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ABSTRACT. PLK1 (polo-like kinase 1) is a key mitotic kinase and a therapeutic target in the treatment of
proliferative diseases. Here we investigate the relative substrate specificity and pharmacological relatedness
of PLK1, -2, -3, and -4 that together comprise a conserved family of Ser/Thr kinases (PLK family). We
report consensus substrate sequences for PLK2, -3, and -4 and an expanded consensus sequence for PLK1,
which we use to design an optimal peptide substrate, PLKtide. We report inhibitory activity for the entire
PLK family across a diverse set of small-molecule ATP-competitive inhibitors including several clinical
compounds. With respect to both substrate and ATP-site specificity, highest similarity is observed between
PLK2 and PLK3, PLK1 is next most similar, and PLK4 is least similar. Further, we have identified and
report time-dependent inhibition by two potent and selective PLK inhibitors.

The polo-like kinase (PLK)family of Ser/Thr kinases is dem C-terminal polo-box sequences that are relatively
the focus of intensive drug discovery aimed at the treatmentdivergent in structure yet have conserved function as
of proliferative diseases. The PLK family consists of PLK1, phosphopeptide (Ser-pSer/pThr-Pro/X) binding domains that
PLK2 (Snk), PLK3 (Fnk, Prk), and PLK4 (Sak), the best serve to localize these kinases and regulate their actRay (
characterized of which, PLK1, serves key roles in mitosis 27—29). PLK4 is most divergent in its C-terminus, containing
and is a well-validated therapeutic target for cander13). only a single polo-box domain that may not function as a
Less well characterized, the pharmacological implications substrate docking site but rather as a homodimerization
of PLK2, PLK3, and PLK4 inhibition remain uncertain. domain @5). The PBDs of PLKs are an attractive alternative
Differences in spaciotemporal expression, subcellular local- target for small-molecule inhibitor design as drugs targeting
ization, substrate specificity, and regulation indicate different these sites could prove PLK-isoform selectide Z6).
functions, although some functional redundancy, in mitosis  PLK kinase domains contain many of the conserved
for example, is observed4—26). In the presence of mitotic  features of other protein kinases and have even higher
poisons, PLK2 silencing has been reported to enhancesequence similarity to each other, with PLK2 and PLK3
apoptosis and suggested to confer sensitization to Taxol-peing most similar and PLK1 and PLK4 most dissimil26,(
resistant tumors1Q). Yet, another report indicates a tumor 30, 31). Moreover, the canonical Gly-X-Gly-X-XGly se-
suppressor function for PLK2 in B cell neoplasi&6y. quence that typifies the ATP-binding site of most protein
Moreover, both PLK2 and PLK3 have been reported to play kinases is Gly-X-Gly-X-Phe\la in all four PLKs (15, 32,
important nonmitotic roles in neuronal synaptic plasticity,(  33). The efficacy of a kinase inhibitor depends critically on
18). PLK3 has been reported to activate p53 in response tojts specificity toward one or more defined kinase targets.
oxidative stress and to promote mitotic progression, consis- Although kinase specificity cannot be sufficiently predicted
tent with its suitability as an antiproliferative targeét1 by primary sequence homology, a set of diverse compounds
23). PLK4 has been implicated in the promotion of centriole may be profiled against a set of kinases to determine
duplication, cell cycle progression, and induction of apoptosis structure-activity relationship (SAR) similarity 34—36).
upon silencingZ0, 24). Since PLK2, PLK3, and PLK4 lack  Together, these data provide information regarding inhibitor
the extensive validation associated with PLK1, insight specificity, tractability of target inhibition, and likely toxicity/
regarding specificity is essential when targeting the PLK polypharmacology that is critical to drug discoveBd(35).
family (1). Despite the large interest in targeting PLKs, little is known

The polo-like kinase family members are characterized by of their SAR similarity. While this report was in submission,

a multidomain structure consisting of a highly conserved the crystal structure of a T210V mutant of the PLK-1
N-terminal catalytic domain and a relatively divergent catalytic domain appeared in pre€g) Without structures

C-terminal polo-box domain (PBD). PLK13 contain tan-  for PLK2—4 and with that of PLK1 only recently available,
current understanding of SAR similarity within the family
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6344. Fax: 847-938-2365. E-mail: eric.f.johnson@abbott.com. presented here investigates substrate and inhibitor specificity

1 Abbreviations: PLK, polo-like kinase; PLK-KD, PLK kinase ; ; ;
domain; fl-PLK, full-length PLK; PBD, polo-box domain; PDB, Protein directly and provides experimental data to test, complement,

Data Bank; SAR, structureactivity relationship; PI3K, phosphoinositol and enhance Our_current understanding of PLK family
3-kinase. structure and function. Furthermore, through the course of
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these studies we have identified time-dependent inhibition 4 mCijumol) was added to two 384-well plates containing
of PLK1 by the relatively selective and potent PLK1 720 biotinylated peptides (50 pmol/well) with a final reaction
inhibitors wortmannin and BI-2536, providing important volume of 25uL, incubated for 2 h, quenched with @@

insight into their mechanism of action. of stop buffer, and processed per standard PLK protocol
(above). Substrates were then rank-ordered by activity (cpm)
EXPERIMENTAL PROCEDURES and those significantly above backgrourel200 cpm vs

54 + 34 cpm “no peptide background”) used for consensus
analysis. Using these criteria, the analysis was conducted
with 18, 8, 20, and 19 substrates for PLK4, respectively.

An initial substrate screen with PLK2 produced questionable
) “results as several robust hits with sequence highly divergent
dures: 1-3 (38), 5 (39, 40), 8 (41, 42), 10(43, 44), 11713 ¢ the observed PLK1 and PLK3 consensus were ob-
(45), 20 (46, 47), and21 (48, 49). served. The kinase activity with these substrates was potently

Enzymes and Substrat€&ST-tagged PLK1[+331] (PLK1-  jnnibited by staurosporine but not by several specific PLK1/3
KD) was expressed in SF9 cells using a baculoviral expres-jnnipitors. We suspected the presence of a trace, but robust,
sion system and affinity purified using glutathione  contaminating kinase in this commercial PLK2 prep and
Sepharose and S-Sepharose Fast Flow resins. His-taggegbpeated the experiment in the presence of 100 nM stauro-
PLK4[1-269] (PLK4-KD) was expressed Bscherichia coli  sporine, which suppressed phosphorylation of all substrates
and purified using nickel-resin. Baculovirus-expressed GST- except a subset similar or identical to those observed for
His-tagged Snk (fl-PLK2) (Cell Signaling Technology) and p|K1/3. The reported consensus is that determined in the
His-tagged PLK3[19-301] (PLK3-KD) (Upstate) were com-  presence of 100 nM staurosporine.
mercially obtained. The peptide library employed was the = g, ajuation of SubstratesPLK1-KD (5 nM), fl-PLK2
Jerini general kinase substrate set, comprising 720 biotiny- (10 nM), PLK3-KD (0.1 nM), andJ-3P]ATP (54M, 4 mCi/
lated peptides derived from human phosphorylation sitesﬂmon were initiated with peptide substrate (M) and
containing 1331 serine, 650 threonine, and 370 tyrosine stopped at 0, 5, 10, 15, 20, 30, 45, and 60 min. Initial rates
residues (JPT Peptide Technologies, GmbH). All other were determined from the resulting linear progress curves
peptides were custom synthesized (Genemed) and were ofjsing Kaleidagraph (Synergy Software), and activity was
the form biotin-Cs linker—peptide-CO,H. expressed as percent activity using PLKtide.

PLK Kinase Assays and; etermination.Unless other- Analysis of Time-Dependent Inhibitiofiime-dependent
wise specified, kinase assays were conducted as follows withinhibition data (progress curves) for inhibition of PLKs by
final concentrations as indicated. In 384-well polypropylene wortmannin and Bl 2536 were fit to eq 1 using Kaleidagraph
plates (Axygen), 1QuL of compound (2% DMSO) was (51, 52):
mixed with 10uL of kinase and biotinylated peptide substrate
(2 uM), followed by immediate initiation with 1Q«L of P=P,.I1— e_kt] 1)
[A-33P]ATP (5 uM, 2 mCijumol) (Perkin-Elmer) using a
reaction buffer comprising 25 mM HEPES, pH 7.5,0.5mM \hereP is the amount of product at time)( Pnax is the
DTT, 10 mM MgCh, 100:M NagVO,, and 0.075 mg/mL  amount of product formed at infinite time, ardis the
Triton X-100. Reactions were quenched affeh by the  gpserved pseudo-first-order binding rate for a given inhibitor
addition of 50uL of stop buffer (50 mM EDTA2 M NaCl). concentration. The apparefy (Ki') for the reversible binding
Eighty microliters of the stopped reactions was transferred of wortmannin to PLK1 at 1M ATP (<K,~ATP) and the
to 384-well streptavidin-coated plates (FlashPlate Plus; first-order rate of “irreversible” incorporation once bound,

Perkin-Elmer), incubated for 30 min at room temperature, k... were determined by fitting the resulting pseudo-first-
washed three times with 0.05% Tween-20/PBS using an grder observed b|nd|ng rate&)bs VS Corresponding wort-

ELX-405 automated plate washer (BioTek), and counted on mannin concentration, [I], using eq 8% 52):

a TopCount scintillation plate reader (Packard). PLK1-KD

(2 nM), fl-PLK1 (5 nM), fl-PLK2 (5 nM), and PLK3-KD Kype= Koocl1/(K + 1) @)
(0.2 nM) used PLKtide as a substrate. PLK4-KD (2 nM)

used peptide A-All (TPSDSLIYDDGLS) as a substrate For Bl 2536, pseudo-first-order observed binding rakgs,
(Jerini AG). ApparenKr values (uM ATP) were 0.24M  obtained at 1M ATP (<Ky;) and corresponding inhibitor

(PLK1-KD), 2 uM (fl-PLK2), 0.8 uM (PLK3-KD), and concentrations, [I], were fit to eq 3 in order to estimate the
10uM (PLK4-KD) for the corresponding peptide substrates. on rate, ko, (53):

ICso values were determined using an 11-point, 3-fold

Inhibitors. Compounds, 9, 14, and15 (American Custom
Chemicals),6 (Biomol), 7 and 16 (Calbiochem), and.7—
19 (Sigma) were commercially obtained. The remaining
compounds were synthesized according to literature proce

dilution series. To normalize affinity data, 4&values were Kops = Korlll 1 Kot (3)
converted to apparen€; assuming a ChengPrusoff rela-

tionship 60). In all cases, the estimata¢l and IG, are Estimation of Bl 2536 Off Rate from ig€ and k.
similar (within 2.5-fold), as ATP concentrations were low Theoretical maximunkys values for Bl 2536 from PLK1
relative to apparent ATR, values of 10QeM (PLK1-KD), were estimated using eqK;??= 0.13 nM (from minimum
120uM (fl-PLK2), 20 uM (PLK3-KD), and 4uM (PLK4- observed |G after 4 h preincubation, where Bl 2536 may
KD). be titrating active sites), ankh, = 0.0049 min' nM~* as

Substrate Library Screening and Consensus Analysis. determined at 1&M ATP (<Kg) (53):
mixture of PLK1-KD (20 nM), fl-PLK2 (50 nM), PLK3-
KD (2.5 nM), or PLK4-KD (20 nM) and-3PJATP (5uM, Ki = KofilKon 4)
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Hierarchical Clustering and Multidimensional Analysis. residues. Specifically, the PLK4 consensus included a basic
Hierarchical relationships for both substrate and inhibitor residue at-3 (37%), an acidic residue at2 (50%), Tyr or
specificity were determined by the “complete linkage” hydrophobic {) at+1 (47%) and+2 (89%), and Ser/Thr
clustering method using a “correlation” similarity measure (42%) or Ala (26%) att-4. To further assess relatedness in
in Spotfire DecisionSite 8.0 (Spotfire, Inc.). For substrate substrate specificity, we performed hierarchical clustering
specificity, pairwise similarity was calculated by counting and multidimensional scaling analysis using the data obtained
the number of peptides that were common substrates oron the 45 library peptides found to be a substrate for at least
nonsubstrates for each kinase pair divided by the total numberone PLK. The results indicate highest similarity in the
of peptides tested. For inhibitor specificity, pairwise similarity substrate specificity of PLK2 and PLK3, which differ slightly
was calculated as the pharmacological interaction strengthfrom that of PLK1, all of which are quite different from that
for each kinase pair as described in Hopkins et al. using aof PLK4 (Figure 2A and B).

potency threshold of 1.0 log unib4). Multidimensional The phosphorylation site preference was further investi-
scaling (MDS) analyses were performed within Microsoft gated in Cdc25C peptide, cJun peptide, and PLKtide. Since
Excel using the XLSTAT plug-in. PLKtide and the Cdc25C peptide from which it was derived

Modeling.Sequence alignments were carried out with the contain multiple potential phosphorylation sites, we also
BESTFIT utility (Wisconsin Package; Accelrys Inc., San included C-terminal and N-terminal fragments of each along
Diegoi CA) H0m0|0gy models of PLK34 were constructed with Corresponding site-directed substitutions at putative
using the HOMOLOGY software package (Accelrys). PDB Phosphorylation sites (Figure 2D). Whereas PLK1 and PLK3
entry 1ATP (protein kinase A) was selected as a template Preferentially phosphorylated Ser 198 and 191, respectively,
because of its accurate representation of the general structurdh the parent peptide Cdc25C(18204), all PLKs displayed
features of known ATP- and substrate-binding sites. DELPHI greatly enhanced activity and a strong preference for the
calculations (neutral pH) were carried out within the residue corresponding to Ser198 in the optimized substrate
INSIGHT software (Accelrys). Models of PLKtide, wort-  (Figure 2E). Further, a strong preference of PLK1 versus
mannin, and staurosporine bound to PLK1 were created usingPLK2/3 is observed in the utilization of the cJun peptide.
the corresponding binding modes observed in PDB entriesPLK4 was not observed to phosphorylate any of these
1PKA, 1E7U, and 1STC for PKI/PKA, wortmannin/PI3K, substrates.

and staurosporine/PKA, respectively, as templates. Protein 3D Modeling The sequence alignment of the
catalytic domains of PLK%4 is provided in Chart 1. The
RESULTS pairwise identities of the catalytic domains are shown in

Table 1. Homology models of each enzyme permitted the

Peptide Library Screening and Substrate Optimizatiom  dentification of 29 ATP-site binding residues used in
identify PLK substrates, we screened each polo-like kinase calculating the pairwise identities of the ATP-binding sites
in vitro against a library of 720 peptides derived from human (jisted in Table 1). The highest identities were observed
phosphorylation sites containing 1331 serine, 650 threonine, petween PLK2 and PLK3, and the lowest identities were
and 370 tyrosine residues (JPT Peptide Technologies GmbH) observed between PLK1 and PLK4. Pronounced differences
PLK1 phosphorylated 18 peptides with significant activity. in the surface electrostatic properties of the four enzymes
We aligned these with several substrates described in theyere observed, and the DELPHI surfaces are shown in
literature and an in vitro PLK1 substrate, cJun peptide, Figure 3A-D. While a significant electropositive region
previously identified in our laboratories (Figure 15~ surrounds the ATP- and substrate-binding regions of PEK1
59). Since many of the substrates in the peptide library 3, a significantly diminished electropositive region exists for
contain multiple serine or threonine residues, an assumptionp|_KA4.
on the site of phosphorylation by PLK1 was made consider-  sybstrate Specificity Modelinn the basis of homology
ing a crude consensus sequence, D/E-X-8#X-D/E (y is modeling, Lowery et al. previously predicted similar substrate
any hydrophobic amino acid)59). From the resulting  specificity for PLK1-3 that they expected might differ
alignment, the amino acid frequency at each pOSition was Significant|y from that of PLK4 25) Our data provide
determined and used to generate an expanded PLK1 conexperimental evidence in agreement with their predictions
sensus sequence (Figure 1B). Several peptides were designegbt also indicate additional subtleties in substrate specificity
having 16 amino acids before and 6 amino acids after the within PLK1—3 and which expand consensus sequence
PLK1 phosphorylation site. These peptides comprise the contribution beyond the reported D/E-X-S{=X-D/E motif
consensus amino acid at th€ to +7 positions and contain  (59). To extend this analysis, models of PLKtide bound to
the corresponding Myt1 or Cdc25C (Ser 198) parent amino the substrate region of PLK34 were created; the model with
acids at remaining positions. An improved substrate for p| K1 is shown in Figure 3E. The pronounced preference
PLK1, here termed PLKtide, was identified which corre- for negatively charged residues in the PLK substrates is

sponds to the consensus sequence for positiohdo +6  njcely rationalized by the significant electropositive environ-
supplemented with residues from Cdc25C for positie2S ment of the PLK substrate-binding sites (Figure 3E). The
to —8. following comments are limited to the protein regions

We identified the predominant consensus sequence fromsurrounding the substrate, P, and R 3 side chains, as these
the set of substrates identified for each PLKR and are sites that give pronounced differences in substrate
compared them to that of PLK1 (Figure 2A). The observed sequence preference within the PLK family. The side chain
PLK2 and PLK3 consensus sequences are very similar andof P, projects into a hydrophobic pocket comprised of Leu
contain acidic residues at most of the flanking positions while 211, Leu 256, and Tyr 260. This pocket is similar in PLK2
that for PLK4 indicates a preference for other amino acid but is significantly deepened in PLK4 with the replacement
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SGEDTLSDSDDED
IA\ CYEQLNDSSEEED
DDSIISSLDVTDI
KGAKPDVSNGQPE
TSGEDTLSDSDDE
EDPDIPESQMEEP
DLYLPLSLDDSDS
DEDSPSSPEDTSY
DEDSPSSPEDTSY
DEDSPSSPEDTSY
IESLSSSEESITE
NENTEDQY SLVED
TLTTNEEYLDLSQ
NEEESSYSYEEIN
ALGADDSYYTARS
FDNNEEESSYSYE
MSSSEEVSWISWE
EQRMKESSFYSLC

AKMETTFYDDALNASFLPSEGPYGYSNPK
AKMETTFYDDALNASFLPSE
SPEPILVDTASPSPMETSGCAPAEEDLCQAFSDVILAVNDVDAED
LVDTASPSPMETSGCAPAEEDLCQAFSDVILAVNDVDAED
GNIDDSLIGGNASAEGPEGE
NASAEGPEGEGTESTVITGVDIV
NLGEDQAEEISDELMEFSLKDOELKDQEAKVSRSGLYRSPSMPEN
NLGEDQAEEISDELMEFSLKDQEAKVSRSGLY RSPSMPEN
GSFPSFEPRNLLSLFEDTLDPT
PPATPPGSPPCSLLLDSSLSSNWDDDSLGPSL
PKHISESLGAEVDPDMSWSSSLATPPTLSSTVLIVR
PKHISESLGAEVDPDMSWSSSLATPPTLSSTVLIVRNEEA
HISESLGAEVDPDMSWSSSLATPPTLESTVLIVRNEEA
ISESLGAEVDPDMSWSSSLATPPTLSSTVLIVRNEEA

Johnson et al.

C-jun
c-jun
CYCLIN B
CYCLIN B
TCTP
TCTP
Cdc25C
Cdc25C
Mytl 495
Mytl 426

BRCA2
BRCA2
BRCA2
BRCA2
BRCA2

5193
T203
5205
5206
T207

SESLGAEVDPDMSWSSSLATPPTLSSTVLIVRNEEA

I3 Frequencies at -7 to +7 positions (%):

-7: Total 23, S: 21.7, E: 13, P: 13.

-6: Total 24, D: 20.8, P: 16.7, S: 16.7.

-5: Total 28, S: 21.4, L: 17.8, P: 10.7.

-4: Total 29, S: 20.7, L: 13.8, P: 13.8, E: 10.7, A: 10.7.
-3: Total 31, E: 16.1, L: 16.1, P: 12.9, M: 9.7.

-2: Total 32, E: 46.9, D: 28.1.

-1: Total 32, D: 28.1, S: 21.9, E: 9.4.

+1: Total 32, L: 21.9, Y: 12.5, F: 9.4.

+2: Total 30, S: 26.7, Y: 13.3, I: 10.

+3: Total 28, S: 21.4, E: 14.3, D: 14.3, P: 10.7, L: 10.7
+4: Total 28, E: 21.4, D: 7.1, L: 7.1, R: 7.1, V: 7.1.

+5: Total 26, D: 19.2, L: 15.4, V: 15.4.

+6: Total 22, E: 18.2, N: 18.2, V: 9.1, T: 9.1, S: 9.1, D: 9.1.
+7: Total 20, E: 20.0, N: 20.0, D: 10.0.

Consensus S-D-X-X-y/E-E/D-E/D/S-S/T-y-S/y-S/E/D-E-D/y-E/N-E.

Plktide: LGEDQAEEISDDLLEDSLSDEDE

Ficure 1: Expanded PLK1 consensus. (A) The top 18 PLK1 substrates identified from peptide library screening and established PLK1
phosphorylation sites of known substrates were used for consensus analysis. (B) The amino acid frequency at each position was used to
generate an expanded PLK1 consensus sequence and identify an optimal PLK1 substrate, PLKtide. Putative phosphorylation sites are
underlined. Hydrophobic residues are denajed

of Tyr 260 with Leu. The side chain of;Projects into a interactions prevents an unambiguous prediction of substrate
mixed polarity pocket comprised of Phe 44, Pro 92, and GIn preference for the R position that would be complementary
94 in PLK1—-3. This pocket is made more hydrophobic with to this region, but significant variation would be anticipated.
the replacement of GIn 94 with Met in PLK4. The side chain ~ SAR Similarity of PLKs Using ATP Site-Directed Inhibi-
of P_3 projects into a polar region of high variation within  tors. In order to assess and compare inhibitor SAR, we
the PLK family. In PLK1, the pocket is comprised of Ser assembled a set of diverse ATP site-directed inhibitors
137, Leu 139, Glu 140, and Gly 180. In PLK2/3, these four affecting one or more PLKs. Tool compounds were selected
residues are Ser, Ala, His, and Gly, and in PLK4 these four through a combination of in-house screening (including
residues are Glu, Asn, Arg, and Ser. The complexity of polar various Abbott, commercial, and clinical compounds) and
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A Position: | -4 -3 -2 -1 0 +1 +2 +3 +4
Pkl: | X |y/E|E/D|E/D/S [S/T| w |S/y|S/E/D E
PIk2: E |E/D X E/D S/T|E/D|E/D E/D E/D
PIk3: E |E/D|E/D E/D S/T E E/D E/D E/D
Plk4: X |R/K|E/D X S/T | w/Y | w/Y X S/T/A

B : : C 0.6
§ Plk3 02
[ ®
; o~ Plk2 o Plk4
| E —

. 0o 08 -0.4 -0.2 0.2 0.4 06
-0.2
Plk1
-0.4
: | 061
PLK2 PLK1 g
D PLK3 PLK4 Dim1
S# | Description Sequence
1_[Cdc25c(182-204) [ L [G[E[DJQJATE[E] I[SID[E[LIMIE]JF[S]ILIK][DIQIETA
2 |Cdc2sc(182-197) [ L [G|E|D|Q|A[E|E[I|S|DJEJL|IM|E[F
3 | Cdc25C(192-204) DlE[LImM[E][FIs]LIK][D[Q[E]A
4 | Piktide(ps191) |L|G[E|D|Q|AJE[E[I[ps[D[D|L]L[E[D[S]L][S|D[E[D[E
5 | Plktide(192-204) DIDJL]L]E[D]sSIL]s|DIE[D[E
6 | Plktide(182-197) [L |G| E|D[Q|A[EJE|[I|[S|D|DJL[LJE|D
7 | Piktide(s191A) [L[GlE[D[QA[E[E[I[A[D[D[L]L]E[D[s]L][s|[D|EJD[E
8 | Piktide(S198A) |L|GIE|D[Q|AJE[E[I[S|D[D|L|L[E[D[AJL[S|D[E[D[E
9 cJunPeptide [A[K[M[E[T|TI[FIY[D[D[ATL]NJATS[F[L]PIS[E[KI[KI]K
10 Plktide LIGIE|ID|QlATEIE||S|ID[D|IL|L|E|D[SIL|S|D|E|D[E
E 100 - T
=
= 80 - il
e
2
(=3 L
z 60 e
=
A
£ 40 - 4
=
=
&~ 920 L il
B8
o K

S1 82 S3 S4 S5 S6 S7 S8 SS9 S10

FiGURe 2: Substrate specificity of PLK14. (A) Consensus substrate sequences for the Plk family (hydrophobic amino acid dghoted

(B) Hierarchical cluster representation of PLK similarity with respect to substrate utilization. All substrates identified from library gcreenin

are represented and shaded as active (gray) or inactive (white). (C) Multidimensional scaling analysis showing pairwise distances of the
various PLK isoforms as derived from the substrate specificity data in (B). Dim1 and Dim2 are unitless dimensions where distance is
inversely proportional to similarity. (D) Substrate sequences, coded @ for simplification, are shown (amino acid numbers correspond

to the position in the parent substrate). (E) Relative kinase activity for each substrate as determined by initial rate studies and expressed as
percent PLKtide phosphorylation by PLK1 (black bars), PLK2 (gray bars), and PLK3 (white bars).

through a review of the PLK patent and scientific literature. assay. Chemical structures of the compounds are shown in
Table 2 summarizes the activity of the compounds against Chart 2. These data were subject to hierarchical clustering
the various family members as determined by in vitro kinase analysis providing a “heat map” that depicts SAR relatedness
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Chart 1: Sequence Alignment of Catalytic

Domains of PH4:

51 *k  kkkk Kk * ok 100
Plkl RRYVRGRFLG KGGFAKCFEI SDADTKEVFA GKIVPKSLLL KPHQREKMSM
P1k2 KRYCRGKVLG KGGFAKCYEM TDLTNNKVYA AKIIPHSRVA KPHQREKIDK
P1lk3 RTYLKGRLLG KGGFARCYEA TDTETGSAYA VKVIPQSRVV KPHQREKILN
Plk4 EDFKVGNLLG KGSFAGVYRA ESIHSGLEVA IKMIDKKAMY KAGMVQRVON
* * * k k ok kkkkk K 149
Plkl EISIHRSLAH QHVVGFHGFF EDNDFVFVVL ELCRRRSLLE LHKRR.KALT
P1lk2 EIELHRILHH KHVVQFYHYF EDKENIYILL EYCSRRSMAH ILKAR.KVLT
P1lk3 EIELHRDLQH RHIVRFSHHF EDADNIYIFL ELCSRKSLAH IWKAR.HTLL
Plk4 EVKIHCQLKH PSILELYNYF EDSNYVYLVL EMCHNGEMNR YLKNRVKPFS
150 * *k * *k%k%199
Plkl EPEARYYLRQ IVLGCQYLHR NRVIHRDLKL GNLFLNEDLE VKIGDFGLAT
P1k2 EPEVRYYLRQ IVSGLKYLHE QEILHRDLKL GNFFINEAME LKVGDFGLAA
P1k3 EPEVRYYLRQ ILSGLKYLHQ RGILHRDLKL GNFFITENME LKVGDFGLAA
Plk4 ENEARHFMHQ IITGMLYLHS HGILHRDLTL SNLLLTRNMN IKIADFGLAT
200 249
Plkl KVEYDGERKK TLCGTPNYIA PEVLSKKGHS FEVDVWSIGC IMYTLLVGKP
Plk2 RLEPLEHRRR TICGTPNYLS PEVLNKQGHG CESDIWALGC VMYTMLLGRP
P1lk3 RLEPPEQRKK TICGTPNYVA PEVLLRQGHG PEADVWSLGC VMYTLLCGSP
Plk4 QLKMPHEKHY TLCGTPNYIS PEIATRSAHG LESDVWSLGC MEFYTLLIGRP
250 299
Plkl PFETSCLKET YLRIKKNEYS IPKHINPVAA SLIQKMLQTD PTARPTINEL
P1lk2 PFETTNLKET YRCIREARYT MPSSLLAPAK HLIASMLSKN PEDRPSLDDI
P1k3 PFETADLKET YRCIKQVHYT LPASLSLPAR QLLAAILRAS PRDRPSIDQI
Plk4 PEFDTDTVKNT LNKVVLADYE MPTFLSIEAK DLIHQLLRRN PADRLSLSSV
300 309
Plkl LNDEFFTSGY
P1k2 TIRHDFFLQGF
P1k3 LRHDFFTKGY
Plk4 LDHPEFMSRNS

Johnson et al.

a ATP-binding site residues are denoted with an asterisk. Numbering refers to PLK1. Human-®lse€fjuences refer to residues—3D9,

80—338, 60-318, and 16-269 of SWISSPROT entries PLK1_HUMAN, SNK_HUMAN, CNK_HUMAN, and REFSEQ entry NM_014264,
respectively.

nin with K;' values comparable to that determined for PLK1,
time-dependent inhibition was not observed (data not shown),
indicating that PLK1 is the only family member to be

Table 1: Pairwise Identity of PLK Catalytic Domains and
ATP-Binding Sited

PLK1 PLK2 PLK3 M e ' .
covalently modified, within the time scale of these experi-
PLK2 53 (90) . ) : N
PLK3 54 (86) 68 (97) ments, by wortmannin (Table 2). To investigate inhibition
PLK4 37 (60) 41 (60) 42 (60) of full-length PLK (fl-PLK1) as well as binding mode, we

2 The first number in each box refers to the percent identity within dain monitored the time dependence of inhibition using a
the sequences of the entire catalytic domains. The second number, infixed wortmannin concentration (2:8M) and varying ATP
parentheses, refers to the percent identity within the ATP-binding site. concentrations (5625uM) (Figure 5C). As with the PLK1

) ) ) ] kinase domain (PLK1-KD), time-dependent inhibition of fl-
with respect to this compound set (Figure 4A). Using p| k1 was also observed; further, the pseudo-first-order rate

multidimensional scaling (MDS) analysis, these data were ot inhibition decreased as ATP was increased, consistent with
used to calculate pairwise pharmacological similarity of each an ATP competitive binding modéds = 0.11 + 0.01 at

PLK in the family (Figure 4B). These data indicate highest 5 uM ATP = 0.078+ 0.010 at 125:M ATP. and
SAR similarity between PLK2/3, with PLK1 being next most =ﬂo 0514 (I;OSSOG at 625M .ATP)a We%onductégnexksgsri-

similar, and PLK4 being least similar. ments similar to those described above for wortmannin with

Inhlbmo_n of PLK1-3 _by_ W_ortmanmn ar_1d_B|_2_53ur Bl 2536. Time-dependent inhibition was observed for PLK1,
studies using wortmannin indicated that this inhibitor imparts : e
-2, and -3. For PLK1, our experiments indicate an on rate

time-dependent inhibition of PLK1. To characterize this, we of ~0.0049-£ 0.0006 mir™ nM-* (Ty» ~2 h at 1 nM), a

monitored PLK1 activity at varying wortmannin and ATP . 3

concentrations over time. Figure 5A shows progress Curvesmaxmumc()jf_f rat_e_of 0.000?413|;gm M(Tléz tZ 18th)ﬁ and a

for PLK1 activity in the presence of varying concentrations correspondingninimum Ko PM (data not shown).
Modeling the Binding Mode of WortmanniA.model of

of wortmannin. Figure 5B is a replot of the observed pseudo- el W : .
first-order binding ratekyps versus wortmannin concentra- the binding mode of wortmannin in PLK1 is shown in

tion. These data indicate that wortmannin binds to PLK1 Figure 6A. This model is based on the known covalent
reversibly with an apparen€y of 2.3 + 0.5uM and, when binding mode of wortmannin interaction with phosphoinosi-
bound, incorporates at a rate of 0.090 0.008 min. tol 3-kinase (PI3K) §0). According to this model, Lys 82
Although both PLK2 and PLK3 were inhibited by wortman- of PLK1 covalently modifies wortmannin in analogy with
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PLK4

Ficure 3: Models of PLKt-4. (A—D) DELPHI electrostatic
surface diagrams of the charge distribution over the surface of the
catalytic domains of PLK1 (A), PLK2 (B), PLK3 (C), and PLK4

Biochemistry, Vol. 46, No. 33, 2000557

Table 2: K; Values M) for Various Inhibitors against PLK14

compd PLK1 PLK2 PLK3 PLK4
1 >20 >20 >20 9.2
2 >20 >20 >20 0.54
3 >20 0.064 0.21 0.13
4 >20 30 >20 0.24
5 >20 >20 >20 0.12
6 >20 >20 >20 0.79
7 >20 >20 >20 0.12
8 >20 >20 >20 0.0042
9 >20 9.3 >20 0.30
10 >20 0.85 >20 1.4
11 >20 >20 >20 8.9
12 10 0.98 2.7 0.44
13 31 0.14 0.95 0.97
14 >20 18 >20 2.2
15 >20 >20 >20 0.011
16 >8 >19 >16 0.0034
17 0.79 0.15 12 0.0026
18 6.1 16 7.5 >20
19 1.5 2.8 3.0 >20
20 0.0048 0.0038 0.0080 0.163
21 <0.00R <0.00® <0.00F >20

2 Time-dependent inhibitior?. Time-dependent irreversible inhibition.

binding mode applies to the other PLK family members, then
the observed enzyme specificity can be rationalized. Cys 67
of PLK1 is retained as Cys in PLK2 and PLK3 where weak
reversible binding similar to PLK1 is observed. Cys 67 of
PLK1 is replaced with a larger Val in PLK4, and steric clash
prevents reversible binding in this enzyme (Figure 6C). The
basis for the lack of time-dependent inhibition by wortmannin
toward PLK2 and PLK3 under our experimental conditions
is unclear. We speculate that the time-dependent inhibition
of PLK1—-3 exhibited by Bl 2536, compoun@3, also
involves contributions from Cys 133, Cys 67, and Lys 82,
but their exact role is currently unknown.

ATP Site-Directed InhibitorsStaurosporine, compourid,
inhibits all of the PLK enzymes. The inhibitory potencies
are near .uM for PLK1—3 and low nanomolar for PLK4.
Inspection of a model of staurosporine bound to PLK4
(Figure 6D) provides a rationale for this family specificity.
Glu 95 of PLK4 (corresponds to residue 137 of PLK1) is
optimally positioned to provide a favorable polar interaction
with the secondary amine of staurosporine. PE8lhave
Ser at this corresponding position and would not be expected

(D). Blue surface represents a positively charged region, red surface o . _
represents a negatively charged region, and white represents 40 present such a favorable binding environment. This
neutral region. The proteins are derived from homology models selectivity for PLK4 is further accentuated in the staurospo-

based on protein kinase A. The view shows the N-terminal domain
oriented to the top and C-terminal domain to the bottom. A model
of ATP is included as a small orange surface near the middle of
the four images. PLK%3 are similar in having a significant
positively charged region distributed over a large degree of surface
area of the proteins. PLK4 diverges from PLK3 with a more
mixed distribution of charges and a less positive net charge. (E)
Model of PLKtide bound to PLK1. Residues$to P;3 of PLKtide
(green atoms) are shown in a bound complex with PLK1 (orange
surface). A model of ATP is shown in pink at the top of the image.
TheA-phosphate of ATP is visible and is proximal to theJer of
PLKtide.

the adduct between Lys 833 of PI3K and wortmannin.
Binding includes (1) a reversible hydrogen bond interaction

rine analogue, GO6976, compouh6 which retains PLK4
activity but loses PLK%3 activity by at least an order of
magnitude, relative to staurosporine.

This profile of selective inhibition of PLK4 relative to
PLK1—3 observed for compoundks and 17 is shared by
other benchmark inhibitorg, 5, 7, 8, 9, 14, 15, and18 (see
Table 2). The wide chemical diversity present in these nine
inhibitors suggests that there is not one single factor that
explains the PLK4 preference, but likely multiple factors.

Some SAR trends within congeneric series provide some
further insight into how inhibitors interact with the ATP-
binding site of the PLK family. PP1, compourg] is the

between the keto carbonyl and the hinge residue Cys 133 ofprototypical [6.5] heterocyclic kinase inhibitor, inspired by

PLK1, (2) van der Waals contact between the two methyl
groups of wortmannin with Cys 67 (Figure 6B), and (3) an
irreversible enamine adduct with Lys 82. If this proposed

the purine ring system of ATP. The PLK4-selective profile
of this compound is similar to the compounds reported above,
although the PLK4 potency of 08\ is relatively weak. A
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Chart 2: PLK Inhibitors
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to 2 to 3), the potency against PLK4 increases, as does the

that vary in size and were previously reported to be inhibitors potency against PLK2/3 for the longest compound, com-

of KDR kinase are represented by compoudd®, and3
(38). As the length of the molecule increases (in ordet of
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Ficure 4: Pharmacological similarity of PLK14. (A) Hierarchical
cluster representation of PLK similarity with respect to ATP-
competitive inhibition. All data from Table 2 are represented and
colored on a continuous scale: 20 (gray), 200 nM (yellow),
and 2 nM (red). (B) Multidimensional scaling analysis of the
pairwise pharmacological interaction strength for the various PLK
isoforms as derived from the inhibitor specificity data in (A). Dim1

pound 3. Compound3 is known to target the “inactive”
conformation (DFG-out) of KDR 38). Therefore, it is
possible that some conformational aspects of the inactive
and active conformations (DFG-out and DFG-in) of PLK
enzymes are one factor in explaining the potencies reported
in Table 2. Sorafenib, compourland Gleevec, compound
14, target the inactive conformation of their target kinases,
bRAF and Abl kinase, respectively. Since these two inhibi-
tors also show some inhibition of PLK4, the possibility of
an accessible inactive target conformation, at least for PLK4,
is supported.

The chemical series represented by compouridsl 3has
previously been reported to constitute inhibitors of AKT
kinase 45). Those compounds are known to target the active
conformation (DFG-in) of AKT, and by extension they are
likely to target the active conformation of PLK. They differ
primarily in the nature of the heterocycle used to provide
the hydrogen-bonding recognition of the hinge within the
ATP-binding site. While no correlate is evident in this limited
set of analogues, it is important to note that significant PLK2
and PLKS3 activity (submicromolar) can be added to submi-
cromolar PLK4 activity by changing the hinge heterocycle.
A related selectivity profile of PLK2/4 over PLK1/3 is also
observed for compountO.

CompoundL9 differs from all other compounds discussed
above in exhibiting a pan-PLK inhibitory profile. It has low
nanomolar potency against PLK3B and also exhibits modest
potency against PLK4, indicating that pan-PLK inhibition
is achievable with a single small molecule.

Modeling of Amino Acid Differences in the ATP-Binding

and Dim2 are unitless dimensions where distance is inversely Site of PLK}-4. As shown in Chart 1 and Table 1, there

proportional to similarity.

are significant amino acid differences in the ATP-binding
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Ficure 5: Time-dependent inhibition of PLK1 by wortmannin. (A)
Progress curves for PLK1-KD activity in the presence ofu
ATP and 0 @), 125 (+), 250 (©), 500 (x), 1000 @), 2000 (@),
4000 €), or 8000 &) nM wortmannin. (B) Secondary plot showing Ficure 6: Model of wortmannin bound to PLK1. (A) The
the dependence of the pseudo-first-order rate consigp at covalently ring-opened form of wortmannin (purple) is shown bound
10 uM ATP on wortmannin concentration. (C) Time-dependent within the ATP-binding site of PLK1. Shown with black dotted
inhibition of fl-PLK1 by 2.5uM wortmannin in the presence of lines are the hydrogen bonds between a carbonyl of wortmannin
5 (0), 125 @), or 625 @) uM ATP. and the hinge region Cys 133 backbone-il and the covalent

. . . . bond between an exocyclic olefin of wortmannin (from ring-opening
sites of PLK}-4. In particular, PLK4 diverges substantially  of the furan) and the Lys 82 side chain amino group (corresponds
from PLK1—-3. These differences are shown in Figure 7 and to Lys 833 of PI3K). (B) Close-up view of wortmannin bound to
are found mainly in the “extended hinge” region (the region the PLK active site and the location of one residue, Cys, in PLK1,

- : - - -2, and -3 (corresponds to Cys 67 in PLK1). (C) Same as panel B
of the hinge that is solvent exposed, corresponding to resIdue%ut with th(e equi\F/)aIent Val %1 PLK4. The )Clgrv)ed lines ingicate

134-140 of PLK1). It is likely that these amino acid regions of atomic clash that exist in a docking of wortmannin to
differences in the ATP-binding sites of PLK#% form at least PLK4 but do not exist in docking of wortmannin to PLKB. (D)

part of the basis for specificity in the binding interactions. Model of staurosporine bound to PLK4. Two hinge hydrogen bonds
between the inhibitor and Glu 89=€D/Cys 91 N-H of PLK4
DISCUSSION (corresponds to Glu 131 and Cys 133 of PLK1) are shown with a
black dotted line. An additional polar interaction between the
We investigated the pharmacological and functional positively charged secondary amine of staurosporine and the side
similarity of the four polo-like kinase family members, chain carboxylate of Glu 95 is shown. Glu 95 of PLK4 corresponds
comparing specificity in both substrate utilization and ATP '@ S€ 137 of PLK1, Ser 166 of PLK2, and Ser 146 of PLK3.
site-directed inhibition. We have identified substrate con- set of kinase inhibitors including several clinical compounds,
sensus sequences for PLK2, PLK3, and PLK4. We report and we report time-dependent inhibition by two potent and
an expanded consensus sequence for PLK1, which we usedelective PLK inhibitors, wortmannin and Bl 2536. Homol-
to design an optimal PLK1 substrate, PLKtide. We present ogy models were constructed to provide a three-dimensional
the pharmacological profile of PLK inhibition by a diverse context for some of these experimental observations on
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it lacks acidic residues at the2 and+3 positions and thus
fails to meet the crude consensus requiremg&@t (Yet, this
substrate does contain acidic residues-&t +5, +6, and
+7 positions and Ser at1, all of which are present in the
expanded consensus reported here.

Consistent with reported preferences, we observe prefer-
ential phosphorylation of Cdc25C Ser 198 and 191 by PLK1
and PLK3, respectively, in a “wild-type” peptide. However,
PLK1, PLK2, and PLK3 all showed profound preference for
the residue corresponding to Ser 198 in the optimized
substrate, PLKtide. Interestingly, mutation or truncation of
Ser 198 in PLKtide did not seem to impact residual Ser 191
phosphorylation by PLK1, but did in PLK2 and PLK3. This
is consistent with the heightened dependence of PLK1 on a
hydrophobic residue at thel position. The observation that
cJun peptide (Phe atl) is efficiently phosphorylated by
PLK1, but not the other PLKSs, further highlights the
importance of this position in PLK1 substrates. Modeling
of the substrate-binding regions of PLK4 (Figure 3E)
indicates that there are sites of either similar or divergent
pocket residues that are in rough agreement with the substrate
variation reported here. Thg Bnd B substrate regions were
observed to take on significant hydrophobic character in
PLK4 relative to PLK%-3, and the corresponding substrate
preferences changed from hydrophobic to polar in comparing
PLK4 and PLK%-3. The region of protein surrounding the
P_3 substrate region is variable within the PLK family, with
a reversal of substrate residue preference at this position:
FiGUrRe 7. Surface of PLK ATP- blndlng sites highlighting residue negatively charged for PLK%3 and positively charged for
variation. (A—C) The surface of the ATP-binding site of PLK1 is PLKA4.

shown, with a model of ATP (gray carbons). Amino acids that are ; . .
different (red) or the same (green) between PLK1 and PLK2 (A), In agreement with the homology modeling-based predic

PLK1 and PLK3 (B), or PLK1 and PLK4 (C) are indicated. The tons by Lowery et al,, PLK4 has a unique and strong
most significant region of difference is found in the “extended preference for Tyw) at the +1 position and for a basic
hinge” region, formed by residues 13240 of PLK1. residue at the-3 position 5). Modeling predictions further

suggested that PLK1, PLK2, and PLK3 would share a similar

substrates and ligands. While this report was in submission,phosphorylation motifZ5). Yet, while PLK2 and PLK3 are
the crystal structure of a T210V mutant of the PLK-1 highly similar in this regard, they differ from PLK1 and do
catalytic domain appeared in pres37). The homology not appear to show a strong preference for a hydrophobic
modeling reported in the current study is in excellent residue in the+1 position, despite the presence of a
agreement with this crystallographic study. PLK1 is a well- hydrophobic pocket in their respective models. These data
validated target, whose pharmacological inhibition holds on substrate preference should provide further insight into
great promise in the treatment of proliferative diseases the cellular targets and functional role of each PLK.
including cancer. Insight regarding specificity is essential  PLK Inhibition by Wortmannin and Bl 253@&lthough
when targeting the PLK family, particularly with respect to not explicitly stated in the literature, irreversible inhibition
the related kinases PLK2, PLK3, and PLK4. In vivo studies of PLK1 by wortmannin is strongly implied since the
with selective PLK family inhibitors, such as Bl 2536, characterization of wortmannin as an inhibitor of the kinase
together with knowledge of intrafamily selectivity, should involved isolation of a wortmannin derivativé®LK1 con-
provide clues as to the therapeutic benefit or contraindication jugate by SDS-PAGE 62). Moreover, wortmannin is known
associated with inhibiting each member. to be a covalent modifier of its prototypical target, P13,

PLK Substrate SpecificityNakajima et al. previously  63). As an irreversible inhibitor can be expected to impart
reported a crude substrate consensus sequence, D/E-X-S/Time-dependent inactivation of its target, a more rigorous
-X-DJ/E, for PLK1 as determined by systematic mutagenesis analysis is required to characterize wortmannin’s inhibition
of a Cdc25C-derived peptid&9). Our studies provide an  kinetics. Moreover, 16, for such a compound is a function
expanded PLK1 consensus sequence that is consistent witlof time and condition; thus it is not meaningful to report an
this report but also indicate additional amino acid preferencesICsy value unless specific details as to assay time and
extending at least7 amino acids from the phosphorylation condition are provided. To provide a more meaningful
site. Most notably, there is considerable preference for eithercharacterization, we investigated the time dependence of PLK
an acidic residue or serine atl and +3, for serine or inactivation, which indicates that wortmannin is a time-
hydrophobic at+2, and for acidic residues at6, +4, +5, dependent inhibitor of PLK1 but not the other PLK family
+6, and +7 positions. Recently, PLK1 was reported to members. While wortmannin binds to PLKB with similar
phosphorylate PBIP1 on Thr 78, to which it subsequently affinity (1.5—3 uM), it subsequently inactivates PLK1,
binds via its PBD §1). While this substrate has Ala &tl, presumably through covalent modification akin to that
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observed for its inactivation of PI3Ks. Further, our data are
consistent with wortmannin’s having an ATP competitive
binding mode. A structural rationalization for this behavior
invokes covalent modification of the conserved Lys residue
found in all kinases (corresponding to Lys 82 of PLK1) with
specificity within the PLK family provided by a nearby Cys/
Val residue (corresponding to Cys 67 of PLK1), a residue
of difference within the PLK family. Our studies also indicate
time-dependent inhibition of PLK1, PLK2, and PLK3 by BI
2536, a compound currently in phase | trials for non-
Hodgkin’s lymphoma and phase Il trials for nonsmall cell
lung cancer 49, 64). Long drug-target residence time is
reported to enhance target selectivity and prolong in vivo
pharmacological action, with many approved drugs involving
such mechanisn6g). Since the current inhibitors of PLK1
also tend to inhibit PLK2 and PLKS3, clinical data using
advanced PLK inhibitors will provide direct insight into the
suitability of PLK2 and PLKS inhibition in therapy. It will
be instructive to compare these efficacy data with those of
PLK isoform-specific inhibitors as they become available.

PLK Inhibition by Literature Compound®otencies of 21
compounds against the four PLK family members were
determined. Almost every possible outcome of isoform
selectivity or broad coverage was observed in the library of
21 compounds. This leads to the optimistic viewpoint that
clinically useful isoform-targeted inhibitors with drug-like
properties can be discovered. The isoform(s) selected for
targeting will need to be determined and verified by ongoing
biological studies. PLK1 is a current focus of attention, but
our current understanding of the biological roles of the
individual PLK family members is incomplete. The aspect
of protein conformation appears to be one important variable
in drug design, as inhibitors that are known to target either
active or inactive conformation (DFG-in or DFG-out) of
other kinase families both exhibited some inhibition of PLK
family members.

PLK Inhibition beyond the ATP-Binding Pock&he polo-
box domain of PLKs also constitutes an attractive target, as
inhibitors targeting it should prove relatively selective for
this family (1, 26). Moreover, the PBDs serve a functional
role in PLK localization, activation, and substrate specificity,
providing additional layers of differentiation among the PLK
family members 25, 27—29, 66, 67). While this work is
focused on PLK kinase domain relatedness, mechanistic
studies of PBD function are ongoing in our laboratory and
will be presented in a future report.

PLK Family Relatednesslistorically, PLK1-4 have been

grouped together because of (1) the unique presence of an

auxiliary PBD (polo-box domain), (2) common motifs from
comparison of primary sequences, and (3) overlapping (but
not redundant) biological functions. The data from the current
study on substrate and inhibitor profiling indicate some
divergence within the PLK family. PLK%3 form a subfam-

ily, distinct from PLK4, with differences in detail observed
within the PLK1—3 subfamily. It should be noted, however,
that since PLK4 was expressedHn coli and the others in
Baculovirus, it is possible that some differences are due to
the posttranslational modification of PLKB in the eukary-
otic expression system. The purpose of this study was to
evaluate what similarities/differences might exist in the PLK
family. We feel that we have achieved a qualitative and
quantitative initial view of these similarities/differences. It

Biochemistry, Vol. 46, No. 33, 2000561

is hoped that further work in drug discovery will be able to
exploit those similarities/differences to optimize clinical
response. The SAR similarity of PLK1 with PLK2/3 raises
important questions for drug discovery. The likelihood a
PLK1 inhibitor will also inhibit PLK2/3 increases risk of
toxicity. The knowledge of differences between PLK1 and
PLK2/3 discussed in this report should aid in the develop-
ment of PLK1-specific inhibitors if warranted.
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