded PBD structure for ligand-mapping simulations was derived from the
Protein Data Bank (PDB code 3FVH) as described above. Packmol!'® was used to generate 10
different placements of 40 benzene molecules within 40 A of the protein centre. Each of the 10
systems was neutralized with a chloride ion and solvated with TIP3P water molecules in a
periodic truncated octahedron box to yield a concentration of ~0.2 M benzene. Minimization,
equilibration and production (5 ns) MD simulations were carried out as described above, for a

cumulative sampling time of 50 ns.

Ligand design

The ligand-mapping MD trajectory structure with the shortest distance between Phe482 and the
alternatively-bound benzene was used for ligand design. By superimposing this structure on the
crystal structure of a PBD peptide complex (PBD code 3P37), a chimeric peptide was designed
by replacing the N-terminal FDP residues of the peptide in the crystal structure with a 3-
phenylpropanoyl moiety such that the phenyl ring approximately occupies the position of the
bound benzene. The PBD trajectory structure complexed with the chimeric peptide was used as
the initial structure for MD simulation using the same protocol as described above, except that

the production run was performed for 20 ns.

Atomic charges for benzene and the 3-phenylpropanoyl fragment were derived using the R.E.D.

Server,m]

which fits restrained electrostatic potential (RESP) charges!'™ to a molecular
electrostatic potential (MEP) computed by the Gaussian 09 program''”! at the HF/6-31G* theory

level.
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Trajectory analysis

Non-hydrogen atoms of the 7 pocket residues (Val415, Tyrd417, Tyrd421, Leud478, Tyr48l1,
Phe482 and Tyr485) were clustered using the MMTSB toolset.””) The ART-2 algorithm*'**!
was used for RMSD-based clustering. Suitable cutoff radii (1.6 A for the unliganded simulations
and 1.4 A for the ligand-mapping simulations) were empirically chosen to produce clusters
containing as many centroid conformations corresponding to crystal structure conformations as
possible. Clusters related by a 180° flip of Phe and Tyr aromatic rings about y, were identified
and combined. PyMOL* and Visual Molecular Dynamics (VMD)**! were used for visualizing

and generating figures.

Benzene occupancy grids were generated by using the ptraj module of AMBER 11 to bin carbon
atoms of benzene molecules into 1 A x 1 A x 1 A grid cells. A grid was generated for each of the
three benzene binding modes using 100 snapshots exhibiting the relevant binding mode from a
ligand-mapping MD trajectory. An isocontour value of 7 was used for visualization of benzene

occupancy in the grids.
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Experimental validation

Protein preparation
Truncated construct of PBD of human Plk1 (residues 371-594) used for crystallization and full-
length Hisg-PBD (residues 345-603) construct were expressed in E. coli and purified in two

chromatographic steps according to a previously reported procedure.”

Chimeric peptide preparation

Chimeric peptide was prepared by manual solid phase peptide synthesis (SPPS) using an Fmoc
protection group strategy on a NovaBioChem Rink Amide AM resin (100-200 mesh). Crude
peptide was purified by reverse-phase HPLC on a Gilson GX-271 equipped with a Gilson 171
diode array detector using a Polaris C8-A (5 um; 4.6 x 300 mm (analytical), 21.2 x 300 mm
(preparative); Varian, inc.) column at 1 mL/min (analytical) or 21 mL/min (preparative) using a
linear gradient of 5 % to 60 % B over 30 min. The solvent system used was A (0.1 % (v/v) TFA
in H,O) and B (0.1 % (v/v) TFA in acetonitrile). Peptide identity was confirmed by MALDI-
TOF-MS (ABI 4700 Proteomics Analyzer, Applied Biosystems) and amino acid analysis (PNAC

facility, Department of Biochemistry, University of Cambridge).

Structure determination

PBD-peptide complex was generated by mixing the protein with the peptide in the molar ratio of
1:1.2. The complex was crystallized in a sitting drop setup by mixing a solution of complex
concentrated to 10-15 mg/mL with the well solution containing 0.1 M HEPES (pH 7.5), 0.1 M

sodium azide and 22% PEG 4000 in a 1:1 (v/v) ratio.
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Experimental diffraction data were collected in-house using an X8 Proteum diffraction system
equipped with MICROSTAR rotating anode x-ray generator, Helios MX optics and Platinum135
CCD detector. Data were processed with PROTEUM software package and the structure was
solved by molecular replacement using PHASER®! from the CCP4 program suite and the 3P2Z

(261

structure (chain A) as the search model. The model was manually rebuilt with Coo and

refined using Refmac.”””? The summary of data collection and refinement is shown in Table S1.

Isothermal titration calorimetry

ITC experiments were performed using the ITC200 instrument (Microcal Inc. — GE Healthcare)
at 25 °C. Hise-PBD345-603 was loaded into the ITC cell at concentration of 34 uM. Ligand was
dissolved in the same buffer to the concentration of 500 uM. 36 injections of 1.0 puL in volume
were done over a period of 50 min. Data was fitted to single binding site model using the Origin
software package provided by the manufacturer. Titration curve and thermodynamic parameters

of binding are shown in Figure S5.
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Figure S1. y; dihedral angle of Y481 during MD simulations of (a) unliganded PBD starting
from closed second pocket (b) unliganded PBD starting from open pocket. (¢) PBD complexed

with FDPPLHSpTA peptide.
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Figure S2. Umbrella sampling analysis. (a) Distribution of Y481 y; values in umbrella sampling
simulations. (b) Free energy profiles for y; of Y481 obtained from umbrella sampling. High-
energy regions which contribute little to equilibrium populations have been omitted. The profiles
generated with data from 1-2 ns (red) and 1-3 ns (black) are very similar, indicating convergence
of the sampling. (c¢) Distribution of Y481 y; values in unbiased trajectories of unliganded PBD
with closed pocket. (d) Distribution of Y481 7, values in unbiased trajectories of complexed

PBD with open pocket.
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Figure S3. Backbone root mean square deviation (RMSD) of chimeric peptide in complex with
Plk1 from the minimized designed structure used to initialize the MD simulation (blue) and from

the crystal structure (red).

Figure S4. Superposition of five MD snapshots of designed chimeric peptide bound at PBD

hydrophobic binding site.
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Figure S5. ITC titration curve for the binding of chimeric peptide and its fit to a single site

binding model.
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Table S1. Data collection and refinement statistics for PBD-chimeric peptide complex.

PDB Id 4E67
Data collection
X-ray source MICROSTAR (in house)
Wavelength (A) 1.5406
Space group P2,
Cell dimensions

a,b,c(A) 35.49 50.91 57.91

o, B,y (°) 90.0 101.0 90.0
Resolution 56.84-2.10
(high res shell) (2.20-2.10)
Rsym 5.5(26.3)
I/ol 14.01 (2.14)
Completeness (%) 98.6 (90.7)
Redundancy 2.85(1.34)
No. reflections 11.821
Refinement
Rwork/Rfree 21.9 (26.7)
PBD molecules in the asymmetric unit 1
No. atoms

Protein* 1774

Water 76
RMS deviations

Bond lengths (A) 0.007

Bond angles (°) 1.0
Model quality
B-factors

Protein* 20.0

Water 255
Ramachandran

Favoured 98.1

Allowed 1.9

Outlier 0.0

* Chimeric phosphopeptide was treated as protein
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