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A cryptic hydrophobic pocket 
in the polo-box domain of the 
polo-like kinase PLK1 regulates 
substrate recognition and mitotic 
chromosome segregation
pooja Sharma1, Robert Mahen1, Maxim Rossmann2, Jamie e. Stokes3, Bryn Hardwick1, 
David J. Huggins4, Amy emery1, Dominique L. Kunciw3, Marko Hyvönen2, David R. Spring3, 
Grahame J. McKenzie1 & Ashok R. Venkitaraman1*

The human polo-like kinase PLK1 coordinates mitotic chromosome segregation by phosphorylating 
multiple chromatin- and kinetochore-binding proteins. How PLK1 activity is directed to specific 
substrates via phosphopeptide recognition by its carboxyl-terminal polo-box domain (PBD) is poorly 
understood. Here, we combine molecular, structural and chemical biology to identify a determinant 
for PLK1 substrate recognition that is essential for proper chromosome segregation. We show that 
mutations ablating an evolutionarily conserved, Tyr-lined pocket in human PLK1 PBD trigger cellular 
anomalies in mitotic progression and timing. Tyr pocket mutations selectively impair PLK1 binding 
to the kinetochore phosphoprotein substrate PBIP1, but not to the centrosomal substrate NEDD1. 
Through a structure-guided approach, we develop a small-molecule inhibitor, Polotyrin, which occupies 
the Tyr pocket. Polotyrin recapitulates the mitotic defects caused by mutations in the Tyr pocket, 
further evidencing its essential function, and exemplifying a new approach for selective PLK1 inhibition. 
Thus, our findings support a model wherein substrate discrimination via the Tyr pocket in the human 
PLK1 PBD regulates mitotic chromosome segregation to preserve genome integrity.

The human polo-like kinase 1 (PLK1) is a key regulator of chromosome segregation during mitosis, through its 
essential biological functions in chromosome condensation1, cohesin dissociation from chromosomes2, mitotic 
entry3, centrosome maturation4, kinetochore function5, spindle assembly6,7, and exit from mitosis8–10. These dis-
parate functions are mediated through the phosphorylation of proteins that bind to chromatin, centrosomes or 
kinetochores. How these multiple roles can be precisely choreographed during chromosome segregation remains 
unclear, but mounting evidence suggests that PLK1 substrate recognition plays a key role. Thus, human PLK1 
adopts a structure11 that consists of an amino (N-)terminal kinase catalytic domain, with two repeats of the 
so-called ‘polo box’ motif juxtaposed to form a single functional unit called the Polo-Box Domain (PBD) posi-
tioned at the carboxyl (C-) terminus. A similar architecture is adopted by the related human polo-like kinases 
PLK2, PLK3 and PLK4, which also contain a structurally related PBD. The PBD recognizes phospho (p)Ser/Thr 
protein substrates for the kinase catalytic activity of PLKs12. Such PBD substrates are typically primed by a prior 
phosphorylation event catalyzed by other kinases such as CDK113, or in some cases, by PLK1 itself14,15. Several 
lines of evidence indicate that phosphoprotein substrate recognition by the PBD is coordinated with substrate 
phosphorylation by the kinase catalytic domain to determine the spatio-temporal dynamics of PLK1 localisation 
and function during chromosome segregation12,16–18.

1The Medical Research Council Cancer Unit, University of Cambridge, Hills Road, Cambridge, CB2 0XZ, United 
Kingdom. 2Department of Biochemistry, University of Cambridge, 80 Tennis Court Road, Cambridge, CB2 1GA, 
United Kingdom. 3Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, CB2 1EW, United 
Kingdom. 4Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, United Kingdom. *email: arv22@
mrc-cu.cam.ac.uk

open

https://doi.org/10.1038/s41598-019-50702-2
mailto:arv22@mrc-cu.cam.ac.uk
mailto:arv22@mrc-cu.cam.ac.uk


2Scientific RepoRtS |         (2019) 9:15930  | https://doi.org/10.1038/s41598-019-50702-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

The crystal structure of a substrate peptide in complex with the human PLK1 PBD12 reveals that pSer/Thr 
residues in the phosphopeptide substrate bind to a groove between the two polo boxes, with the phosphate moiety 
making contacts with two crucial residues, His 538 and Lys 540 in the PBD. Mutations in the PBD that preclude 
these key contacts (H538A and K540M) disrupt phosphopeptide substrate engagement and the cellular functions 
of PLK119. How substrate residues other than pSer/pThr dictate substrate discrimination to choreograph PLK1 
function during chromosome segregation remains an important unresolved issue, however.

Intriguingly, recent crystallographic studies have identified a hydrophobic pocket within the human PLK1 
PBD, located adjacent to the phosphosubstrate binding groove, which may regulate substrate recognition. The 
pocket is evident only in certain structural conformers, suggesting that it may adopt an open conformation in 
which it could accommodate residues from PLK1 substrates, or alternatively, a closed conformation precluding 
such interactions20. Seven hydrophobic amino acid residues line the pocket; whilst V415, L478, and F482 cover 
the bottom of the pocket, the Tyr residues Y417, Y421, Y481 and Y485, form its sides20. We find that these Tyr 
residues are conserved across eukaryotic members of the polo-like kinase family, prompting us to term this struc-
tural feature the “Tyr pocket”. The proximity of the Tyr pocket to the phosphosubstrate binding groove, and its 
ability to adopt an open conformation, suggest that it may assist in the recognition of PBD substrates that contain 
hydrophobic side chains, enabling substrate discrimination. For instance, the Tyr pocket is involved in the bind-
ing of a peptide derived from the PLK1 substrate, PBIP120, which contains an Phe71 residue that engages the Tyr 
pocket, as well as with peptidic ligands or chemical fragments that bind to the PBD21–25. However, the functional 
significance of PLK1 substrate recognition via the Tyr pocket during mitotic chromosome segregation remains 
uncertain.

We have therefore combined molecular, structural and chemical biology to address this question. Here, we 
report that the Tyr pocket of the PLK1 PBD exerts an essential function in regulating the timing of progression 
through mitosis. We distinguish a PLK1 substrate that engages the Tyr pocket (PBIP1) from another that does not 
(NEDD1). We also identify a small-molecule chemical ligand for the Tyr pocket that recapitulates chromosome 
segregation defects induced by genetic mutations that ablate the pocket. Collectively, our results suggest a model 
in which the Tyr pocket engages non-phosphorylated residues in phosphoprotein substrates to choreograph 
PLK1 activity during chromosome segregation. Our results also provide a structural and functional rationale 
for targeting the Tyr pocket to create selective chemical inhibitors that modulate substrate recognition by the 
polo-like kinases.

Results
Mutations ablating the Tyr pocket of the PLK1 PBD inhibit viability. We first devised an exper-
imental system in which to address the functional significance of the Tyr pocket of the PLK1 PBD. Structural 
modelling of the Tyr pocket defined three point mutations - Y421 to A, L478 to A and Y481 to D – predicted to 
ablate the Tyr pocket whilst preserving the structural integrity of the nearby phospho-substrate binding groove 
(Fig. 1A and Methods). Accordingly, we used site-directed mutagenesis to create full-length human PLK1 har-
bouring these three mutations (GFP-PLK1AAD), and (N)-terminally fused to enhanced green fluorescent protein 
(GFP). For comparison, we also created plasmids encoding similar GFP-tagged PLK1 constructs encoding the 
wild-type protein (GFP-PLK1Wt), or a well-characterized PLK1 mutant protein harbouring mutations (H538 to 
A, and K540 to M) affecting residues critical for the phospho-substrate binding groove (GFP-PLK1AM) (Fig. 1B). 
Three HeLa cell lines inducibly expressing either GFP-PLK1Wt, GFP-PLK1AM or GFP-PLK1AAD upon exposure to 
doxycycline (Dox) were created using single integration into a defined genomic locus (with the Flp-InTM T-RExTM 
system). These cells inducibly express wild-type or mutant PLK1 proteins as detected by immunoblotting or flu-
orescence microscopy (Supplementary Fig. S1).

Next, we depleted endogenous PLK1 expression in these cell lines using short-interfering (si)RNAs directed 
against the 3′ untranslated region (UTR) of the PLK1 transcript (Table S2), which is absent from the constructs 
encoding GFP-PLK1Wt, GFP-PLK1AM or GFP-PLK1AAD. Indeed, in cells treated with siRNA against the PLK1 
3′ UTR, and induced to express GFP-PLK1 by exposure to a pulse of 0.1 mg.ml−1 Dox, we confirmed that 
GFP-PLK1Wt, GFP-PLK1AAD or GFP-PLK1AM proteins were expressed between 24–48 h of induction, although 
endogenous PLK1 was no longer detectable (Supplementary Fig. S2). As a control, we confirmed that both endog-
enous and GFP-PLK1 expression can be depleted using siRNAs (Table S2) directed against a region of the PLK1 
transcript present in both the endogenous and induced species (Supplementary Fig. S2).

PLK1 is essential for progression through the cell cycle, and it is well established that siRNA-mediated deple-
tion of endogenous PLK1 suppresses cell division26–28. We therefore tested whether Dox-induced expression of 
wild-type or mutant GFP-PLK1 proteins could complement defects in cell proliferation triggered by depletion 
of endogenous PLK1. As expected, GFP-PLK1Wt could complement suppressed cell proliferation, whereas the 
GFP-PLK1AM mutant, in which the phospho-substrate binding groove has been ablated, did not. Interestingly, 
the GFP-PLK1AAD mutant protein, in which the Tyr pocket has been ablated, also did not support cell viability 
(Fig. 1C). These observations suggest that the Tyr pocket of the PLK1 PBD is essential for progression through 
the cell cycle.

Mutations ablating the Tyr pocket of the PLK1 PBD perturb the dynamics of its intracellular 
localisation during the cell cycle. PLK1 exhibits a distinctive pattern of localisation and redistribu-
tion to different sub-cellular structures during the cell cycle, decorating centrosomes29,30, kinetochores13,31–33, 
spindle mid-zone fibers34,35, and the cytokinetic midbody34,36, during distinct cell cycle phases. Mutations viti-
ating the phospho-substrate binding groove of the PLK1 PBD are reported to perturb the dynamics of PLK1 
localisation17,37, suggesting that substrate recognition via the PBD is responsible for its intracellular localisa-
tion. Consistent with this notion, the localisation of GFP-PLK1Wt to kinetochores (Fig. 2A,B) and centrosomes 
(Fig. 2A–C) mirrors that reported for endogenous PLK1 protein30. In contrast, GFP-PLK1AM is decreased at 
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kinetochores (Fig. 2A,B) as previously reported38, but persists at centrosomes (Fig. 2A–C)18,37, distinguishing 
the contribution of substrate recognition by the PBD to these mitotic structures. Similarly, GFP-PLK1AAD exhib-
its reduced accumulation on CREST-stained kinetochores (Fig. 2A,B), although its localisation to centrosomes 
(Fig. 2A–C and Supplementary Fig. S3) remains unimpaired. PLK1 is recruited to centrosomes via the interaction 
of its PBD to multiple phosphoproteins39–41. Thus, our finding that both GFP-PLK1AM and GFP-PLK1AAD retain 
their centrosomal localisation suggests that these mutations do not grossly perturb the folding of the mutant 
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Figure 1. Mutations ablating the Tyr pocket of the PLK1 PBD inhibit cell viability. (A) The polo-box domain of 
PLK1 in complex with (a) the consensus sequence phosphopeptide MQSpTPL from PDBID 1Q4K and (b) the 
PBIP1 phosphopeptide FDPPLHSpTA from PDBID 3P37. The protein is represented as grey ribbons. The two 
phosphopeptides are displayed in space-filling with green and cyan heavy atoms respectively. The tyrosine pocket 
residues Tyr421, Leu478, and Tyr481 are labelled and displayed in space-filling with magenta heavy atoms. Only 
polar hydrogens are shown. (B) A schematic showing GFP -tagged PLK1Wt/AAD/AM used in the study. KD = Kinase 
Domain, PBD = Polo-Box Domain. (C) The graph shows cell viability of GFP-PLK1Wt/AAD/AM (as indicated) at the 
end of 48 h after transfection of siRNA and induction with doxycycline measured using CellTiter-Blue® reagent. 
The overexpression of GFP-PLK1Wt but not GFP-PLK1AAD or GFP-PLK1AM is able to completely overcome 
the viability defect caused by the knockdown of endogenous PLK1 using siPLK1 3′UTR (see arrowheads). 
As expected, silencing of both overexpressed GFP-PLK1Wt/AAD/AM as well as the endogenous PLK1 has 
deleterious effects on cell viability. Each bar is a mean of 3 replicates ± S.D.
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PBDs, or their ability to bind at least a subset of substrates. Remarkably however, both mutants decrease local-
isation to kinetochores, which again involves PBD interaction with different phosphoprotein partners5,33,42,43, 
suggesting that the mutations selectively perturb PBD interactions with other substrates.

Mutations ablating the Tyr pocket of the PLK1 PBD impair mitotic progression. PLK1 deple-
tion using siRNA, or inhibition of its enzymatic activity using chemical inhibitors, triggers mitotic arrest and 
defects in chromosome segregation8,26,44,45. We therefore tested the contribution of the Tyr pocket to these func-
tions. As expected, depletion of endogenous PLK1 protein induces mitotic arrest, marked by a sharp increase 
(range, 31.7–34.7%) in the percentage of cells stained for the mitotic marker, phospho-histone H3 (pH3). Induced 
expression of GFP-PLK1Wt overcomes mitotic arrest, reducing the percentage of pH3-stained mitotic cells to 
9 ± 0.8%. However, neither the GFP-PLK1AM nor GFP-PLK1AAD mutant could overcome mitotic arrest induced 
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Figure 2. Mutations ablating the Tyr pocket of the PLK1 PBD perturb the dynamics of its intracellular 
localisation during the cell cycle. (A) Representative maximal-intensity projections of kinetochores (KT) in 
red, centrosomes (CENT) in white, GFP-PLK1Wt/AAD/AM in green and DNA in blue used for quantification 
of GFP-PLK1 intensity in (B,C). Cells were treated with Dox (0.5 mg.ml−1) for 7 h, fixed and stained for 
kinetochores with CREST antiserum, centrosomes with anti-Pericentrin and DNA with Hoechst 33342 and 
analysed by immunofluorescence microscopy for GFP signal in prophase mitotic cells. Segmentation images 
show computationally generated segmentations of the DNA (blue), KTs (red) and CENTs (white) used for 
analysis. Scale bar is 5μm on top panel and 1μm in bottom panel. The images were smoothed, and brightness 
and contrast settings are constant throughout. (B) Quantification of intensity ratios of GFP-PLK1Wt/AAD/AM on 
CREST-stained kinetochores (KT) normalized to the corresponding GFP-PLK1 expression in cells. Data from 
each cell is represented as a hollow circle, horizontal line (red) indicates mean intensity ratio and error bars 
indicate ± S.D. Statistical analysis was done using non-parametric, Mann-Whitney two-tailed test with 95% 
confidence interval, ***p < 0.0001, ns = not significant. (C) Quantification of intensity ratios of GFP-PLK1Wt/

AAD/AM on Pericentrin-stained Centrosomes (CENT) normalized to the corresponding GFP-PLK1 expression 
in cells. Data from each cell is represented as a hollow circle, horizontal line (red) indicates mean intensity ratio 
and error bars indicate ± S.D. Statistical analysis was done using non-parametric, Mann-Whitney two-tailed 
test with 95% confidence interval, ns = not significant.
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Figure 3. Mutations ablating the Tyr pocket of the PLK1 PBD impair mitotic progression. (A) HeLa cell 
lines inducibly expressing GFP-PLK1Wt/AAD/AM were treated with siPlk1 3′UTR both with ( + ) and without 
(−) Dox or BI2536 or Poloppin as indicated and fixed 24 h later. The fixed cells were stained for spindle 
microtubules (β-tubulin) and DNA and analysed by microscopy. Mitotic cells were identified by spindle 
organisation and chromatin condensation, and scored under three categories viz., (1) monopolar spindles and 
misaligned chromosomes; (2) bipolar spindles with misaligned chromosomes; and (3) bipolar spindles with 
aligned chromosomes. Data is from two independent experiments, totalling at least 200 cells per condition. 
Quantification of cellular phenotype in each category in the histogram is represented as mean ± S.D. Treatments 
with BI2536 and Poloppin were included as control for categories (1) and (2) respectively. (B) Representative 
images of each category (as in A) used for scoring cells are shown. Scale bar 5μm. (C) Live cell time-lapse 
images of GFP-PLK1Wt/AAD/AM expressing cells transfected with SiPlk1 3′UTR. Time in hours (h) before (−0.5 h) 
and after Nuclear Envelope Breakdown (NEBD) (t = 0.0 h) to late anaphase (green arrow)/ death (red arrow) is 
shown for each cell. Scale bar, 5μm. The images presented are representative of two independent experiments. 
(D) Duration in mitosis (h) from NEBD to late anaphase/ death, in single cell GFP-PLK1Wt/AAD/AM cells by 
live cell imaging. Each filled-in square represents data from a single cell and those which complete mitosis are 
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by depletion of endogenous PLK1, indicating that the Tyr pocket as well as the phospho-substrate binding groove 
of the PBD are essential for this function (Supplementary Fig. S4).

More subtle distinctions between the contributions of PLK1 kinase activity versus the phospho-substrate 
binding groove and the Tyr pocket of the PBD domain are suggested by overexpression studies. Previous work 
has shown that small molecule inhibition of PLK1 kinase activity results in mitotic arrest with monopolar spin-
dles, whereas inhibition of the PBD domain causes bipolar spindles with misaligned chromosomes38,45,46. Thus, 
depletion of endogenous PLK1 protein causes monopolar spindle arrest with defects in chromosome congres-
sion (74.3 ± 6.4%) (Fig. 3A,B). Induced expression of either GFP-PLK1Wt, or the PBD mutants GFP-PLK1AAD 
or GFP-PLK1AM, counteracted these defects in differing ways. Induced expression of GFP-PLK1Wt counteracts 
defects in both chromosome congression and bipolar spindle formation, with 48 ± 4.3% cells showing normal 
chromosomal congression with bipolar spindles (Fig. 3A). However, while GFP-PLK1AAD or GFP-PLK1AM 
overexpression restores bipolar spindle formation (respectively in 78.5 ± 2.5% or 78.5 ± 1.5% of cells), it is less 
effective in counteracting chromosome congression defects, with only 11.5 ± 0.7% or 5.5 ± 0.7% of cells respec-
tively showing normal chromosomal congression (Fig. 3A). These results suggest that the Tyr pocket and the 
phospho-substrate binding groove of the PBD are both essential for normal chromosome congression but not 
bipolar spindle formation, whereas PLK1 kinase activity is essential for both processes.

We therefore analysed PLK1-depleted cells overexpressing either GFP-PLK1AAD or GFP-PLK1AM by single-cell 
imaging to discern mitotic progression. As expected, PLK1-depleted cells entered mitosis but did not complete 
division and instead, undergo prolonged arrest (6.5–9.13 h) before cell death (Fig. 3C,D). Induced expression of 
GFP-PLK1Wt but not GFP-PLK1AAD or GFP-PLK1AM mutants overcomes the defect, permitting normal mitotic 
exit (Fig. 3C,D and Supplementary videos M1–3), confirming that the PLK1 PBD is essential for this process.

During mitosis, cells overexpressing GFP-PLK1AAD or GFP-PLK1AM mutants maintain a prometaphase arrest 
accompanied by significant chromosomal movement and failure to align chromosomes on the metaphase plate 
(Fig. 3C). However, cells overexpressing GFP-PLK1AAD persist longer in mitosis (11.5 h) before cell death com-
pared to cells overexpressing GFP-PLK1AM (7.1 h) (Fig. 3D). Collectively, these observations raise the possibility 
that the phospho-substrate binding groove and Tyr pocket make distinct, but essential, contributions during 
chromosome segregation.

Differential engagement of PLK1 PBD substrates via the Tyr pocket. Dynamic analysis of 
GFP-PLK1 recruitment to mitotic structures using fluorescence recovery after photobleaching (FRAP) reveals 
differences in the function of the phospho-substrate binding groove and the Tyr pocket of the PBD. FRAP meas-
ures the speed and extent of the recovery of fluorescence at specific regions within living cells, after photobleach-
ing of these regions with an intense but brief pulse of laser light (Supplementary Fig. S5). As previously reported37, 
differences in the speed of fluorescence recovery from GFP-PLK1Wt and GFP-PLK1AM (Fig. 4A, median time 
to 50% recovery (t1/2) 0.7 s (GFP-PLK1Wt) or 0.3 s (GFP- PLK1AM) are consistent with the faster diffusion of the 
GFP-PLK1AM mutant protein, which cannot bind tightly to PBD substrates. In other words, the slow fluorescence 
recovery exhibited by GFP-PLK1Wt indicates that its diffusion is limited by binding to other proteins such as PBD 
substrates, whereas the rapid fluorescence recovery of the GFP-PLK1AM mutant is consistent with the loss of 
binding to PBD substrates37. Notably, however, fluorescence recovery by the GFP-PLK1AAD mutant occurred with 
kinetics slower than GFP-PLK1AM (medians t1/2 0.4 s vs t1/2 0.3 s respectively; p = 0.015, Mann-Whitney test) 
but more rapid than GFP-PLK1Wt (median t1/2 0.4 s vs 0.7 s; p = 0.013; Mann-Whitney test). This observation 
suggests that mutations ablating the Tyr pocket may affect PLK1 binding to some, but not all, PBD substrates.

We tested this possibility using a biochemical approach. The canonical PLK1 PBD substrate, NEDD1 (Neural 
precursor cell Expressed Developmentally Downregulated gene1), is a centrosomal protein primed by CDK1 
phosphorylation47 to bind the PBD during mitotic progression48. Consistent with this interaction, we find that 
GFP-PLK1Wt can be co-immunoprecipitated with NEDD1 in extracts prepared from cells synchronized in mitosis 
(Fig. 4B, final right-hand lane, and Supplementary Fig. S6). Anti-NEDD1 reproducibly detects a modest but clear 
signal in the coimmunoprecipitates (relative intensity 0.2, normalized to its respective input lane). In contrast, the 
GFP-PLK1AM mutant fails to interact with NEDD1 under similar conditions (relative intensity 0). Interestingly, 
GFP-PLK1AAD retains binding to NEDD1 (relative intensity 0.2), demonstrating that the PLK1-NEDD1 interac-
tion during mitosis is mediated via the phospho-substrate binding groove - but not the Tyr pocket - of the PBD. 
This observation accords with FRAP data wherein GFP-PLK1AM shows faster recovery than GFP-PLK1AAD than 
GFP-PLK1Wt.

We have previously shown by X-ray crystallography that the Tyr pocket of the PBD may adopt an open con-
formation in which certain phosphopeptide substrates containing hydrophobic residues that contact the Tyr 
pocket are accommodated20. One such substrate is PBIP1 (Polo-Box Interacting Protein 1), in which a phos-
phopeptide motif surrounding pThr78 binds to the PLK1 PBD to mediate its recruitment to the kinetochores33. 
We have previously shown in a crystal structure of PLK1 PBD bound to the PBIP1 phosphopeptide Phe(7
1)-Asp-Pro-Pro-Leu-His-pThr(78)-Ala that the hydrophobic residue, Phe71, contacts the Tyr pocket in the open 
conformation20.

We therefore used a biochemical approach to test the contribution made by the Tyr pocket in the PLK1-PBIP1 
interaction during mitosis. Owing to the lack of a suitable commercially available antibody against PBIP1, we 

shown in green while those which undergo death are in red. The horizontal line indicates mean time (h) spent 
in mitosis before cell death. Statistical analysis was with Mann-Whitney two-tailed t-test; ns, not significant; 
***p = 0.0003 to 0.0007; ****p < 0.0001. The total number of cells followed in each condition is 22. The data 
presented is representative of two independent experiments.
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Figure 4. Differential engagement of PLK1 PBD substrates via the Tyr pocket. (A) FRAP analysis of interphase 
centrosomes in live cells. GFP-PLK1Wt/AAD/AM at the centrosome was photobleached and its recovery monitored 
at 0.2 s intervals. The median t1/2 time taken for 50% maximal recovery for GFP-PLK1Wt/AAD/AM were found 
to be 0.7 s, 0.4 s and 0.3 s respectively. The arrowhead indicates the point of photobleaching. An inset shows 
data points for the first 5 seconds including photobleaching and recovery time of GFP signal. (B) HeLa cells 
expressing GFP-PLK1Wt/AAD/AM were synchronized in mitosis by double thymidine block and released as shown 
in the experimental schedule. The cell lysates were immunoprecipitated using GFP-Trap® beads to pull down 
GFP-PLK1Wt/AAD/AM and analysed by immunoblotting. The data presented is representative of two independent 
experiments. (C) HeLa cells expressing GFP-PLK1Wt/AAD/AM were transfected with PBIP1Wt-V5 or pcDNA™3.1/
V5-HisA vector (or V5 vector) and harvested 24 h later. PBIP1Wt-V5/ V5 was pulled down from the lysates 
using V5 antibody and immunoprecipitates were analysed by immunoblotting. Asterisks (*) indicate cross-
reacting bands. The data presented is representative of two independent experiments. (D) HeLa GFP-PLK1Wt 
overexpressing cells were transfected with either PBIP1Wt/F71A/T78A-V5 or V5 vector and harvested 24 h later. 
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generated a carboxyl (C)-terminal V5 epitope-tagged PBIP1Wt construct (PBIP1Wt -V5), and over-expressed this 
tagged protein in cells harbouring either GFP-PLK1Wt, or the GFP-PLK1AM or GFP-PLK1AAD mutants. Whereas 
PBIP1-V5 co-immunoprecipitates with GFP-PLK1Wt protein, it does not bind to the GFP-PLK1AM phosphosite 
mutant (Fig. 4C). Similarly, the interaction of PBIP1Wt -V5 with the GFP-PLK1AAD mutant is greatly reduced 
(Fig. 4C). Reciprocal co-immunoprecipitation using an anti-GFP antibody shows that neither mutant can be 
detected in complex with PBIP1 (Supplementary Fig. S7), again consistent with greatly reduced interaction 
under these conditions. Thus, our results demonstrate an essential role for the PBD Tyr pocket in mediating the 
PLK1-PBIP1 interaction during mitosis.

To test whether the Phe71 residue in PBIP1 engenders a critical contact with the PBD Tyr pocket, we tested 
whether a mutant form of PBIP1-V5 in which Phe71 was mutated to Ala (PBIP1-F71A-V5) could bind to 
GFP-PLK1 proteins in the cellular milieu. As a control, we used a mutant form of PBIP1-V5 in which the phos-
phorylated residue, pThr78, was substituted with the non-phosphorylable amino acid Ala (PBIP1-T78A-V5), 
vitiating its ability to bind PLK1 PBD33. Indeed, the interaction of both the PBIP1-F71A-V5 (relative intensity 0.7) 
and PBIP1-T78A-V5 (relative intensity 0.1) mutants with GFP-PLK1Wt in the cell extracts was markedly reduced 
when compared with wildtype PBIP1-V5 (relative intensity 2.5) (Fig. 4D). These results provide further evidence 
that engagement of the PBD Tyr pocket by Phe71 is essential for the PBIP1-PLK1 interaction during mitosis.

A small-molecule inhibitor targeting the Tyr pocket in PLK1 PBD recapitulates pocket muta-
tions. Next, we used molecular modelling to design inhibitors that would block phosphopeptide recogni-
tion by the PBD. The chemical synthesis and characterization of one such molecule, Polotyrin, are described in 
Supplementary Methods. Polotyrin (Fig. 5A) inhibits the binding of a TAMRA-labelled PBIP1 phosphopeptide 
(Glu-Thr-Phe(71)-Asp-Pro-Pro-Leu-His-pThr(78)-Ala) to recombinant PLK1 PBD protein in a dose-dependent 
manner, with an IC50 of 115 ± 24 µM (Fig. 5B). To verify its binding pose, we soaked the molecule into PBD crys-
tals and determined the structure of the complex. While designed to be a phospho-peptide mimetic, Polotyrin 
was found (Supplementary Figure S3) to occupy the Tyr pocket, with the iodophenyl moiety occupying the Tyr 
pocket and the thiophene ring stacking against Tyr481 (Fig. 5C). The binding opens the pocket, flipping both Tyr 
481 and Tyr417 out of its way, akin to what a long PBD-binding phosphopeptide would do (Fig. 5D). The termi-
nal group of Polotyrin, with an aromatic bi-carboxylic acid, makes limited interactions with the domain and is 
poorly resolved in the electron density, and does not engage with the phospho-Ser/Thr interaction site. Given this 
unexpected binding mode, we confirmed the binding of Polotyrin by soaking the crystals with an analogue of the 
Tyr-binding iodophenyl group, 3-iodobenzyl bromide. This fragment bound in the Tyr pocket in identical pose 
to Polotyrin (Fig. 5D), opening the pocket by shifting the two tyrosines. These findings confirm the binding site 
and binding mode for Polotyrin, as well as the Tyr pocket’s affinity for a iodophenyl group. The conformation of 
the Tyr pocket lining residues in Polotyrin and 3-iodobenzyl bromide complexes are virtually identical to those 
found in PBD in complex with the long FDPPLHSpTA peptide20. Thus, Polotyrin exemplifies a small-molecule 
inhibitor of phospho-substrate engagement with the PLK1 PBD via the Tyr pocket.

The cellular phenotypes elicited by Polotyrin exposure are consistent with its proposed mechanism of action. 
Polotyrin causes a dose-dependent increase in mitotic arrest in HeLa cells (Fig. 5E), marked by an increase 
in staining for the marker phospho-histone H3. Mitotic arrest is accompanied by characteristic anomalies in 
chromosome congression (Supplementary Fig. S8). Finally, Polotyrin treatment reproducibly but only slightly 
decreases the co-immunoprecipitation of PBIP1Wt-V5 with GFP-PLK1Wt in cell extracts (Fig. 5F), consistent with 
the effects of mutation of F71A in PBIP1 (Fig. 4D). Thus, Polotyrin exhibits biological effects supporting its mech-
anism of action in the PLK1 Tyr pocket, albeit at relatively high doses consistent with its modest in vitro potency 
(IC50 ~115 µM), warranting further chemical optimization in future studies.

Discussion
How the mitotic kinase PLK1 precisely recognizes and modifies multiple substrates to regulate sequential steps 
in chromosome segregation remains unclear. The findings we report here combine molecular, structural and 
chemical biology to define a previously unrecognized, novel function in chromosome segregation for a recently 
identified structural feature - the Tyr pocket – in the human PLK1 PBD. We provide a first line of evidence that 
the Tyr pocket plays an essential cellular role in the recognition of a class of PLK1 PBD substrates exemplified 
by PBIP1, distinct from those, like NEDD1, whose recognition depends solely on the previously characterized 
substrate binding groove (Fig. 6). Finally, we exploit this information to present evidence that small-molecule 
inhibitors targeting the Tyr pocket suffices to abrogate specific functions of PLK1 in dividing cells. Our findings 
have several important implications.

Our findings show for the first time that ablation of the Tyr pocket severely disrupts substrate recognition by 
the PLK1 PBD. Thus, the GFP-PLK1AM or GFP-PLK1AAD mutants exhibit defects in cell proliferation and mitotic 
progression, and in the localisation of PLK1 to kinetochores. These findings not only demonstrate that the Tyr 
pocket is essential for the cellular functions of PLK1, but also suggest that it does not play second fiddle to the 
well-characterized phosphosubstrate binding groove in substrate recognition.

Indeed, our findings strongly support the idea that a certain class of PLK1 PBD substrates, which may pos-
sess hydrophobic residues that engage the Tyr pocket adjacent to the key pSer/pThr, depend for their recogni-
tion on the integrity of this structural feature. Thus, PLK1Wt binds to both the canonical substrates NEDD1 and 

PBIP1Wt/F71A/T78A-V5 was pulled down from the lysates using V5 antibody and analysed by immunoblotting. 
Asterisks (*) indicate cross-reacting bands. The data presented is representative of two independent 
experiments.
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Figure 5. Targeting the Tyr pocket of the PLK1 PBD with a small-molecule inhibitor, Polotyrin. (A) The 
chemical structure of Polotyrin and 3-iodobenzyl bromide. (B) Polotyrin competitively inhibits the binding 
of a TAMRA- labelled-Glu-Thr-Phe(71)-Asp-Pro-Pro-Leu-His-pThr(78)-Ala-Ile-Tyr-Ala-Asp-Glu-acid 
phosphopeptide to the PLK1 PBD in Fluorescence Polarisation assay. (C) Crystal structure of PBD (surface 
rendering) with Polotyrin (stick model with yellow carbon atoms) shows how the compound binds in the Tyr-
pocket that opens up on binding to long PBD substrates. Phosphopeptide FDPPLHSpTA from PBIP1 spanning 
the from Tyr pocket to the phospho-substrate binding groove is shown as transparent sticks for reference 
(PDB 3p37). (D) Complex of alpha-bromo-2-iodo-tolune (stick model with pale yellow carbons) bound to 
PBD with side chains of the aromatic residues aligning the Tyr pocket are shown as thin sticks (pale yellow). 
Tyr pocket lining residues from Polotyrin (yellow), FDPPLHSpTA (white) and LHSpTA (blue) complexes are 
also shown as well to illustrate structural changes in the pocket on binding to different ligands. (E) HeLa cells 
were treated with Polotyrin (at 1000, 800, 400, 200, 100 & 50 μM) and BI2536 (100 nM) for 24 h. Mitotic cells 
were scored as phospho-histone H3 positive cells and expressed as a percentage of the total number of Hoechst 
33342-stained nuclei using a high-content screening platform as described earlier55. Each bar is a mean of three 
replicates ± S.D. and shows a dose-dependent increase in mitotic index upon treatment with Polotyrin; data 
from DMSO-treated cells is shown as a broken line. The data presented is representative of two independent 
experiments. Statistical analysis was done using Mann-Whitney two-tailed t-test; **p = 0.0029 to 0.0057; 
****p < 0.0001. (F) HeLa GFP-PLK1Wt cells were transfected with PBIP1Wt-V5 and harvested 24 h later. The 
lysates were incubated with Polotyrin (2 mM) or DMSO. PBIP1Wt-V5 was pulled down using V5 antibody and 
co-immunoprecipitates were analysed by immunoblotting.
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PBIP1, whilst PLK1AAD binds only to NEDD1, but PLK1AM binds neither substrate (Fig. 4A–C). The potential 
functional significance of differential substrate recognition via the Tyr pocket is highlighted by several observa-
tions. Differences in the kinetics of fluorescence recovery after photobleaching exhibited by the GFP-PLK1AAD, 
GFP-PLK1AM and GFP-PLK1Wt proteins suggests that their capacity for substrate binding is in the order 
PLK1Wt > PLK1AAD > PLK1AM (Fig. 4A), consistent with our biochemical experiments. Moreover, our observa-
tion that cells overexpressing GFP-PLK1AAD persist for longer in mitosis before undergoing cell death when com-
pared to those overexpressing GFP-PLK1AM (Fig. 3D), as well as differences in mitotic progression between these 
settings, speak to the same conclusion, highlighting the importance of the Tyr pocket in the mitotic functions 
of human PLK1. Thus, our findings suggest a model in which the Tyr pocket acts in concert with the substrate 
binding groove to fine-tune the selective recognition of specific PLK1 substrates involved in mitotic progression.

A number of small-molecule inhibitors that disrupt protein-protein interactions of the PLK1 PBD with its 
cognate protein substrates have been developed46,49–52, although several of the earlier compounds are non-specific 
protein alkylators39. Furthermore, peptide-modified ligands have been developed which additionally span up to 
the Tyrosine pocket25,51. Here, we identify a novel small-molecule inhibitor, Polotyrin, which binds to the Tyr 
pocket (Fig. 5C). The cellular phenotypes elicited by Polotyrin are consistent with our conclusion from somatic 
cell genetics that targeting the Tyr pocket of PLK1 causes mitotic arrest (Fig. 5E), although further optimisation 
will be necessary to improve Polotyrin’s cellular activity. Thus, these findings provide proof-of-principle, and a 
structural blueprint, for the future design of a novel class of PLK1 inhibitors that modulate substrate recognition 
by the PLK1 PBD by targeting the Tyr pocket. Future studies using such chemical tools promise to enhance 
understanding of how PLK1 precisely coordinates the recognition and phosphorylation of multiple proteins that 
bind chromatin, centrosomes or kinetochores to regulate chromosome segregation during mitosis.

KD PBD KD PBD

KD PBD KD PBD

KD PBDKD PBD

 PLK1 Wild-type (PLK1Wt)

Protein ‘X’

Protein ‘Y’
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PLK1 Tyr pocket mutant (PLK1AAD)
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through mitosis 

Binds to PBD 
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those like 
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PBD substrates;  
affects progression 
through mitosis 

Figure 6. A model for the role of PLK1-Tyr pocket in differential substrate recognition and mitotic progression. 
The two classes of PBD phospho-substrates are shown as (1) those including proteins ‘X’ and ‘Y’ (e.g. NEDD1) 
and (2) others containing a hydrophobic amino acid residue proximal to the pS/pT residue, shown here as 
protein ‘P’ (e.g. PBIP1). PLK1Wt binds to both categories of PBD-substrates; PLK1AAD does not bind to protein 
‘P’-like substrates while PLK1AM binds none.
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Methods
Cloning and transfection. GFP-Plk1AAD was generated by sequential site-directed mutagenesis of GFP-
Plk1Wt (M. Daniels, Oxford University) using oligonucleotides in Supplementary Table S1. Plk1 from Plk1Wt, 
Plk1AM

25 and Plk1AAD were amplified using primers in Table S1 using AccuPrime Pfx DNA polymerase 
(ThermoFisher Scientific) following manufacturer’s instructions and cloned at XhoI and NotI restriction sites in 
pcDNA5/TO/FRT/GFP-Mps1 (kind gift from Professor Steve Taylor, University of Manchester) replacing Mps1 
with Plk1.

Oligonucleotides (Supplementary Table S1) were used to amplify PBIP1Wt from PBIP1 I.M.A.G.E. cDNA 
clone (Source Bioscience) using AccuPrime Pfx DNA polymerase as above. PBIP1Wt was cloned in pcDNA™3.1/
V5-HisA vector (ThermoFisher Scientific) at BamHI and XbaI restriction sites. This PBIP1Wt-V5 construct was 
then used to generate PBIP1F71A-V5 and PBIP1T78A-V5 by site-directed mutagenesis using oligonucleotides in 
Supplementary Table S1. All clones used in the study were verified by Sanger Sequencing (Source Bioscience). 
DNA transfection to generate stable cell lines was  performed as described earlier53. Transfection of constructs 
(PBIP1Wt/F71A/T78A) was done using Lipofectamine 2000 (Invitrogen) according to manufacturers’ instructions. 
siRNA duplexes were purchased from Qiagen and MWG (Supplementary Table S2). SiRNA transfections were 
carried out at a concentration of 25 nM using DharmaFECT1 (Dharmacon, GE Healthcare) following manufac-
turer’s instructions.

Molecular modelling of tyrosine pocket mutations. Structural analysis was performed on the PLK1 
PBD complexed with the FDPPLHSpTA phosphopeptide from PBIP1 (PDBID 3P37). The protein structure 
was downloaded from the Protein Databank. Selenomethionines were changed to methionines and missing 
sidechains were added using Schrodinger’s Preparation Wizard, which was also used to check the orientations 
of the asparagine, glutamine, and histidine residues as well as the protonation state of all ionizable residues. All 
heteroatomic species such as buffer solvents and ions were removed. The hydrogen-atom positions were then built 
using Schrodinger’s Preparation Wizard and the force field parameters and partial charges were assigned from the 
OPLS force field54. Crystallographic water molecules were deleted.

Structural analysis was then performed to identify residues which could be mutated to abrogate phosphopep-
tide binding to the Tyrosine pocket but retain phosphopeptide binding to the phosphopeptide binding groove. 
Tyr417, Tyr421, Tyr481, and Tyr485 form the sides of the pocket. Val415 and Phe482 form the base of the pocket. 
Leu478 forms the back of the pocket. Val415, Tyr417, Phe482, and Tyr485 are relatively close to the phosphopep-
tide binding groove (all within 7 Angstroms of the backbone carbonyl of the −3 residue). Conversely, Tyr421, 
Leu478, and Tyr481 are approximately 10, 14, and 11 Angstroms from the backbone carbonyl of the −3 residue 
respectively (see Fig. 1A). These residues were selected for computational mutagenesis.

To avoid a combinatorial explosion, each of the three residues was mutated to only four other amino acids: 
alanine, serine, asparagine, and aspartate. These were selected for their small size. All 124 mutants were gen-
erated and the complexes with the FDPPLHSpTA phosphopeptide optimized using Schrodinger’s Embrace in 
each case. Predicted binding free energies between the PBD and the phosphopeptide were then estimated using 
Schrodinger’s MMGBSA approach41. Binding affinities were compared with the wild-type and the triple mutant 
Y421A/L478A/Y481D was selected as the most deleterious to FDPPLHSpTA phosphopeptide binding with a 
single change in charge.

Cell culture, generation of stable cell lines and chemical treatments. HeLa FlpInTM T-RExTM host 
cells (kind gift from Professor Steve Taylor, University of Manchester) were used for generating stable cell lines. 
The cells were grown at 37 °C under 5% CO2 in DMEM with GlutaMAX (Life Technologies), supplemented 
with 10% fetal calf serum, ZeocinTM (Invitrogen) at 0.05 mg.ml−1 and Blasticidin (InvivoGen) at 4 μg.ml−1. 
Medium containing Hygromycin (InvivoGen) at 0.2 mg.ml−1 and Blasticidin were used for selection and main-
tenance of resistant clones which were pooled and expanded. For all experiments unless specified, doxycycline 
(Sigma-Aldrich) at 0.1 mg.ml−1 was used for induction of GFP-fusion protein.

For synchronisation, cells were arrested in early S-phase with Thymidine (Sigma, 2 mM) for 16 h, then released 
for 8 h in Thymidine-free medium, these were then arrested again with Thymidine for 16 h followed by release. 
As and where specified an overnight treatment with Nocodazole (Sigma) at 40 nM, BI2536 (Axon Medchem) at 
100 nM and Poloppin41,46, at 100 µM was given.

Immunoblotting and analysis. For immunoblotting, proteins were extracted in lysis buffer containing 
50 mM HEPES (pH7.4), 100 mM NaCl, 0.5% NP-40, 10 mM EDTA, 20 mM β-glycerophosphate, 1 mM DTT, 
1 mM sodium orthovanadate, 1 mM PMSF, protease inhibitor cocktail and phosphatase inhibitor (Roche). 
Extracts were resolved by SDS-PAGE, transferred to PVDF membrane. Ponceau S (Sigma-Aldrich) staining was 
done on the membrane prior to blocking to visualise uniform transfer of the samples. The membrane was blocked 
with TBS-Tween (50 mM Tris pH 7.6, 150 mM NaCl, 0.1% Tween-20) plus 5% non-fat dried milk, and probed 
with primary antibodies overnight at 4 °C. Following that, the membrane was washed in TBS-Tween and incu-
bated in secondary antibodies for 1 h at room temperature. The membrane was washed in TBS-Tween and signal 
was developed using ECL or ECL prime reagent (GE Healthcare). The intensity of protein bands in pull down 
experiments was quantified using ImageJ. For this, a region of interest (ROI) was created around a protein band 
in a grayscale image, and band intensity was measured. For each blot, the same frame (ROI) was used to make 
measurements of protein bands across all the lanes including the background. The pixel intensities were inverted 
for each band (255 – measured band intensity) including background. Net signal intensity was obtained by sub-
tracting inverted background intensity. Normalised band intensity (as seen in figures) was expressed by taking a 
ratio of net signal intensity of IP band over its input control.

https://doi.org/10.1038/s41598-019-50702-2


1 2Scientific RepoRtS |         (2019) 9:15930  | https://doi.org/10.1038/s41598-019-50702-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

cell viability assay. Cells were seeded in 96-well plates at a density of 4000 cells per well in 100 µl of medium 
without antibiotics, 16 h later treated with doxycycline and siRNA simultaneously and the medium was replaced 
the next day. CellTiter-Blue®reagent (Promega) was diluted (1:10) and added to the medium 48 h after transfec-
tion. The plates were incubated at 37 °C for 2 h in the dark in a humidified 5% CO2 incubator. Cell viability was 
determined by increase in fluorescence signal using a plate reader with filter sets 590 ± 20/540 ± 20 (PheraStar, 
BMG).

Immunofluorescence and image analysis. Cells were grown and fixed on μ-slides (Ibidi, 80826) with 
4% formaldehyde (Agar Scientific) for 10 min. Cells were permeabilised with 0.1% Triton-100 (ThermoFisher 
Scientific), 0.1% Tween-20 (NBS Biologicals) in 1x PBS (PBS-Triton-Tween) for 10 min and blocked with 1% 
BSA (ThermoFisher Scientific) in PBS-Triton-Tween for 30 min. Antibodies were diluted in the blocking solution 
and cells were incubated in the dark for 1 h at room temperature. The cells were washed thrice with the blocking 
solution, and incubated with Alexa FluorTM conjugated secondary antibodies (Life Technologies) in the dark for 
30 min at room temperature. The cells were washed twice with the blocking solution, and stained for 2 minutes 
with Hoechst 33342 (1:4000 diluted in 1XPBS, Invitrogen) and washed twice with 1X PBS. The samples were 
stored at 4 °C in the dark before microscopy. For Fig. 3A,B, mitotic phenotypes were counted manually under the 
microscope, and representative images were taken on a LeicaSP5 confocal microscope using a 100×1.4 NA/oil 
objective. For sub-cellular localisation of GFP-PLK1Wt/AAD/AM (Fig. 2), the images were captured using a Zeiss880 
confocal microscope using a Plan-apochromat 100×/1.46 NA oil objective with z-stacks of confocal slices taken 
at 0.5 μm intervals. Pixel intensities were never saturated and laser exposure and detector settings were identi-
cal between samples across an experiment. To computationally measure GFP-PLK1 levels at centrosomes and 
kinetochores on a per cell basis, maximum intensity projections of four colour 3D data were analysed in Cell 
Profiler. Segmentation of DNA by Hoechst 33342 staining was used to create a mask within which anti-CREST 
foci denoting kinetochores were detected by thresholding. Centrosomes marked by anti-PCNT staining were 
simultaneously detected within segmented cytoplasmic or nuclear regions of the same cells. To correct for varia-
bility in GFP-PLK1 expression level, values were normalized to mean cellular levels in the cytoplasm and nucleus. 
Segmentation was manually checked for accuracy.

Mitotic index (MI) assay. MI assay was either performed in high content screening format as described in55 
or by manually counting the phospho-histoneH3 staining per 100 Hoechst stained nuclei under the microscope.

Live cell imaging. For time-lapse analysis, cells were plated in a chambered glass-bottom plate (Lab-Tek 
Chambered coverglass, catalogue no. 155383), transfected with siRNA and imaged in a heated chamber (37 °C 
and 5% CO2) using a 40×/0.5 NA objective on Leica Live cell microscope. Images were recorded every 5 min for 
up to 40 h. Data from live cells was analysed using Leica Lite AF software, between 16–33 h of siRNA transfec-
tion and induction of GFP-PLK1Wt/AAD/AM. Time in mitosis was determined from nuclear envelope breakdown 
(NEBD) to late anaphase.

FRAP and image analysis. FRAP was essentially as described in Mahen et al.39, with some modifications. 
Cells were imaged in L15 CO2 independent media (Gibco) at 37 °C, in μ-slides (see above) on a Zeiss 880 con-
focal microscope with a Plan-apochromat 63×/NA 1.4 oil objective. One confocal slice was imaged with a pixel 
size of 0.082 µm × 0.082 µm × 1 µm in the x-y-z dimension respectively, with each image taking 0.2 s to acquire. 
Bleaching took 0.4 s in a circle of area 3.19 µm2 using 100% power of a 488 nm argon laser. Regions of interest were 
defined in Zen Black software and analysis was performed with EasyFRAP56 making corrections for background 
fluorescence and image bleaching. t1/2 s were calculated by fully normalising the data and fitting with a single 
exponential term as described in56.

Co-Immunoprecipitation (co-IP). 0.5 to 2.0 mg of lysates was used for co-IP. GFP-pull down was per-
formed using 10 μl GFP-Trap® (Chromotek) as per manufacturer’s instructions. V5 antibody was pre-incubated 
with G-beads (Dynabeads, Invitrogen) as per manufacturer’s instructions. V5-beads were incubated with the 
lysates for 2 h at 4 °C on a rotator to pull down PBIP1Wt/F71A/T78A-V5. Incubation with Polotyrin (2 mM) and 
corresponding control DMSO was done at this stage. The immune-complexes were washed thrice with the lysis 
buffer and denatured using LDS loading buffer (Invitrogen) and heating at 70 °C prior to resolving on SDS-PAGE.

Antibodies. The following antibodies were used for immunoblotting or immunoflourescence; PLK1 
(Invitrogen 33-1700; 1:1000), CREST (Europa, 1:1000), Pericentrin (Abcam 4448; 1:500) β-tubulin 
(Sigma-Aldrich D66; 1:1000), GFP (Clontech JL-8 632381; 1:1000), V5 (Invitrogen R96025; 2ul for IP & 1:5000 
for immunoblotting) PhosphoS10-histone H3 (Abcam 14955; 1:2500), Nedd1 (Abcam 57336; 1:1000), β-actin 
(Sigma-Aldrich A5441; 1:10000), HRP-conjugated Mouse/Rabbit/ L-chain specific (Jackson ImmunoResearch 
Laboratories, Inc., 1:10000); Alexa FluorTM mouse 568, 594, human 594 and rabbit 633 secondary antibodies used 
for immunofluorescence (ThermoFisher Scientific; 1:500).

polotyrin discovery and synthesis. The binding poses of both PLHSpT and LHSpTA were identified by 
Yun et al.57. These structures were used as the starting point for the design of small molecule Plk1 inhibitors we 
termed phosphopeptidomimetics as they were designed to mimic the structure of LHSpT.

The formulation of de novo phosphopeptidomimetics began with the modelling of the LHSpT atomic arrange-
ment in three-dimensional space. Correct positioning of LHSpT electronic features and overall shape was enabled 
through this conceptualisation process. Small molecules were then assembled to replicate the same electronic and 
shape features of LHSpT. This technique was used to identify several structures, chemical intuition was used to 
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produce compound libraries. These libraries were docked into the prepared crystal structure of LHSpTA using the 
Schrodinger small molecule discovery suite and subsequently analysed by docking score and visually inspecting 
the docking pose. Two rounds of in silico docking and analysis were required for the discovery of small mole-
cules such as polotyrin that warranted synthetic effort. The synthesis of Polotyrin is described in detail in the 
Supplementary Methods section.

Data availability
Crystallographic data reported in this paper have been deposited in the Protein Data Bank database with 
identifiers 5NEI and 5NMM. All data, materials and associated protocols are available without restriction.

Received: 17 August 2018; Accepted: 26 July 2019;
Published: xx xx xxxx

References
 1. Abe, S. et al. The initial phase of chromosome condensation requires Cdk1-mediated phosphorylation of the CAP-D3 subunit of 

condensin II. Genes & development 25, 863–874, https://doi.org/10.1101/gad.2016411 (2011).
 2. Sumara, I. et al. The dissociation of cohesin from chromosomes in prophase is regulated by Polo-like kinase. Molecular cell 9, 

515–525 (2002).
 3. Seki, A., Coppinger, J. A., Jang, C. Y., Yates, J. R. & Fang, G. Bora and the kinase Aurora a cooperatively activate the kinase Plk1 and 

control mitotic entry. Science 320, 1655–1658, https://doi.org/10.1126/science.1157425 (2008).
 4. Lane, H. A. & Nigg, E. A. Antibody microinjection reveals an essential role for human polo-like kinase 1 (Plk1) in the functional 

maturation of mitotic centrosomes. The Journal of cell biology 135, 1701–1713 (1996).
 5. Elowe, S., Hummer, S., Uldschmid, A., Li, X. & Nigg, E. A. Tension-sensitive Plk1 phosphorylation on BubR1 regulates the stability 

of kinetochore microtubule interactions. Genes & development 21, 2205–2219, https://doi.org/10.1101/gad.436007 (2007).
 6. Seong, Y. S. et al. A spindle checkpoint arrest and a cytokinesis failure by the dominant-negative polo-box domain of Plk1 in U-2 OS 

cells. The Journal of biological chemistry 277, 32282–32293, https://doi.org/10.1074/jbc.M202602200 (2002).
 7. Sumara, I. et al. Roles of polo-like kinase 1 in the assembly of functional mitotic spindles. Current biology: CB 14, 1712–1722, https://

doi.org/10.1016/j.cub.2004.09.049 (2004).
 8. Burkard, M. E. et al. Chemical genetics reveals the requirement for Polo-like kinase 1 activity in positioning RhoA and triggering 

cytokinesis in human cells. Proceedings of the National Academy of Sciences of the United States of America 104, 4383–4388, https://
doi.org/10.1073/pnas.0701140104 (2007).

 9. Petronczki, M., Glotzer, M., Kraut, N. & Peters, J. M. Polo-like kinase 1 triggers the initiation of cytokinesis in human cells by 
promoting recruitment of the RhoGEF Ect2 to the central spindle. Developmental cell 12, 713–725, https://doi.org/10.1016/j.
devcel.2007.03.013 (2007).

 10. Brennan, I. M., Peters, U., Kapoor, T. M. & Straight, A. F. Polo-like kinase controls vertebrate spindle elongation and cytokinesis. 
PloS one 2, e409, https://doi.org/10.1371/journal.pone.0000409 (2007).

 11. Archambault, V. & Glover, D. M. Polo-like kinases: conservation and divergence in their functions and regulation. Nature reviews. 
Molecular cell biology 10, 265–275, https://doi.org/10.1038/nrm2653 (2009).

 12. Elia, A. E. et al. The molecular basis for phosphodependent substrate targeting and regulation of Plks by the Polo-box domain. Cell 
115, 83–95 (2003).

 13. Neef, R. et al. Choice of Plk1 docking partners during mitosis and cytokinesis is controlled by the activation state of Cdk1. Nature 
cell biology 9, 436–444, https://doi.org/10.1038/ncb1557 (2007).

 14. Lee, K. S. et al. Mechanisms of mammalian polo-like kinase 1 (Plk1) localization: self- versus non-self-priming. Cell cycle 7, 141–145, 
https://doi.org/10.4161/cc.7.2.5272 (2008).

 15. Lee, K. S., Park, J. E., Kang, Y. H., Kim, T. S. & Bang, J. K. Mechanisms underlying Plk1 polo-box domain-mediated biological 
processes and their physiological significance. Molecules and cells 37, 286–294, https://doi.org/10.14348/molcells.2014.0002 (2014).

 16. Elia, A. E., Cantley, L. C. & Yaffe, M. B. Proteomic screen finds pSer/pThr-binding domain localizing Plk1 to mitotic substrates. 
Science 299, 1228–1231, https://doi.org/10.1126/science.1079079 (2003).

 17. Archambault, V., Lepine, G. & Kachaner, D. Understanding the Polo Kinase machine. Oncogene 34, 4799–4807, https://doi.
org/10.1038/onc.2014.451 (2015).

 18. Garcia-Alvarez, B., de Carcer, G., Ibanez, S., Bragado-Nilsson, E. & Montoya, G. Molecular and structural basis of polo-like kinase 
1 substrate recognition: Implications in centrosomal localization. Proceedings of the National Academy of Sciences of the United States 
of America 104, 3107–3112, https://doi.org/10.1073/pnas.0609131104 (2007).

 19. Lowery, D. M. et al. Proteomic screen defines the Polo-box domain interactome and identifies Rock2 as a Plk1 substrate. The EMBO 
journal 26, 2262–2273, https://doi.org/10.1038/sj.emboj.7601683 (2007).

 20. Sledz, P. et al. From crystal packing to molecular recognition: prediction and discovery of a binding site on the surface of polo-like 
kinase 1. Angewandte Chemie 50, 4003–4006, https://doi.org/10.1002/anie.201008019 (2011).

 21. Liu, F. et al. Serendipitous alkylation of a Plk1 ligand uncovers a new binding channel. Nature chemical biology 7, 595–601, https://
doi.org/10.1038/nchembio.614 (2011).

 22. Sledz, P., Lang, S., Stubbs, C. J. & Abell, C. High-throughput interrogation of ligand binding mode using a fluorescence-based assay. 
Angewandte Chemie 51, 7680–7683, https://doi.org/10.1002/anie.201202660 (2012).

 23. Tan, Y. S. et al. Using ligand-mapping simulations to design a ligand selectively targeting a cryptic surface pocket of polo-like kinase 
1. Angewandte Chemie 51, 10078–10081, https://doi.org/10.1002/anie.201205676 (2012).

 24. Liu, F. et al. Identification of high affinity polo-like kinase 1 (Plk1) polo-box domain binding peptides using oxime-based 
diversification. ACS chemical biology 7, 805–810, https://doi.org/10.1021/cb200469a (2012).

 25. Liu, F. et al. Peptoid-Peptide hybrid ligands targeting the polo box domain of polo-like kinase 1. Chembiochem: a European journal 
of chemical biology 13, 1291–1296, https://doi.org/10.1002/cbic.201200206 (2012).

 26. Spankuch-Schmitt, B., Bereiter-Hahn, J., Kaufmann, M. & Strebhardt, K. Effect of RNA silencing of polo-like kinase-1 (PLK1) on 
apoptosis and spindle formation in human cancer cells. Journal of the National Cancer Institute 94, 1863–1877 (2002).

 27. Ito, T. et al. Polo-like kinase 1 regulates cell proliferation and is targeted by miR-593* in esophageal cancer. International journal of 
cancer 129, 2134–2146, https://doi.org/10.1002/ijc.25874 (2011).

 28. Reagan-Shaw, S. & Ahmad, N. Silencing of polo-like kinase (Plk) 1 via siRNA causes induction of apoptosis and impairment of 
mitosis machinery in human prostate cancer cells: implications for the treatment of prostate cancer. FASEB journal: official 
publication of the Federation of American Societies for Experimental Biology 19, 611–613, https://doi.org/10.1096/fj.04-2910fje 
(2005).

 29. Golsteyn, R. M., Mundt, K. E., Fry, A. M. & Nigg, E. A. Cell cycle regulation of the activity and subcellular localization of Plk1, a 
human protein kinase implicated in mitotic spindle function. The Journal of cell biology 129, 1617–1628 (1995).

https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1101/gad.2016411
https://doi.org/10.1126/science.1157425
https://doi.org/10.1101/gad.436007
https://doi.org/10.1074/jbc.M202602200
https://doi.org/10.1016/j.cub.2004.09.049
https://doi.org/10.1016/j.cub.2004.09.049
https://doi.org/10.1073/pnas.0701140104
https://doi.org/10.1073/pnas.0701140104
https://doi.org/10.1016/j.devcel.2007.03.013
https://doi.org/10.1016/j.devcel.2007.03.013
https://doi.org/10.1371/journal.pone.0000409
https://doi.org/10.1038/nrm2653
https://doi.org/10.1038/ncb1557
https://doi.org/10.4161/cc.7.2.5272
https://doi.org/10.14348/molcells.2014.0002
https://doi.org/10.1126/science.1079079
https://doi.org/10.1038/onc.2014.451
https://doi.org/10.1038/onc.2014.451
https://doi.org/10.1073/pnas.0609131104
https://doi.org/10.1038/sj.emboj.7601683
https://doi.org/10.1002/anie.201008019
https://doi.org/10.1038/nchembio.614
https://doi.org/10.1038/nchembio.614
https://doi.org/10.1002/anie.201202660
https://doi.org/10.1002/anie.201205676
https://doi.org/10.1021/cb200469a
https://doi.org/10.1002/cbic.201200206
https://doi.org/10.1002/ijc.25874
https://doi.org/10.1096/fj.04-2910fje


1 4Scientific RepoRtS |         (2019) 9:15930  | https://doi.org/10.1038/s41598-019-50702-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 30. Barr, F. A., Sillje, H. H. & Nigg, E. A. Polo-like kinases and the orchestration of cell division. Nature reviews. Molecular cell biology 5, 
429–440, https://doi.org/10.1038/nrm1401 (2004).

 31. Arnaud, L., Pines, J. & Nigg, E. A. GFP tagging reveals human Polo-like kinase 1 at the kinetochore/centromere region of mitotic 
chromosomes. Chromosoma 107, 424–429 (1998).

 32. Beck, J. et al. Ubiquitylation-dependent localization of PLK1 in mitosis. Nature cell biology 15, 430–439, https://doi.org/10.1038/
ncb2695 (2013).

 33. Kang, Y. H. et al. Self-regulated Plk1 recruitment to kinetochores by the Plk1-PBIP1 interaction is critical for proper chromosome 
segregation. Molecular cell 24, 409–422, https://doi.org/10.1016/j.molcel.2006.10.016 (2006).

 34. Lee, K. S., Yuan, Y. L., Kuriyama, R. & Erikson, R. L. Plk is an M-phase-specific protein kinase and interacts with a kinesin-like 
protein, CHO1/MKLP-1. Molecular and cellular biology 15, 7143–7151 (1995).

 35. Burkard, M. E. et al. Plk1 self-organization and priming phosphorylation of HsCYK-4 at the spindle midzone regulate the onset of 
division in human cells. PLoS biology 7, e1000111, https://doi.org/10.1371/journal.pbio.1000111 (2009).

 36. Liu, X., Zhou, T., Kuriyama, R. & Erikson, R. L. Molecular interactions of Polo-like-kinase 1 with the mitotic kinesin-like protein 
CHO1/MKLP-1. Journal of cell science 117, 3233–3246, https://doi.org/10.1242/jcs.01173 (2004).

 37. Mahen, R., Jeyasekharan, A. D., Barry, N. P. & Venkitaraman, A. R. Continuous polo-like kinase 1 activity regulates diffusion to 
maintain centrosome self-organization during mitosis. Proceedings of the National Academy of Sciences of the United States of 
America 108, 9310–9315, https://doi.org/10.1073/pnas.1101112108 (2011).

 38. Hanisch, A., Wehner, A., Nigg, E. A. & Sillje, H. H. Different Plk1 functions show distinct dependencies on Polo-Box domain-
mediated targeting. Molecular biology of the cell 17, 448–459, https://doi.org/10.1091/mbc.E05-08-0801 (2006).

 39. Mahen, R. Stable centrosomal roots disentangle to allow interphase centriole independence. PLoS biology 16, e2003998, https://doi.
org/10.1371/journal.pbio.2003998 (2018).

 40. Joukov, V., Walter, J. C. & De Nicolo, A. The Cep192-organized aurora A-Plk1 cascade is essential for centrosome cycle and bipolar 
spindle assembly. Molecular cell 55, 578–591, https://doi.org/10.1016/j.molcel.2014.06.016 (2014).

 41. Genheden, S. & Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert opinion on drug 
discovery 10, 449–461, https://doi.org/10.1517/17460441.2015.1032936 (2015).

 42. Maia, A. R. et al. Cdk1 and Plk1 mediate a CLASP2 phospho-switch that stabilizes kinetochore-microtubule attachments. The 
Journal of cell biology 199, 285–301, https://doi.org/10.1083/jcb.201203091 (2012).

 43. Amin, M. A., Itoh, G., Iemura, K., Ikeda, M. & Tanaka, K. CLIP-170 recruits PLK1 to kinetochores during early mitosis for 
chromosome alignment. Journal of cell science 127, 2818–2824, https://doi.org/10.1242/jcs.150755 (2014).

 44. Steegmaier, M. et al. BI 2536, a potent and selective inhibitor of polo-like kinase 1, inhibits tumor growth in vivo. Current biology: 
CB 17, 316–322, https://doi.org/10.1016/j.cub.2006.12.037 (2007).

 45. Lenart, P. et al. The small-molecule inhibitor BI 2536 reveals novel insights into mitotic roles of polo-like kinase 1. Current biology: 
CB 17, 304–315, https://doi.org/10.1016/j.cub.2006.12.046 (2007).

 46. Narvaez, A. J. et al. Modulating Protein-Protein Interactions of the Mitotic Polo-like Kinases to Target Mutant KRAS. Cell Chem Biol 
24, 1017–1028 e1017, https://doi.org/10.1016/j.chembiol.2017.07.009 (2017).

 47. Zhang, X. et al. Sequential phosphorylation of Nedd1 by Cdk1 and Plk1 is required for targeting of the gammaTuRC to the 
centrosome. Journal of cell science 122, 2240–2251, https://doi.org/10.1242/jcs.042747 (2009).

 48. Johmura, Y. et al. Regulation of microtubule-based microtubule nucleation by mammalian polo-like kinase 1. Proceedings of the 
National Academy of Sciences of the United States of America 108, 11446–11451, https://doi.org/10.1073/pnas.1106223108 (2011).

 49. Reindl, W., Yuan, J., Kramer, A., Strebhardt, K. & Berg, T. Inhibition of polo-like kinase 1 by blocking polo-box domain-dependent 
protein-protein interactions. Chemistry & biology 15, 459–466, https://doi.org/10.1016/j.chembiol.2008.03.013 (2008).

 50. Watanabe, N. et al. Deficiency in chromosome congression by the inhibition of Plk1 polo box domain-dependent recognition. The 
Journal of biological chemistry 284, 2344–2353, https://doi.org/10.1074/jbc.M805308200 (2009).

 51. Scharow, A. et al. Optimized Plk1 PBD Inhibitors Based on Poloxin Induce Mitotic Arrest and Apoptosis in Tumor Cells. ACS 
chemical biology 10, 2570–2579, https://doi.org/10.1021/acschembio.5b00565 (2015).

 52. Reindl, W., Yuan, J., Kramer, A., Strebhardt, K. & Berg, T. A pan-specific inhibitor of the polo-box domains of polo-like kinases 
arrests cancer cells in mitosis. Chembiochem: a European journal of chemical biology 10, 1145–1148, https://doi.org/10.1002/
cbic.200900059 (2009).

 53. Tighe, A., Staples, O. & Taylor, S. Mps1 kinase activity restrains anaphase during an unperturbed mitosis and targets Mad2 to 
kinetochores. The Journal of cell biology 181, 893–901, https://doi.org/10.1083/jcb.200712028 (2008).

 54. Kaminski, G. A., Friesner, R. A. Evaluation and Reparametrization of the OPLS-AA Force Field for Proteins via Comparison with 
Accurate Quantum Chemical Calculations on Peptides. The Journal of Physical Chemistry 105 (2001).

 55. Ibbeson, B. M. et al. Diversity-oriented synthesis as a tool for identifying new modulators of mitosis. Nature communications 5, 3155, 
https://doi.org/10.1038/ncomms4155 (2014).

 56. Rapsomaniki, M. A. et al. easyFRAP: an interactive, easy-to-use tool for qualitative and quantitative analysis of FRAP data. 
Bioinformatics 28, 1800–1801, https://doi.org/10.1093/bioinformatics/bts241 (2012).

 57. Yun, S. M. et al. Structural and functional analyses of minimal phosphopeptides targeting the polo-box domain of polo-like kinase 
1. Nature structural & molecular biology 16, 876–882, https://doi.org/10.1038/nsmb.1628 (2009).

Acknowledgements
P.S. and M.H. were supported by Wellcome Trust-Strategic Award (090340/Z/09/Z) to A.R.V, G.J.M, D.R.S, M.H, 
while B.H., A.E. and G.J.M. were supported by a Medical Research Council Programme Grant (MC_UU_12022/8) 
to A.R.V. R.M. was funded by a Henry Wellcome Fellowship from the Wellcome Trust (100090/Z/12/Z). We 
thank Dr. Ana Julia Narvaez for purifying PBD used in the Fluorescence Polarisation assay, Professor Steve Taylor 
(University of Manchester) for providing pcDNA5/TO/FRT/GFP-Mps1 vector and HeLa FlpInTM T-RExTM 
host cells, the X-ray crystallographic facility at the Department of Biochemistry for access to crystallisation 
robotics, and the Diamond Light Source at Harwell, UK (proposal mx7141 and mx9537) for access and support 
at beamlines I03 and I24.

Author Contributions
P.S. organised the project and carried out experiments. R.M., M.R., J.E.S., B.H. and D.L.K. carried out experiments. 
P.S., R.M., B.H., M.R., A.E. and M.H. collated data and prepared figures. D.J.H. provided computational support. 
M.H., D.R.S., G.J.M. and A.R.V. supervised the project. A.R.V. conceived the project and finalised the manuscript.

Competing Interests
The authors declare no competing interests.

https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/nrm1401
https://doi.org/10.1038/ncb2695
https://doi.org/10.1038/ncb2695
https://doi.org/10.1016/j.molcel.2006.10.016
https://doi.org/10.1371/journal.pbio.1000111
https://doi.org/10.1242/jcs.01173
https://doi.org/10.1073/pnas.1101112108
https://doi.org/10.1091/mbc.E05-08-0801
https://doi.org/10.1371/journal.pbio.2003998
https://doi.org/10.1371/journal.pbio.2003998
https://doi.org/10.1016/j.molcel.2014.06.016
https://doi.org/10.1517/17460441.2015.1032936
https://doi.org/10.1083/jcb.201203091
https://doi.org/10.1242/jcs.150755
https://doi.org/10.1016/j.cub.2006.12.037
https://doi.org/10.1016/j.cub.2006.12.046
https://doi.org/10.1016/j.chembiol.2017.07.009
https://doi.org/10.1242/jcs.042747
https://doi.org/10.1073/pnas.1106223108
https://doi.org/10.1016/j.chembiol.2008.03.013
https://doi.org/10.1074/jbc.M805308200
https://doi.org/10.1021/acschembio.5b00565
https://doi.org/10.1002/cbic.200900059
https://doi.org/10.1002/cbic.200900059
https://doi.org/10.1083/jcb.200712028
https://doi.org/10.1038/ncomms4155
https://doi.org/10.1093/bioinformatics/bts241
https://doi.org/10.1038/nsmb.1628


1 5Scientific RepoRtS |         (2019) 9:15930  | https://doi.org/10.1038/s41598-019-50702-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-50702-2.
Correspondence and requests for materials should be addressed to A.R.V.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50702-2
https://doi.org/10.1038/s41598-019-50702-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A cryptic hydrophobic pocket in the polo-box domain of the polo-like kinase PLK1 regulates substrate recognition and mitoti ...
	Results
	Mutations ablating the Tyr pocket of the PLK1 PBD inhibit viability. 
	Mutations ablating the Tyr pocket of the PLK1 PBD perturb the dynamics of its intracellular localisation during the cell cy ...
	Mutations ablating the Tyr pocket of the PLK1 PBD impair mitotic progression. 
	Differential engagement of PLK1 PBD substrates via the Tyr pocket. 
	A small-molecule inhibitor targeting the Tyr pocket in PLK1 PBD recapitulates pocket mutations. 

	Discussion
	Methods
	Cloning and transfection. 
	Molecular modelling of tyrosine pocket mutations. 
	Cell culture, generation of stable cell lines and chemical treatments. 
	Immunoblotting and analysis. 
	Cell viability assay. 
	Immunofluorescence and image analysis. 
	Mitotic index (MI) assay. 
	Live cell imaging. 
	FRAP and image analysis. 
	Co-Immunoprecipitation (co-IP). 
	Antibodies. 
	Polotyrin discovery and synthesis. 

	Acknowledgements
	Figure 1 Mutations ablating the Tyr pocket of the PLK1 PBD inhibit cell viability.
	Figure 2 Mutations ablating the Tyr pocket of the PLK1 PBD perturb the dynamics of its intracellular localisation during the cell cycle.
	Figure 3 Mutations ablating the Tyr pocket of the PLK1 PBD impair mitotic progression.
	Figure 4 Differential engagement of PLK1 PBD substrates via the Tyr pocket.
	Figure 5 Targeting the Tyr pocket of the PLK1 PBD with a small-molecule inhibitor, Polotyrin.
	Figure 6 A model for the role of PLK1-Tyr pocket in differential substrate recognition and mitotic progression.




