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SUMMARY

Kinases are important therapeutic targets, and their inhibitors are classified according to their mechanism of
action, which range from blocking ATP binding to covalent inhibition. Here, a mechanism of inhibition is high-
lighted by capturing p21-activated kinase 5 (PAK5) in an intermediate state of activation using an Affimer re-
agent that binds in the P+1 pocket. PAK5 was identified from a non-hypothesis-driven high-content imaging
RNAi screen in urothelial cancer cells. Silencing of PAK5 resulted in reduced cell number, G1/S arrest, and
enlargement of cells, suggesting it to be important in urothelial cancer cell line survival and proliferation. Af-
fimer reagents were isolated to identify mechanisms of inhibition. The Affimer PAK5-Af17 recapitulated the
phenotype seen with siRNA. Co-crystallization revealed that PAK5-Af17 bound in the P+1 pocket of PAK5,
locking the kinase into a partial activation state. This mechanism of inhibition indicates that another class
of kinase inhibitors is possible.

INTRODUCTION

Cancer is a leading cause of death, responsible for 30% of pre-

mature deathsworldwide, a figure that is projected to rise,1 and it

includes 10%–15% of urothelial cancers that are muscle inva-

sive and have a poor 5-year survival rate,2 necessitating new

therapeutic approaches. However, drug discovery is costly

and ineffective, with an average cost of $1.2 billion and an

approximate failure rate of 90%.3 While a large proportion of

this failure occurs in human trials, (around 75%),3 a considerable

number of promising targets fail as they are not amenable to

modulation by small molecules.4 Determining a target’s drugg-

ability and the likely binding sites for small molecules are espe-

cially important if the target was identified by RNAi approaches,

as these remove a protein from a cellular environment, and this is

a process that cannot be replicated efficiently and discretely by

small molecules. The development of non-immunoglobulin scaf-

fold-based binding proteins (SBPs) provides a quick and cost-

effective way to aid in target validation. SBPs are small proteins,

typically in the region of 100–200 amino acids, with a fixed stable

scaffold that constrains one or more variable regions.5 The intro-

duction of such variability generates libraries of variants from

which one can select for specific binders for a defined target pro-

tein, domain, or modification. To date, SBPs based on a variety

of different scaffolds have been used as research tools, ranging

from crystallization chaperones and antibody replacements to

diagnostics and biopharmaceuticals.5 SBPs present advan-

tages over other protein-based approaches as they are small

proteins that can be easily delivered by standard cell biology

techniques, including transient transfection and viral transduc-

tion, or even modified to be cell-penetrating proteins.6 They

function readily in the reducing intracellular environment as

they frequently have no cysteine residues.7 These are all features

of the Affimer technology used in this study,8,9 which has been

shown to have a number of roles as research tools including

the identification of druggable pockets on hard to drug proteins

such as RAS.10,11 Thus, SBPs provide an orthogonal approach

to test the druggability of target proteins identified by RNAi.

A distinguishing feature of tumorigenesis and cancer develop-

ment is cell-cycle dysregulation,12 and while major regulators of

all the key stages of the cell cycle have been identified, for

example the cyclins and cyclin-dependent kinases (CDKs),

the detailed regulation of these complex yet fundamental biolog-

ical processes is not fully understood.13 Indeed, recent work
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suggests the control of the cell cycle may be tissue specific,14,15

and thus the nature of cell-cycle dysregulation may be cancer

type specific, a fact that is reflected in the variety of genetic alter-

ations seen in cancer.14 Determining the genes and proteins

involved in this dysregulation in a number of cancersmay identify

those specific to different cancers and pave the way for novel

therapeutics. To achieve this requires an approach that can be

easily applied to a wide range of cell types, such as high-content

screening, permitting phenological identification of alterations in

the cell cycle.16–19 Here, we describe a high-content analysis

method for identifying the individual phases of the cell cycle

that is used in conjunction with RNAi reagents to identify genes,

and their correlating proteins, that disrupt the cell cycle and then

Affimer reagents to determine if these targets are amenable to

small molecule manipulation. Our group has recently demon-

strated that Affimer reagents can be used to probe proteins for

druggable hotspots and to constrain proteins in conformations

that may identify new druggable regions.10,11 This highlights their

potential not only as binding reagents for different applica-

tions8–11,20–25 but also their ability to aid in the development of

pharmacophores as starting points for drug discovery. For

this proof of principle, we undertook small-scale screens

focused on a key group of proteins involved in cell-cycle regula-

tion—the protein kinases.14,26 All the major checkpoints of

the cell cycle and mitosis have specific kinase requirements,

notably the CDKs and Polo-like kinase 1 (PLK1).27,28 In addition,

recent shRNA studies have demonstrated that kinase require-

ments vary between cancer cell lines in a highly diverse

manner.29–31

Here we identify PAK5, as a kinase that has a role in urothelial

cancer but not in osteosarcoma, using a protein kinase siRNA li-

brary, in conjunction with high-content screening. PAK5 expres-

sion regulates cell proliferation via the G1/S transition together

with effects on cyclin D1 expression. Based on the knowledge

that kinases can be inhibited by a variety of mechanisms, we iso-

lated Affimer reagents against PAK5 and biochemically and

structurally characterized the inhibition. The inhibitory Affimer re-

agent, which recapitulated the siRNA phenotype, locked PAK5 in

a conformation not previously reported by binding in the P+1

pocket, giving a DFG-in state, combined with an aC helix-inter

conformation, which lacks stable N-terminal extension and in-

hibits the anchoring of glycine rich loop, and a disassembled

R-spine. This is the first structural characterization of a PAK5 in-

hibitor, showing higher resolution than previously seenwith other

PAK5 structures. It gives us novel insights into the time-resolved

kinase activation sequence that demonstrates potential for

application to kinases globally. This, together with the specificity

of the Affimer reagent for PAK5 over the other group II PAK pro-

teins, presents exciting opportunities to explore the functions of

PAK5 in greater detail and the potential to develop specific small

molecule inhibitors to delineate the roles of this kinase from the

other PAK family members.

RESULTS

Assay development and screening
An analysis protocol, utilizing high-content imaging, was de-

signed and tested to assign individual cells to specific phases

of the cell cycle to allow the identification of specific kinases

that alter proliferation and survival in urothelial carcinoma cells

(Figure 1A). Initially U-2 OS osteosarcoma cells were used to

permit comparisons with previous studies19,32 and to be used

as a counter-screen to remove kinases that globally alter cell

cycle. Cell-cycle phase was delineated by expression of

phase-specific proteins and nuclear morphology (Table S1),

with mitotic cells being positive for phosphohistone H3 staining

and S-phase cells being positive for EdU staining.33 Telophase

and apoptotic cells were then separated from the remaining

cells by size and DAPI intensity and distinguished from each

other by distance between nuclei. M-phase cells were calcu-

lated as the sum of phosphohistone H3-positive cells and those

identified as being in telophase. G0-phase cells were identified

as being negative for Ki67 compared with G1 and G2 phase,

which were distinguished from one another based on DAPI in-

tensity and number of Ki67 spots,34 with the latter having

increased DAPI intensity due to increased DNA content and

fewer Ki67 spots.

The analysis protocol was tested by L-mimosine synchroni-

zation (Figure 1B) and siRNA targeting, in asynchronous pop-

ulations, of genes previously reported to disrupt the cell cycle:

PLK1, PSMB1, and POLA1.35–37 In concordance with previous

work utilizing flow cytometry,38 released cells progressed into

S phase, with the peak of cells in S phase occurring between 6

and 9 h after release with over 35% of cells in this phase. By

12 h, over 40% of cells were in G2/M phase, with maximal

M-phase cells at 15 h (Figure 1B). As cell death is a frequent

consequence of cell cycle disruption (Figure 1C), the number

of cells per phase was expressed as a percentage of the total

cell number. There were variations in the levels of reduction of

mRNA of the three test genes, PLK1, PSMB1, and POLA1,

following knockdown between 60% and 95%, but all were sig-

nificant reductions (Student’s t tests; non-targeting [NT] vs.

PLK1 p = 0.0061, NT vs. PSMB1 p = 0.0034, NT vs. POLA1

p < 0.0113, and NT vs. CCNE1 p = 0.0414; Figure 1D). The ef-

fect of gene knockdown on the cell cycle was assessed in

both U-2 OS cells used for the screen development and in

5637 urothelial carcinoma cells, as our aim was to explore ur-

othelial cancer-specific kinase requirements and to identify

druggable targets (Figures 1E, 1F, and S1). PLK1 siRNA signif-

icantly increased the percentage of cells in M phase and those

undergoing apoptosis with a correlating decrease in G2-phase

cells (two-way ANOVA with Dunnett’s post hoc test p < 0.001

for all three phenotypes), as anticipated.35 PSMB1 siRNA

induced a decrease in the percentage of cells in M- and G2-

phase cells (two-way ANOVA with Dunnett’s post hoc test

p < 0.001), together with an increase in the percentage of cells

in G1 phase (two-way ANOVA with Dunnett’s post hoc test p <

0.001). This is in contrast to previous work that reported G2 ar-

rest36 but in a different cell type (HeLa cells), and the changes

seen here with PSMB1 siRNA were consistent across test

plates using U-2 OS cells. Therefore, despite the differences

to previous work,36 PSMB1 was still utilized as a control

with these cells. However, PSMB1 siRNA did not show a

consistent phenotype in 5637 cells and was replaced by

CCNE1 siRNA, which increased the percentage of cells in

G0 and G1 phases concurrent with decreases in the remaining
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phases (two-way ANOVA with Dunnett’s post hoc test G0

phase p < 0.0001, G1 phase p < 0.0001, S phase

p < 0.0001, G2 phase p < 0.0001, and M phase p < 0.05).

POLA1 siRNA significantly decreased the percentage of cells

in S and G2 phase (as expected for a DNA replication

gene37) together with a significant increase in the percentage

of G1-phase cells (two-way ANOVA with Dunnett’s post hoc

test G1 phase p < 0.0001, S phase p < 0.0001, G2 phase

p < 0.0001). The reliability of the assay was then assessed

by calculation of false positive and false negative rates of

3.22% and 2.58% respectively, from two blind test plates

with PLK1, PSMB1, and POLA1 siRNA randomly located

across the plate for U-2 OS and 4.12% and 0.52% for two

blind test plates containing PLK1 and CCNE1 siRNA for

5637 cells. The strictly standardized mean differences for the

seven primary outputs (cell number, the percentage of cells

in G0, G1, S, G2 and M phase, and the percentage of

apoptotic cells) using the appropriate controls for the individ-

ual phenotypes were also calculated (Table S2). The analysis

protocol was then used to assess the changes in the cell cycle

in combination with the Dharmacon siGENOME SMARTpool

kinase library consisting of pools of four siRNAs targeting

719 different kinases. The screen was run in duplicate for

the U-2 OS counter-screen and triplicate for the target cancer

Figure 1. Design and validation of high-content imaging analysis of cell cycle

(A–F) Outline of image generation and analysis, where the key steps in the screening approach to generate high-content images and then their sequential analysis

are shown (A). Cells shown in green are positive identifications (see Table S1 for details of the analysis algorithm). Identification of the percentage of cells in each

phase of the cell cycle using a novel analysis script in Columbus 2.2 software (PerkinElmer); L-mimosine synchronization induced a G1 block used to validate the

analysis script following release of cells to proceed through the cell cycle (B). Effect of 72-h siRNA knockdown on cell number (C). Confirmation of siRNA-induced

knockdown of PLK1, PSMB1, and POLA1mRNA (D). Effect of 72-h siRNA knockdown of PLK1, PSMB1/CCNE1, and POLA1 on percentage of cells in each cell-

cycle phase in U-2 OS osteosarcoma cells (E) and 5637 urothelial carcinoma cells (F) identified with the analysis package. Data are mean ± SEM, n = 3 inde-

pendent experiments, one-way ANOVA with Dunnett’s post hoc test compared to NT. *p < 0.05, **p < 0.01, and ****p < 0.0001.

Cell Reports 42, 113184, October 31, 2023 3

Article
ll

OPEN ACCESS



cell line 5637, with PLK1, PSMB1/CCNE1, and POLA1 (two

wells/plate) as positive controls and non-targeting siRNA as

the negative control (eight wells/plate).

Identification of urothelial cancer-specific cell-cycle
regulators
Plate-wise robust Z scores of greater than two median absolute

deviations away from the platemedian39 in both screens (U-2 OS

and 5637 cells) were used in hit identification. This identified a to-

tal of 230 evenly distributed siRNAs (includingwell-characterized

cell cycle controllers such as the CDKs) that altered one or more

of the phenotypic outputs for U-2OS cells and 177 for 5637 cells,

of which 101 had not been detected in the U-2 OS screen and

were considered more likely to be urothelial cancer-specific

hits. (Table S3). These 101 hits were taken forward for further

validation using siRNAs with different chemistry and sequences

(ON-TARGET plus). Three well-known oncogenes (RelA, Ret,

and Src) were removed, and two further genes (BAIAP1 and

MGC4796) did not have alternative chemistries available, leaving

96 hits to be taken forward for validation. The 16 hits that were

successfully validated (Table 1) were then tested in a panel of ur-

othelial carcinoma cells to identify those with more general im-

pacts on cell cycle in urothelial carcinoma. This reduced the

number to four hits (DYRK1A, PAK5, PDGFRA, TP53RK) from

which PAK5 was selected for further analysis as PAK5 knock-

down reduced the percentage of cells in S phase together with

a reduction in cell number without inducing apoptosis, as

opposed to a single phenotype identified for the other three hits.

PAK5 knockdown induces G1/S arrest concurrent with
reduced cell number and increased cell size
PAK5 siRNA-induced knockdown significantly reduced cell

number by 21%–70% in three different urothelial carcinoma

cell lines: 5637, SD, and LUCC3 (one-way ANOVAwith Dunnett’s

post hoc test 5637 p% 0.005, SD p = 0.034, LUCC3 p = 0.0014;

Figure 2A). This was concurrent with a reduction of the percent-

age of cells in S phase in 5637 and LUCC3 cell lines (one-way

ANOVA with Dunnett’s post hoc test 5637 p % 0.002, SD p =

0.6105, LUCC3 p = 0.0058; Figures 2B and 2C). Protein levels

of PAK5 were significantly reduced to 40% of those of the con-

trols at the 72-hr time point used in the screen, and this reduction

continued at 96 h (one-way ANOVA with Dunnett’s post hoc test

72-h p = 0.0051, 96-h p = 0.0099; Figure 2D). The reduction in

cell number seen in the screen was determined to be a result

of a reduction in growth rate that was significant after 72 h

(two-way ANOVA with Tukey’s post hoc test 72-h p < 0.0001,

96-h p < 0.0001; Figure 2E). During these experiments, it became

apparent that PAK5 knockdown increased nuclear size, and

further investigation showed that cell area, as measured by

both wheat germ agglutinin Alexa Fluor 633 and phalloidin stain-

ing, was also significantly increased (one-way ANOVA with

Tukey’s post hoc test 72-h p < 0.0001, 96-h p < 0.0001;

Figures 2F, 2G, and 2H). As these data implied a G1/S arrest,

we next examined the levels of cyclin D1 as a key regulator of

the G1/S transition and also as an indicator of senescence,40

as the phenotype of increased cell size was suggestive of senes-

cence.41 Cyclin D1 protein levels were significantly reduced by

Table 1. The 16 validated hits specific to 5637 urothelial carcinoma cells

Gene symbol Gene name

Phenotype

Cell number Apoptosis G0 G1 S G2 M

CALM2 calmodulin 2 +

CDKN2C cyclin-dependent kinase inhibitor 2C +

CRKL v-crk avian sarcoma virus CT10 oncogene

homolog-like

+ ꟷꟷ

CSNK1A1 casein kinase 1, alpha 1 +

DMPK dystrophia myotonica-protein kinase ꟷꟷ

DYRK1A dual-specificity tyrosine-(Y)-

phosphorylation-regulated kinase 1A

ꟷꟷ

EEF2K eukaryotic elongation factor-2 kinase ꟷꟷ

HIPK3 homeodomain interacting protein kinase 3 ꟷꟷ + +

HUNK hormonally upregulated Neu-associated

kinase

ꟷꟷ +

PAK5 p21 protein (Cdc42/Rac)-activated kinase 5 ꟷꟷ ꟷꟷ

PDGFRA platelet-derived growth factor receptor,

alpha polypeptide

+

PIK3R4 phosphoinositide-3-kinase, regulatory

subunit 4

+

PIP5K1A phosphatidylinositol-4-phosphate

5-kinase, type I, alpha

ꟷꟷ

TK2 thymidine kinase 2, mitochondrial +

TP53RK TP53 regulating kinase +

TYRO3 TYRO3 protein tyrosine kinase + +

+, percent of cells in phase increased; ꟷꟷ, percent of cells in phase decreased.

4 Cell Reports 42, 113184, October 31, 2023

Article
ll

OPEN ACCESS



Figure 2. Effects of PAK5 knockdown with SMARTpool siRNA on urothelial carcinoma (5637) cells

(A–J) PAK5 knockdown reduces cell number in a range of urothelial carcinoma cell lines (A) and the percentage of cells in S phase (B) when compared to NT siRNA

after 72 h, with representative images shown in (C). Blue, DAPI; green, EdU; yellow, phosphohistone H3; red, Ki67). Time course analysis of PAK5 knockdown in

5637 cells shows reduced PAK5 protein levels by 72 h post transfection (D) (a representative blot is shown). Reduced PAK5 protein levels are concurrent with

significant reductions in cell number at both 72 and 96 h post transfection (E). PAK5 knockdown increases cell size at both 72 and 96 h post transfection

compared to NT siRNA (F) (mean cell size/well analysis for wheat germ agglutinin Alexa Fluor 633 staining shown). Representative images are shown in (G) (blue,

(legend continued on next page)
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PAK5 knockdown in 5637 cells (unpaired t test p = 0.0155; Fig-

ure 2I). Levels of p21 were also assessed, the induction of senes-

cence was suggested, and it showed a slight but significant in-

crease (unpaired t test p = 0.0471; Figure 2J). However, when

we examined the expression of b-galactosidase as a marker of

senescence, we saw minimal expression (less than 5% of cells

in all groups), suggesting the increase in cell area was not related

to the induction of senescence. The images of F-actin filaments

used in the exploration of cell size appear to show altered actin

arrangement, and disruption of actin filaments has been re-

ported to lead to G1 arrest concurrent with reductions in cyclin

D1 levels.42,43 However, further studies are required to explore

the potential changes in actin seen with PAK5 knockdown and

how these are related to reductions in cyclin D1 and G1 arrest

or whether they are instead a downstream effect of the arrest.

Identification of PAK5-binding Affimers that
recapitulate PAK5 siRNA knockdown
To continue our assessment of the utility of siRNA screening in

conjunction with Affimer technology as a strategy to accelerate

drug discovery, we isolated Affimers against the C terminus of

PAK5, which incorporates the kinase domain (amino acids

426–719). This led to the isolation of 20 unique Affimers that

could bind PAK5 C terminus. A kinase assay was used to deter-

mine which PAK5-binding Affimers displayed inhibitory effects

by assessment of phosphorylation of BAD (BCL2 Associated

Agonist Of Cell Death) at S112, a known target of PAK544

(Figures 3A, 3B, and S2). Half of the PAK5-binding Affimers

reduced phosphorylation of BAD when used at molar ratio of

0.54 to the amount of enzyme (PAK5 kinase domain). The pool

of PAK5-binding Affimers was also subjected to phage ELISA

screen against the kinase domains of all of the group II PAKs

(Figure 3C), as they have 80% and 84% homology with PAK6

and PAK4, respectively.45 Utilizing these data, four Affimers

were selected for further testing; PAK5-Af3, PAK5-Af4, PAK5-

Af12, and PAK5-Af17. Three of these showed higher specificity

for PAK5 over the other group II PAKs, while PAK5-Af12 showed

a higher degree of cross-reactivity to PAK6 but was the most

effective inhibitor of BAD phosphorylation, showing a 2-fold

reduction compared to kinase alone when used at molar ratio

of 0.54 to PAK5. The ability of PAK5-binding Affimers to interact

with PAK5 in a cellular environment was confirmed using lysates

from cells expressing a GFP-tagged PAK5 (Figure 3D). All four

PAK5-binding Affimers selected for further experiments were

able to isolate PAK5-GFP from 5637 lysates, while the control Af-

fimer (that binds yeast SUMO protein) did not.

To test the ability of the selected PAK5-binding Affimers to

recapitulate PAK5 siRNA knockdown data in cells, we transiently

transfected 5637 cells with pCMV6-PAK5-bindingAffimer-tGFP

plasmids. Transfection efficiency was 70%–80% and did not

significantly vary between the PAK5-binding Affimers or a con-

trol Affimer (one-way ANOVA p = 0.6438). There appears to be

some nuclear localization of GFP signal possibly caused by

GFP as has been previously seen46 (Figure 4A); however this

does not significantly differ between the PAK5-binding Affimers

and the control Affimer (one-way ANOVA p = 0.0903). The three

Affimers that showed specificity for PAK5 (PAK5-Af3, PAK5-Af4,

and PAK5-Af17) all significantly reduced the number of cells in S

phase (Figure 4B). However, only PAK5-Af17 recapitulated other

aspects of the PAK5 siRNA knockdown phenotype showing a

similar reduction in cell number of 65.3% (one-way ANOVA

with Dunnett’s post hoc test p = 0.0026; Figure 4C) and an in-

crease in cell area of 47.8%, as measured by both wheat germ

agglutinin and phalloidin staining (one-way ANOVA with Dun-

nett’s post hoc test p = 0.0049; Figures 4D, 4E, and 4F). The

latter is considerably less than the 363.5% seen with siRNA

knockdown. PAK5-Af17 decreased cyclin D1 protein levels in

line with that seen with the siRNA knockdown (unpaired t test

p = 0.0175; Figure 4F), while p21 protein levels were increased

albeit non-significantly (unpaired t test p = 0.1311; Figure 4G).

Thus PAK5-Af17 recapitulates the key features of the PAK5

siRNA knockdown.

PAK5-Af17 locks PAK5 in an intermediate activation
state
To further explore the mechanism of inhibition of PAK5 activity

by PAK5-Af17, we determined the crystal structure of PAK5-

Af17 in complex with the kinase domain of PAK5 at a resolution

of 1.55 Å. The asymmetric unit contained one complex of

PAK5:PAK5-Af17 (one PAK5 and one Affimer 17 molecule) at a

1:1 stoichiometry, with no magnesium ions or nucleotides

(PDB: 8C12). The atomic model revealed that PAK5-Af17 inter-

acts with both the N- and C-lobes of the kinase domain, burying

a 665.7-Å interface area across the aC-helix, P+1 region of the

activation loop, and the aG-helix.47 Thus, PAK5-Af17 binds

across the substrate binding region, outside the ATP binding

pocket, and is therefore the first non-type I inhibitor of PAK5

(Figures 5A and 5B). This binding of PAK5-Af17 locks PAK5 in

an intermediate inactive conformation, harboring incomplete

hallmarks of an active kinase, despite the presence of activating

phosphorylation on the activation loop. The aC-helix maintains

the salt bridge between Glu494 and Lys478, and the C-terminal

turn is distorted, extending the aC-b4 loop akin to the purine-

bound state of the protein.48,49 The DFG motif resides in the

‘‘in’’ conformation with the central Phe587 occupying the hydro-

phobic pocket between the N- and C-lobes49 (Figure S3A).

Ser602 of the activation loop is monophosphorylated, and the

active H-bond network between Arg600, Arg567, Tyr620, and

Phe589 is maintained, linking either end of the activation

segment via the catalytic Arg567 residue and stabilizing a

conformation still suitable for substrate binding48 (Figure S3B).

Nevertheless, the hydrophobic regulatory R-spine composed

of RS1 (His566), RS2 (Phe587), RS3 (Met498), andRS4 (Met509),

which has been extensively described as ‘‘linear’’ in the active,

ATP-, or substrate-bound state of other kinases,50 is clearly dis-

torted in our PAK5 structure, showing a back-pocket-accessible

DAPI; red, wheat germ agglutinin Alexa Fluor 633) and (H) (blue, DAPI; green, phalloidin). PAK5 knockdown downregulates cyclin D1 (I) and upregulates p21

expression (J) at 96 h post transfection. Data are mean ± SEM, n = 3 independent experiments for all panels, one-way ANOVA with Dunnett’s post hoc test in (A),

(B), and (E), one-way ANOVA with Tukey’s post hoc test in (F), and unpaired t test in (I) and (J). NT, non-targeting; siG, siGENOME; OTP; ON-TARGETplus. Scale

bars represent 50 mm. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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conformation akin to the inactive PAK4 structure (PDB: 4XBU)51

(Figure 5C). Moreover, the conserved Glu-Lys salt bridge,

although present, is shifted from the position observed in active

kinase structures (Figure 5D), and the N-terminal turn of the aC-

helix does not extend comparative to the active rearrangement,

with length and distortion added to the b3-aC loop.48 The aC-he-

lix is subsequently shortened and has two distorted termini that

become loop regions compared to their helically structured

counterparts in either the published purine-bound or unbound

conformations (PDB: 2F57) (Figure 5E). The aC-helix resembles

that of another SBP-kinase complex, the vNAR-D01 bound

Aurora A kinase structure (PDB: 5L8L) (Figure S3C) with regard

to the number of turns, but it is distinct in its maintenance of

the Glu-Lys salt bridge.52 This is consistent with the vNAR-D01

andPAK5-Af17 having distinct binding sites and allosteric mech-

anisms. The completion of the activating N-terminal turn is in-

hibited by the cation pi interaction of Arg487 with the Affimer

VR1 residue Tyr44. Tyr44 further forms an H-bond with Leu603

of the activation loop (Figure 5F). Consequently, this conserved

Arg487 is not incorporated into the N-terminal turn and cannot

swing and anchor the glycine rich loop through its activating

H-bonding network between Ser459, Gly458, and Glu457. The

glycine rich loop is therefore anchored in a partially open confor-

mation stabilized by an H-bond between Thr460 and the

conserved Gln485 of the b3-aC loop. This is a previously unseen

conformation of the PAK5 glycine-rich loop (Figure 5G).

The previously described purine-bound PAK5 structure (PDB:

2F57) notes the H-bond anchoring of Asn493 of the aC-helix,

with the conserved Cys590 of the activation segment, and

Gly588 of the DFG motif.48 Although the Affimer-constrained

PAK5 shows the DFG-in conformation, accompanied by an in-

termediate variant of the aC-helix-in conformation (aC-helix-in-

ter), we do not see this linking of key structural elements in the

presence of PAK5-Af17. Given this, and the inhibition of the

swinging of Arg487 toward the glycine-rich loop, PAK5-Af17

can be considered to freeze PAK5 in a potentially physiologically

relevant state, showing clear evidence of the time-resolved point

at which activating dynamics were inhibited.

Therapeutically targeting allosteric sites as opposed to ATP-

competitive sites is an attractive avenue in the development of

Figure 3. Identification and characterization of PAK5-binding Affimers

(A–D) The ability of the 20 PAK5-binding Affimers to inhibit PAK5-mediated phosphorylation of BAD was assessed by in vitro kinase assay at different w/w ratios

and compared to a control Affimer (that binds yeast SUMO protein) (A) (n = 3 independent experiments). Data are mean ± SEM. Representative blots for the four

Affimers selected for further characterization (see text for details) are shown in (B). Intermediate lanes showing Affimers not selected have been removed (see

Figure S2 for full membranes). The group II PAK binding preferences of the 20 unique Affimers that bind PAK5 kinase domain identified from screening the Affimer

phage library (C) were assessed by a phage ELISA screen (n = 1). His-tagged PAK5-binding Affimers can pull down PAK5-GFP from 5637 cell lysates (D)

(representative blot of three independent experiments).
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more selective kinase inhibitors. As the ATP binding sites across

the kinome show high levels of conserved homogeneity, off-

target effects are prevalent within the clinical setting.53 PAK5-

Af17 binds PAK5 with nanomolar affinity (KD = 45 ± 6.14 nM)

as measured by surface plasmon resonance and appears to

display remarkable specificity within the group II PAKs, which

share upward of 80% homology, as seen in the phage ELISA

screen (Figure 3C). This specificity is facilitated by the Affimer

VR2 Pro77 and backbone residue Glu37 forming dynamic

H-bonds to Arg653 of the aG-helix of PAK5. Arg653 is unique

to PAK5, occupied by a lysine in the other group II PAK proteins

and a tyrosine in group I PAK proteins (Figure 5H).48 To test the

importance of this residue for determining the PAK5-AF17 bind-

ing ability to PAK5 and to a lesser extent PAK4 and PAK6, we

mutated the corresponding residues in PAK4 and PAK6 to argi-

nine to reflect the situation seen in PAK5. The ability of PAK5-

Af17 to bind these mutated versions was then assessed by

phage ELISA. In contrast to our phage ELISA screen (Fig-

ure 3C)m we utilized BAP-tagged versions of the group II PAK

proteins to minimize any orientation issues. PAK5-Af17 still

showed higher specificity to PAK5 over PAK4 and PAK6 (one-

way ANOVA with Dunnett’s post hoc test p = 0.0021 and p =

0.0015 for PAK4 and PAK6 vs. PAK5 respectively; Figure 5I),

however a higher degree of binding to these proteins was seen

compared with our phage ELISA screen. Mutation of Lys526

(PAK4) and Lys610 (PAK6) to arginine led to increased binding

of PAK5-Af17 to these proteins to levels that were not signifi-

cantly different to PAK5. These results were also replicated by

the ability of the different group II PAK proteins to pull down

PAK5-Af17, with PAK5 showing the greatest degree of binding,

negligible binding PAK4, and some binding to PAK6. Mutation

of Lys526 and Lys610 to arginine again increased the binding

of PAK5-Af17, but not to the same degree as seen in the phage

ELISA (Figure 5J). Thus binding of PAK5-Af17 to Arg653 confers

the specificity seen toward PAK5 over the other group II PAKs;

indeed all the other interactions PAK5-Af17 makes with PAK5

are with conserved residues within the group II PAKs.48

DISCUSSION

Here, we have presented a high-content screen using siRNA

technology that, in combination with Affimer reagents, has the

potential to identify targets in a cancer-specific manner. The

screen used here utilizes well-known markers of key cell-cycle

phases16,17,32,33 but with the addition of staining for Ki67, which

allows the identification of cells that are not actively dividing G0

cells34 only seen in one previous study.32 This is an important

subpopulation in cancer as it can drive recurrent disease.54 An

ability to identify this population and the key proteins that induce

its formation may offer alternative therapeutic avenues. In addi-

tion, the use of a simple immunohistochemistry approach

compared with live-cell imaging using cells expressing fluores-

cently tagged proteins36 or the generation of stable cell lines

means this assay is readily adaptable to a wide variety of cell

lines and potentially primary cells as well. The screening protocol

robustly identified several well-characterized regulators of the

cell cycle including CDK1, PLK1, WEE1, CHEK1, and Aurora ki-

nase A (AURKA),27,28,55–58 all of which are already known thera-

peutic targets in cancer, providing confidence that other targets

identified by the screening processwould have important roles in

cancer development and progression. Indeed, PAK5 identified

here has previously been shown to have roles in a variety of can-

cers.59–67 The fact that PAK5 has been associated with cancers

other than urothelial cancer shows that the approach used here

is only as good as the number of counter-screens performed. In

the case of PAK5 in this study, this was only a single screen, that

of the U-2 OS cells used in assay development. All that can,

therefore, be concluded is that PAK5 is involved in urothelial can-

cer but not potentially in osteosarcoma. Although beyond the

scope of this study, if the number of cancer cell types used for

counter-screens was increased, highly cancer-type-specific

data could be identified.

PAK5 has previously been shown to be upregulated in cancers

ranging from glioblastoma to ovarian cancer,59–67 suggestive of

a more global role for PAK5 in cancer. Only one of these

studies66 explored the role of PAK5 in urothelial carcinoma,

and that focused on its role in E-cadherin-mediated cell-cell

adhesion in cell lines representing a variety of grades of urothelial

carcinomawith PAK5 levels inversely correlatingwith grade. This

is compatible with the present study as 5637 cells showed

epithelial morphology and expressed detectable PAK5. How-

ever, the mutational background of the cell lines used by Ismail

et al.66 and in this study vary,68 so comparisons should be

made lightly. Both our work and that of Ismail et al.11 support

an important role for PAK5 in urothelial carcinoma that requires

further exploration. The data in this study also support a more

global role for PAK5 in the G1/S transition as previously seen

in breast, gastric, and hepatocellular carcinomas,59,65,67 where

alterations to cyclin D1 levels were also recorded. The mecha-

nism by which PAK5 affects the G1/S transition is currently un-

clear with NF-kB-p65,65 apoptosis-inducing factor,69 cyclin D1,

CDK2, and CDC25A59 all implicated to date. Our data support

a role for alterations to cyclin D1 levels as we saw significant re-

ductions in cyclin D1 levels. It is possible that this reduction is

mediated via changes to the actin cytoskeleton70 as disruption

of actin filaments has been linked to G1 arrest and cyclin D1

Figure 4. Effects of PAK5-binding Affimers in 5637 cells

(A–H) tGFP tagged PAK5-binding Affimers and control Affimers (green) were transfected in 5637 cells and stained with EdU (pink) and DAPI (blue) 24 h after

transfection, with representative images shown in (A); arrows indicate GFP- (green) and EdU- (pink) positive cells. PAK5-Af3, PAK5-Af4, and PAK5-Af17 reduce

the percentage of cells in S phase compared to the control Affimer (B). PAK5-Af17 transfection also reduces 5637 cell number (C) and increases cell size (D) (mean

cell size/well analysis for wheat germ agglutinin Alexa Fluor 633 staining shown), with representative images shown in (E) (blue, DAPI; green, GFP; and red, wheat

germ agglutinin Alexa Fluor 633) and (F) (blue, DAPI; green, GFP; and red, phalloidin, with Affimer-expressing cells arrowed for comparison). PAK5-Af17

downregulates cyclin D1 expression (G) and does not significantly affect p21 expression (H) (representative blots shown). Data are mean ± SEM, n = 3 inde-

pendent experiments for all panels, one-way ANOVAwith Dunnett’s post hoc test in (B), (C), and (D) and unpaired t test in (G) and (H). Scale bars represent 50 mm.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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expression.42,71 It will be interesting to further explore the role of

PAK5 in regulating both G1/S transition and the actin cytoskel-

eton, which is known to be regulated by PAK proteins,72 and

whether these two processes are linked.

The ability of the Affimer reagents described here to recapitu-

late the G1/S arrest and previously59,65,67 with PAK5 knockdown

supports their use to influence the decision of whether a target is

likely to be druggable. However, the magnitude of change was

lower with PAK5-Af17 than PAK5 knockdown. This is, most

likely, a reflection of the degree of inhibition of PAK5 within the

cells, as PAK5 knockdown will remove the majority of PAK5 pro-

teinmolecules, while PAK5-Af17may only inhibit a percentage of

them, resulting in the less pronounced phenotypes seen. The

same reasoning may underlie the differences in p21 levels as

this is an upstream regulator of PAK5 reacting to the presence/

absence of PAK5. The work presented in this study identified

those Affimers able to bind the kinase domain of PAK5, and in

a cellular situation, full-length PAK5 with an auto-inhibitory

domain and an ability to dimerize is present.73 Additionally the

variable regions of PAK5-Af3 and PAK5-Af4 share a degree of

sequence homology with known substrate motifs for group II

PAKs, notably two basic amino acids, then two or three variable

amino acids before an aromatic amino acid,74 so they may be in

direct competition with in vivo substrates in cells that is not seen

in the in vitro kinase assay. These differences may underlie the

differential effects of the Affimers in cells. Thus, the ability of

PAK5-Af17 to reproduce the main features of PAK5 knockdown

is important in the assessment of its druggability, as it shows in-

hibition rather than removal of PAK5 can have the same pheno-

typic effect as would be achieved by small molecule inhibitors.

Like other kinases, the challenge of achieving drug specificity

remains with the PAK family, owing in part to their highly

conserved ATP binding cleft. There are established pan-kinase

targeting ATP-competitive inhibitors that have been shown to

abrogate PAK family activity: for example, staurosporine showed

an IC50 of 0.6 nM against the group I PAK1.75 However, very few

PAK selective inhibitors have been reported. The first PAK fam-

ily-specific inhibitor to enter clinical trials was PF-3758309.76

This ATP-competitive compound, originally characterized

against PAK4, showed equipotent activity against the other

group II PAKs (�20 nM) and to a lesser extent the group I

PAKs (�100–200 nM). Unfortunately, PF-3758309 was redacted

from clinical trials after reports of low oral bioavailability, grade 4

neutropenia, and gastrointestinal disorder.77 Given this, and as

the PAKs adopt a typical kinase fold, allosteric approaches are

an attractive therapeutic avenue that could provide more selec-

tive cancer treatments, and these have been explored with some

success. For example, IPA-3 was shown to bind the auto-inhib-

itory domain of PAK1 and act as a group I selective inhibitor.78

Staben et al.79 identified a group II selective compound that

bound in the back pocket, thus also displaying intergroup selec-

tivity but not intragroup. Novartis developed the first allosteric

PAK inhibitors that showed PAK1 selectivity and that bind in

the back pocket of the kinase domain.80 This was the first PAK

targeting series that showed intragroup selectivity. To date,

only one molecule has shown PAK5 specificity over the other

PAK family members. PRT062607, a spleen tyrosine kinase

(SYK) inhibitor, showed off-target PAK5 inhibition selectivity,81

but little else is known about its mechanism of action. Thus,

the need for selective inhibitors of the individual PAK family

members remains. An endogenous inhibitor peptide Inka1 has

been reported to inhibit PAK4 by binding in a similar location to

PAK5-Af17 (Figure S3D),82 but this is postulated to have activity

across the group II PAKs. Therefore, the PAK5-Af17:PAK5 crys-

tal structure determined here is, to our knowledge, the first struc-

ture of PAK5 in complex with a non-type I inhibitor (ATPmimic),50

which shows significant specificity within the group II PAKs

delivered by binding to the PAK5 unique residue Arg653.

PAK5-Af17 is the first biologic inhibitor described for PAK5 and

indeed the first exogenous biologic targeting the PAK family.

The PAK5-Af17-bound PAK5 is locked in an intermediate active

conformation; thus the classification of this inhibition is some-

what convoluted, although clearly not a type I or II inhibitor that

binds the ATP site or bivalent type V or covalent type VI inhibi-

tor.67 As the loops bind distal to the ATP binding site, with inter-

actions shown across the N- and C-lobes of the kinase domain

within the P+1 site clearly overlapping with other kinase

substrates, e.g., N-Myc (Aurora A kinase substrate), and the

endogenous inhibitor peptide Inka1 (PAK4 substrate inhibitor),

PAK5-Af17 cannot be referred to as type IV.82,83 Thus, PAK5-

Af17 is most appropriately classified as a type III inhibitor, with

the aC-helix adopting an atypical conformation but no direct

interaction with the Phe side group of the DFG motif, potentially

providing evidence for a novel subclass of type III inhibitor. By

Figure 5. PAK5-Af17 is a non-type 1 inhibitor of PAK5 that locks PAK5 in an intermediate conformation between active and inactive

(A–J) PAK5-Af17 (green) binds at the hinge region between the N lobe (light gray) andC lobe (dark gray) of PAK5. The Affimer is shown to complex with PAK5 at the

apex of the activation loop (purple), aC helix (blue), and glycine-rich loop (orange) via both variable regions (VRs) (PDB: 8C12). This site is distinct from the

nucleotide binding site, as shown by the overlaid ADP nucleotide from PAK3 (yellow by element; PDB: 6FD3) in (A) and (B). The conserved salt bridge residues

Glu-Lys are shown as sticks with the salt bridge as dotted black lines and distorted R-spine depicted via a yellow surface with the gatekeeper residue as a red

surface, with kinase domain of PAK5 colored as in (B), highlighting the accessible back-pocket (C). The displaced position of the conserved Glu-Lys salt bridge is

shown as black dotted lines (navy-gray sticks) relative to TPX2-bound Aurora A in green (PDB: 1OL5) (D). The aC-helices of all known PAK5molecules are shown,

revealing the distortion seen with PAK5-Af17-bound PAK5 (E). The PAK5-Af17-bound PAK5 Arg487 (blue) is shown to swing distally away from the glycine-rich

loop, aided by cation pi interactions with Tyr44 of Affimer variable region 1, distinct to the purine-bound conformation of Arg487 shown in cyan (PDB: 2F57), and

the inactive Arg487 is shown in purple (PDB: 2F57, with the full side chain extrapolated in Coot) (F). The glycine rich loop of Affimer-bound PAK5 (orange) is shown

overlaid with the inactive conformation (purple, PDB: 2F57, non-substrate-bound molecule) and the active conformation (marine, PDB: 2F57, substrate-bound

molecule) and is stabilized by a novel hydrogen bond shown between Thr460 and Glu485 (G). The specificity of PAK5-Af17 toward PAK5 over the other group II

PAKs is conferred by dynamic hydrogen bonds (dotted lines) between Pro77 of variable region 2 of PAK5-Af17, Glu37 of the Affimer backbone, and the PAK5-

specific residue Arg653 (H), where mutation of the corresponding residues in PAK4 and PAK6 to arginine enhances PAK5-Af17 binding to these proteins as

measured by phage ELISA (I) and immunoprecipitation of PAK5-Af17 by these proteins (J) (representative blot shown). Data are mean ± SEM, n = 3 independent

experiments for (I) and (J), one-way ANOVA with Dunnett’s post hoc test. **p < 0.01.
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understanding themechanism of activation and abrogation of in-

dividual kinases, the development of more selective kinase in-

hibitors will advance and with it the landscape of cancer-specific

therapeutics.

In conclusion, this study has presented a comprehensive

high-content imaging assay for identifying all phases of the

cell cycle, including G0 and apoptotic cells, used in conjunction

with siRNA, followed up by generation of specific SBPs to iden-

tify PAK5 inhibitors and co-crystallization to understand the na-

ture of the inhibition. We have shown the identification of spe-

cific cancer-type targets, in this case PAK5 (albeit only as

specific as the number of counter-screens undertaken),

together with determination of druggability and potential delin-

eation of mechanism of action as seen by the locking of PAK5

in a previously unseen intermediate activation state. Applying

this approach to other cancer types may yield new and exciting

therapeutic targets.

Limitations of the study
This study has only briefly touched upon the biological impacts

of PAK5 to generate a phenotypic fingerprint, and further work

is required to determine the molecular details of the role of

PAK5 in G1/S transition. The Affimers used this study, while hav-

ing clear biological effects similar to the siRNA, have not been

fully characterized in terms of cellular stability and inhibitory ef-

fects beyond the 24-h expression time used here, although we

have previously seen Affimers, for other targets, have cellular ef-

fects 48 h after transfection.11 This study has not assessed the

reversibility of PAK5 inhibition by PAK5-Af17. Additionally, while

both X-ray crystallography andmutational analysis have demon-

strated that PAK5-Af17 shows significant specificity for PAK5

over the other group II PAKs, it is possible that PAK5-Af17 has

off-target effects on other kinases (including other PAKs) due

to the high level of structural conservation between kinase active

sites.84
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Histone H3 Abcam Cat# ab14955; RRID:AB_443110

Rabbit anti-Ki67 Abcam Cat# ab16667; RRID:AB_302459

Goat anti-mouse Alexa Fluor 568 Invitrogen Cat#A-11004; RRID:AB_2534072

Goat anti-rabbit Alexa Fluor 633 Invitrogen Cat#A-21070; RRID:AB_2535731

Rabbit anti-cyclin D1 Abcam Cat# ab134175; RRID:AB_2750906

Rat anti-a-tubulin Bio-Rad Cat# MCA78G; RRID:AB_325005

Mouse anti-PAK5 (PAK7) Novus Biologicals Cat#MAB4696

RRID:N/A

Rabbit anti-p21 Abcam Cat# ab109520; RRID:AB_10860537

Rabbit anti-phosphorylated BAD Abcam Cat# ab129192; RRID:AB_11142421

Mouse anti-turboGFP Origene Cat# TA150041; RRID:AB_2622256

Mouse anti-6xHisTag Abcam Cat# ab18184; RRID:AB_444306

Rabbit anti-6xHisTag-HRP Abcam Cat#ab1187;

RRID:AB_298652

Goat-anti-rabbit HRP Abcam Cat# ab97051; RRID:AB_10679369

Goat anti-mouse HRP Abcam Cat# ab97040; RRID:AB_10698223

Goat anti-rat HRP Abcam Cat# ab97057; RRID:AB_10680316

Anti-Fd-Bacteriophage-HRP Seramun Diagnostica GmbH Cat# A-020-1-HRP

RRID:N/A

Bacterial and virus strains

BL21 StarTM (DE3) Invitrogen Cat# C601003

XL1-Blue Super-competent Aglient Cat#200249

ER2738 Lucigen Cat#60522-1

Chemicals, peptides, and recombinant proteins

L-mimosine SigmaAldrich Cat#M0253

CAS: 500-44-7

Critical commercial assays

Click-iT� EdU Alexa Fluor� 488 HCS

Assay *2-plate size*

Invitrogen Cat#C10350

Click-iT� EdU Alexa Fluor� 647 HCS

Assay *2-plate size*

Invitrogen Cat#C10356

RNeasy Mini Kit Qiagen Cat#74106

qPCR Gene expression assays PLK1 Solaris Cat# AX-017199

qPCR Gene expression assays PSMB1 Solaris Cat# AX-011361

qPCR Gene expression assays POLA1 Solaris Cat# AX-020856

qPCR Gene expression assays CCNE1 Solaris Cat# AX-003213

qPCR Gene expression assays EEF1A1 Solaris Cat# AX-017201

Deposited data

PAK5:PAK5-Af17 structure This Paper PDB:8C12

Experimental models: Cell lines

Human U-2 OS osteosarcoma cells ATCC Cat# HTB-96; RRID:CVCL_0042

Human 5637 urothelial carcinoma cells ATCC Cat# HTB-9; RRID:CVCL_0126

SD urothelial carcinoma cells ATCC RRID:CVCL_W902

LUCC3 urothelial carcinoma cells (Askham JM et al.)85 RRID:CVCL_W894

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Darren

Tomlinson (d.c.tomlinson@leeds.ac.uk).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
d PAK5:PAK5-Af17 crystallisation data have been deposited at RCSB Protein DataBank (RCSB PDB) and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table.

d All original code is available in this paper’s supplemental information.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Human Protein Kinase siRNA library (siGenome) Dharmacon Cat#G003505

NT siRNA (siGenome) Dharmacon Cat# D-001206-14-20

PLK1 siRNA (siGenome) Dharmacon Cat# M-003290-01-0005

PSMB1 siRNA (siGenome) Dharmacon Cat# M-011361-00-0005

POLA1 siRNA (siGenome) Dharmacon Cat# M-020856-01-0005

CCNE1 siRNA (siGenome) Dharmacon Cat# M-003213-02-0005

PAK5 siRNA (siGenome) Dharmacon Cat# M-003973-02-0005

PAK5 siRNA (ON TARGETplus) Dharmacon Cat# L-003973-00-0005

NT (ON TARGETplus) Dharmacon Cat# D-001810-10-20

PLK1 (ON TARGETplus) Dharmacon Cat# L-003290-00-0005

Primers for used subloning See Table S4

Recombinant DNA

PAK5-GFP Origene Cat# RG205255

PAK5-Af-GFP This Paper N/A

Control-Af-GFP This Paper N/A

Af-His This Paper N/A

pcDNA3.1 PAK-5-FLAG Genscript N/A

PAK5-His This Paper N/A

PAK4-GST Nicola Burgess-Brown Addgene Cat#39137; RRID:Addgene_39137

PAK6-His Nicola Burgess-Brown Addgene Cat#38827; RRID:Addgene_38827

pGEX4T-1 BAD S136A (104–141) Harada et al.84 Addgene Cat#8801; RRID:Addgene_8801

Software and algorithms

Columbus v2.7.1 PerkinElmer https://www.perkinelmer.com/product/image-data-

storage-and-analysis-system-columbus

CellReporterXpress v2.8.2 Molecular Devices https://www.moleculardevices.com/products/cellular-

imaging-systems/acquisition-and-analysis-software/

cellreporterxpress

MetaXpress Molecular Devices https://www.moleculardevices.com/products/cellular-

imaging-systems/acquisition-and-analysis-software/

metaxpress

GraphPad Prism v9.02 GraphPad Software https://www.graphpad.com/features

Excel 2016 Microsoft https://www.microsoft.com/en/microsoft-365/excel
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EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell culture
Human U-2 OS osteosarcoma cells (female; ATCC, VA) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; PAA Lab-

oratories GmbH, Pasching, Austria) supplemented with 10% fetal bovine serum (FBS; PAA) and 100U/mL penicillin-streptomycin

(PAA) at 37�C and 5% CO2. Human 5637 (male) and SD urothelial carcinoma cells (sex unspecified at primary collection; ATCC)

were maintained in RPMI supplemented with 10% fetal bovine serum (FBS; PAA) and 100U/mL penicillin-streptomycin (PAA).

LUCC3 urothelial carcinoma cells were established in Leeds from a high grade muscle-invasive bladder cancer (sex unspecified

at primary collection)85 and maintained in Hams F12 medium supplemented with 1% FBS, 1% insulin-transferrin-selenium (Gibco,

Paisley, UK), 1mg/mL hydrocortisone (SigmaAldrich, Gillingham, UK), 1% non-essential amino acids (Gibco), 1% L-glutamine (Gibco)

and 30 ng/mL cholera toxin (SigmaAldrich) at 37�C and 5% CO2. The identity of all cell lines used was confirmed by Short Tandem

Repeat (STR) profiling.

METHOD DETAILS

Mimosine synchronisation
U-2 OS cells were plated at 4000 cells/well in 96 well plates (Viewpoint, PerkinElmer, Waltham, MA) and treated with 500 mM

L-mimosine (SigmaAldrich) 24 h later. L-mimosine was removed after a further 24 h and cells rinsed and incubatedwith 10 mM5-ethy-

nyl-20-deoxyuridine (EdU, Invitrogen) for 30 min at 37 �C at designated time-intervals before phosphate buffered saline (PBS) rinsing

and fixation in 4% paraformaldehyde (SigmaAldrich) for 15 min. Cells were then stained and imaged as described below.

siRNA transfections
Dharmacon siGENOME SMARTpool reagents (Human Protein Kinase library - G003505)were used for primary screening and were

reconstituted as previously described.86 Assay controls were non-targeting (NT) siRNA (D-001206-13), PLK1 (M-003290), PSMB1

(M-011361), POLA1 (M-020856) and CCNE1 (M-003213). Reverse transfections in 96 well plates were as previously described86 us-

ing 2.5 mL of 2 mM siRNA (final concentration of 50 nM), 0.1 mL Lipofectamine RNAiMAX (Invitrogen), 17.5 mL Opti-MEM-1 (Invitrogen)

and 80 mL of a 5 x 104 cells/mL suspension in antibiotic-free media per well for U-2 OS cells or 7.5 x 104 cells/mL suspensions for

5637, SD and LUCC3 cells. For RNA extractions 24 well plates were used and 6 well plates for protein extractions reagent volumes

increased to give 500 mL and 2 mL total well volume respectively. For validation assays Dharmacon ONTARGETplus SMARTpool

reagents were used as above for siGENOME reagents.

Plasmid transfections
For transfection with PAK5-GFP (Origene, Rockville, MD) 5367 cells were plated at 5x104 cells/mL in T75 flasks before transfection

72hr later with 25 mg plasmid DNA and 25 mL Lipofectamine 2000 (Invitrogen) as per manufacturer’s instructions. Cells were har-

vested 24 h later. For transfections with PAK5-Af-GFP or Control-Af-GFP, 5637 cells were plated at 2.5x104 cells/ml in 96 well View-

plates or 6 well plates, 72 h later transfected with 1 mg/mL plasmid using Lipofectamine 2000 at 2 mL/mL and fixed or harvested 24 h

later as described below.

Immunofluorescent staining and imaging
Immunofluorescent staining of cell-cycle assay plates was carried out as follows. Media was discarded and cells incubated with

10 mM EdU as described for mimosine synchronisation. Following fixation with 4% paraformaldehyde, cells were rinsed twice

with PBS and permeablised with 0.1% Triton X-100 (VWR, Lutterworth, UK) in PBS for 15 min, before incubation with

AlexaFluorTM 488 or 647 azide (Alexa Fluor 488/647 5-Carboxamido-(6-Azidohexanyl), Bis(Triethylammonium Salt), Invitrogen)

and Click-IT cell reaction buffer (Invitrogen) as described by the manufacturer for 30 min. Cells were rinsed in PBS and blocked in

1%milk (Marvel, Premier Foods, St Albans, UK) for 5min before the addition ofmouse anti-Histone H3 (phospho S10, 1:5000; Abcam

ab14955; Cambridge, UK), rabbit anti-Ki67 (1:200; Abcam ab16667) diluted in 1% milk for 1 h in the dark, at room temperature.

Following PBS rinses, cells were incubated at room temperature for 1 h in the dark, with 1% milk containing goat anti-mouse

AlexaFluorTM 568 (1:3000; Molecular Probes, Eugene, OR), goat anti-rabbit AlexaFluorTM 633 (1:1000; Molecular Probes) and

1 mg/mL DAPI (Molecular Probes). Following a final set of PBS washes, plates were scanned and images collected with an Operetta

HTS imaging system (PerkinElmer) at 203magnification with 11 fields of view (5103 675 mm)/well. Images were analyzed in Colum-

bus 2.2 (PerkinElmer) with a custom protocol (Table S1) and wells containing artifacts were removed from the dataset (n = 6).

For PAK5 morphology analysis, wheatgerm agglutin AlexaFluorTM 633 was added for 10 min prior to Triton X- permabilisation,

followed by PBS rinse and incubation with DAPI for 1 h at room temperature in 1% milk before rinsing in PBS and imaged on the

Operetta HTS and analyzed with Columbus 2.2. F-actin was stained with Alexa Fluor 488/647 phalloidin (1:500, Molecular Probes)

in conjunction with DAPI staining imaged on the Operetta HTS and analyzed with Columbus 2.2. Later experiments were imaged us-

ing ImageXpress Pico (Molecular Devices) and analyzed in MetaXpress v 6.7 (Molecular Devices).

18 Cell Reports 42, 113184, October 31, 2023

Article
ll

OPEN ACCESS



Reverse transcription and quantitative PCR
RNAwas extracted at 72 and 96 h post transfection using a RNeasy kit (Qiagen, Manchester, UK), as per the manufacturer’s instruc-

tions, and quantified with a Qubit 2.0 (Invitrogen). cDNA was synthesised from 100 ng RNA using Superscript II (Invitrogen) and oligo

dT (Ambion, Austin, TX) as per manufacturer’s instructions. Quantitative PCR was performed using Solaris qPCR Gene expression

assays (PLK1 – AX-017199, PSMB1 – AX-011361, POLA1 – AX-020856, CCNE1 - AX-003213 and EEF1A1 – AX-017201;

ThermoFisher, Waltham, MA) with Applied Biosystems 7500 Real-Time PCR machine as per manufacturer’s instructions. Data

were analyzed using the ddCT method.87

Immunoprecipitation and immunoblotting
Cells were rinsed in PBS and lysed in 50 mL RIPA buffer (ThermoFisher)/9cm2 supplemented with HaltTM EDTA free protease inhib-

itor cocktail (Pierce) and phosphatase inhibitor 2 (SigmaAldrich) followed by centrifugation at 10,000 xg for 15 min at 4�C. Protein
concentrations were measured by BCA assay, as per manufacturer’s instructions (ThermoFisher).

For PAK5 immunoprecipitation from lysates of cells transfected with PAK5-GFP, His-Tag Dynabeads (ThermoFisher) and the King-

fisher Flex (ThermoFisher) were utilised. Dynabeads were incubated with 50 mg PAK5 or control Affimers in 1x blocking buffer

(SigmaAldrich) in wash buffer (100 mM Sodium-phosphate, pH 8.0, 600 mM NaCl, 0.02% Tween 20) for 10 min, and rinsed with

wash buffer. Beads were then incubated with 1 mg lysate for88 mins at room temperature. Following three washes, proteins were

eluted by incubation in His elution buffer (300 mM Imidazole, 50 mM Sodium phosphate, pH 8.0, 300 mM NaCl, 0.01% Tween 20)

for 10 min. Immunoprecipitants were heated in 4x LBS buffer containing 50 mM DTT and run on a 12% SDS-PAGE gel.

For immunoprecipitation of purified Group II PAK proteins with PAK5-Af17 or control Affimers MyOne Streptavidin T1 Dynabeads

(ThermoFisher) and the Kingfisher Flex were utilised. Dynabeads were incubated with 2x blocking buffer in PBS +0.003% CHAPS

overnight at room temperature, blocking buffer was removed and the beads were incubated with 5 mg of biotinylated PAK proteins

in 2x blocking buffer in PBS-T for an hour with rotation at room temperature. The beads were washed three times with PBST and

incubated with 0.5 mg of PAK5-Af17 or control Affimer for 1 h. Following four PBS-T washes, proteins were then eluted in SDS-

PAGE sample buffer (200 mM Tris-HCl, 8% SDS, 20% glycerol, 20% mercaptoethanol, 0.1% (w/v) bromophenol blue, pH 7) and

2.5 mL of these elutions run on a 15% SDS-PAGE gel.

For immunoblotting 20–50 mg of lysates were heated with 4x LBS containing 50 mM DTT for 10 min at 70�C, loaded onto Tris-

HEPES gels and run at 120 V before transfer to nitrocellulose membrane using the BioRad Transblot Turbo. Membranes were

then blocked in 5% milk in TBS-T before overnight incubation at 4�C with rabbit anti-cyclin D1 (1:10,000, Abcam ab134175), rat

anti-a-tubulin (1:3000, BioRad, Hercules, CA,MCA78G), mouse anti- PAK5 (1:1000 Novus Biologicals, Abingdon, UK 444703), rabbit

anti-p21 (1:10,000, Abcam ab109520), rabbit anti-phosphorylated BAD (1:20,000 Abcam, ab129192), mouse anti-turboGFP (1:5000,

Origene, Rockville, MD, TA150041), mouse anti-6xHisTag (1:50,000 or 1:100,000, Abcam, ab18184), or rabbit anti-6xHisTag-HRP

(1:10,000 for 1 h at room temperature, Abcam, ab1187). Membranes were rinsed three times with TBS-T before 1 h incubation at

room temperature with goat-anti-rabbit HRP (Abcam, ab97051), goat anti-mouse HRP (Abcam, ab97040) or goat anti-rat HRP (Ab-

cam, ab97057) if required, followed by three more TBS-T rinses, and development using Immunoblot Forte Western HRP (Millipore),

according to the manufacturer’s instructions. Blots were imaged using an AmershamTM Imager 600 (GE Healthcare, Chicago, IL).

Images were analyzed with ImageQuant TL v8.1.0.0 (GE Healthcare).

Protein production
PAK5 kinase domain (amino acids 426 to 719) was subcloned from pcDNA3.1 PAK-5-FLAG (Genscript, Oxford UK) into pET11a.

PAK4-GST (Addgene plasmid #39137) and PAK6-His (Addgene plasmid #38827) were gifts from Nicola Burgess-Brown, and

pGEX4T-1 BAD S136A (104–141) was a gift from Stanley Korsmeyer (Addgene plasmid # 880189). Protein, including Affimer, produc-

tion was as previously described in BL21 STARTM (DE3) E. coli 8,9. Briefly, a single colony was used to inoculate a 7 mL overnight

culture of LB media supplemented with 100 mg/mL carbenicillin (PAK4, PAK5, BAD and Affimers) or 50 mg/mL kanamycin (PAK6).

Then, 400 mL LB media plus antibiotic was inoculated with 5 mL of the overnight culture and grown at 37�C and 230 rpm to an

OD600 between 0.6 and 0.8. Protein production was induced by addition of IPTG 0.1 mM and incubated for a further 20–22 h, at

25�C and 150 rpm before harvesting. His-tagged proteins were lysed in 1 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl,

30 mM Imidazole, 10% Glycerol, 1% Triton X-100, pH 7.4) supplemented with 0.1 mg/mL lysozyme, Halt protease inhibitor cocktail

and 10 U/ml benzonase nuclease (Millipore, Burlington, MA). The lysate was then incubated with 800 mL of washed NiNTA slurry (Ab-

cam) for 2 h, washed (50 mM NaH2PO4, 500 mM NaCl, 20 mM Imidazole, pH 7.4) and eluted in elution buffer (50 mM NaH2PO4,

500 mM NaCl, 300 mM Imidazole, 20% glycerol, pH 7.4). GST-tagged proteins were lysed in GST-lysis buffer (125 mM Tris-HCl,

150 mM NaCl, 1mM DTT, 1 mM EDTA, 1% Triton X-, pH 7.4) supplemented with 1 mg/mL lysozyme, Halt protease inhibitor cocktail

and 3 U/ml benzonase nuclease. The lysate was then incubated with 1 mL of washed SuperGlu Agarose Affinity resin (Generon,

Slough, UK) for 2 h, washed (125 mM Tris-HCl, 150 mMNaCl, 1 mM DTT, 1 mM EDTA, pH 7.4) and eluted in 1 mL GST-elution buffer

(125 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 1% Triton X-, 50 mM reduced glutathione, pH 7.4). BAP-tagged PAK proteins were

produced by subcloning the PAK kinase domains into pET11 with a C-terminal BAP-tag preceding the His-tag. The mutations of

PAK4 and PAK6 were generated using site directedmutagenesis. Proteins were expressed in BL21 STARTM (DE3) E. coli containing

the pBirAcm plasmid in the presence of 10 mg/mL chloramphenicol and 100 mg/mL carbenicillin at 25�C and 200 rpm to an OD600

between 0.6 and 0.8. Protein production was induced by addition of IPTG 0.1 mM and 50 mM biotin then incubated for a further
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20–22 h, at 25�C and 150 rpm before harvesting. Purification was as for His-tagged proteins using HEPES buffers (lysis and wash

buffer; 20 mM HEPES, 150 mM NaCl, 10 mM MgCl2, 20 mM imidazole and 0.5% glycerol, pH7.5; Elution buffer was as lysis and

wash buffer, but with 300mM imidazole). Affimer protein production was as previously described8,9.

Phage display and phage ELISA
Target biotinylation, selection of Affimers by phage display and phage ELISA against the kinase domains of all Group II PAK proteins

was as previously described 8,9. Briefly, biotinylated PAK5 kinase domain (426–719)(EZ-Link NHS-Biotin, Thermo Scientific) was im-

mobilised on blocked (2x blocking buffer, Sigma) streptavidin wells. The Affimer phage library was applied for 2 h and unbound phage

removed by PBS-T washes (27 times). Bound phage were eluted in a two-phase step, firstly with 0.2 M Glycine pH 2.2 neutralised

with 15 mL of 1 M Tris-HCl, pH 9.1 and then 7.18 M Triethylamine, pH 11 neutralised with 1 M Tris-HCl, pH 7. Three panning rounds

were undertaken and after the final panning round 24 randomly picked colonies were used in phage ELISA with positive clones sent

for sequencing. The 20 unique sequences were cloned into pET11 using Affimer-His primers (Supplementary Table 1). PAK5-binding

Affimers were produced in BL21 STARTM (DE3) E. coli (Life Technologies, Invitrogen) and affinity purified using Ni-NTA resin. The

cross-reactivity against the kinase domains of all Group II PAK proteins was determined by phage ELISA8,9,25.

Kinase assay
Kinase assay was performed as described by Cotteret et al., 45. All proteins were dialyzed into kinase buffer (25 mM HEPES pH 7.3,

50 mMKCl, 10mMMgCl2, 0.1% Triton X-100, 1 mMDTT). Reactions consisted of 20 mg GST-BAD, 500 mMATP, varying amounts of

Affimers (0.5, 2.5, 10 mg) and were initiated by the addition of 2.5 mg PAK5 kinase domain. Reactions were run for 20 min at 30�C and

terminated by addition of 4x LBS buffers containing 1 mM DTT. Phosphorylation of GST-BAD was assessed by immunoblotting for

phosphorylated S112 as described above using 10 mL of the terminated reaction mixture.

Crystallography
Purified PAK5-Af17 protein was immobilised onto Ni2+-NTA beads and incubated with cleared tagless PAK5 lysates overnight at

4�C. The beads were washed with wash buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 10 mMMgCl2, 20 mM Imidazole, 0.5% glyc-

erol), and the complex eluted using elution buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 300 mM Imidazole, 0.5%

glycerol). The complex was further purified and buffer exchanged into 20mMHEPES (pH 8.0), 150 mMNaCl, 5 mMMgCl2 using size

exclusion chromatography using a HiLoad 26/600 Superdex 200 pg column (Cytiva). The PAK5:PAK5-Af17 complex was concen-

trated to 40 mg/mL and inputting into crystal trials using the high throughput NT8 LCP drop setter (Formulatrix). PAK5:PAK5-Af17

crystals were obtained from the Morpheus Screen 0.12 M Alcohols (0.2 M 1,6-Hexanediol, 0.2 M 1-Butanol, 0.2 M 1,2_Propanediol,

0.2M 2-Propanol, 0.2M 1,4-Butanediol, 0.2M 1,3-Propanediol), 0.1MBuffer System 2 (1.0MSodiumHEPES,MOPS) pH 7.5, 37.5%

precipitant (M1K3350) by sitting drop vapor diffusion. Crystals were flash-cooled in 100%mother liquor. X-ray diffraction data for the

PAK5:PAK5-Af17 complexes were recorded on beamline I04-1 (Wavelength 0.9795 Å) at the Diamond Light at 100 K. Data collection

statistics are reported in Supplementary Table 5. Diffraction data were processed and scaled with the Xia2 suite of programs 90. The

PAK5:PAK5-Af17 structure was determined by molecular replacement with the PAK5 structure (PDB:2F57) and an Affimer structure

extracted from (PDB:7NY8) excluding the variable regions as the initial search models in the program Phaser.90 Structures were

refined using REFMAC5,91 followed by iterative cycles of manual model building using COOT.92 The PAK5:PAK5-Af17 structure

has been deposited with the PDB code 8C12.

Biacore surface plasmon resonance (SPR)
SPR experiments were performed on a Biacore 1K+ instrument (Cytiva) in kinase buffer +0.05% (v/v) tween 20. Avitag biotinylated

PAK5 protein was immobilized on a streptavidin (SA) sensor chip (Cytiva) to �300RUs. The reference flow cell was un-derivatized.

Binding of Affimers was analyzed using 3-min injections over a 2-fold dilution series from 800nM to 3.1 nM at 30 mL/min flow-rate and

25�C. Surfaces were regenerated between cycles using a 1 min injection of NaHCO3 0.1M. Data were processed using Evaluation

software version 5.0.16.21762 using ‘‘double referencing’’ with subtraction of the signal from the reference flow-cell and from a buffer

injection over the active surface. Affinity values were determined by fitting equilibrium binding signals versus concentration for a 1:1

interaction model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out in GraphPad Prism 8.00 software (GraphPad Software, La Jolla, CA), with robust Z scores Z =

ðxi �~xÞ=MAD and Z scores Z = ðxi �xÞ=SD -calculated in Microsoft Excel (Redmond, WA) as per the formulae in Birmingham et al.

(2009) 40. Statistical assumptions of equal variance for one-way ANOVA were tested with Brown-Forsythe tests.
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SUPPLEMENTARY DATA 

Table S1. Parameters used to identify cell-cycle phase. Images taken with the PerkinElmer 

Operetta were analysed using the Columbus software in a sequential manner using the methodology 

and thresholds outlined. * populations are summed to form M phase population. 

Input Population Channel and Method 

used 

Thresholds Output 

population 

All cells DAPI, Method B Common threshold = 

0.6; Area >30 µm2; 

Border objects 

excluded 

All whole cells 

All whole cells AlexaFluor 546, Nuclear 

Intensity  

Intensity Maximum 

>500 AND Intensity 

Mean >350 

Phosphohistone 

H3 positive cells 

Phosphohistone H3 

positive cells 

AlexaFluor 546, Nuclear 

size 

Nuclear Area >200 µm2 Prophase cells* 

Phosphohistone H3 

positive cells 

AlexaFluor 546, Nuclear 

size 

Nuclear Area <200 µm2 

Population modified by 

clustering by distance 

of 20px 

Metaphase and 

anaphase cells 

Metaphase and 

anaphase cells 

AlexaFluor 546, Region 

Area and roundness 

100 µm2 < Region Area 

<200 µm2; Region 

Roundness < 0.7 

Anaphase cells* 

Metaphase and 

anaphase cells 

AlexaFluor 546, Region 

Area and roundness  

Region Area >100 µm2; 

Region Roundness  0.7 

Metaphase cells* 

All whole cells AlexaFluor 546, Nuclear 

Intensity  

Intensity Maximum 

≤500 AND Intensity 

Mean ≤350 

Phosphohistone 

H3 negative cells 

Phosphohistone H3 

negative cells 

DAPI, Nuclear intensity 

and size 

Nuclear Area <100 µm2 

AND Intensity Mean 

>7000 Population 

modified by clustering 

by distance of 20px 

 

Telophase and 

apoptotic cells 

Telophase and 

apoptotic cells 

DAPI, Region Area Region Area >150 µm2 Telophase cells* 

Telophase and 

apoptotic cells 

DAPI, Region Area Region Area <150 µm2 Apoptotic cells 



2 
 

Phosphohistone H3 

negative cells) 

DAPI, Nuclear intensity 

and size 

Nuclear Area >100 µm2 

AND Intensity Mean 

<7000  

 

Non mitotic or 

apoptotic cells 

Non mitotic or 

apoptotic cells 

AlexaFluor 488, Nuclear 

Intensity 

Intensity Maximum 

>400 AND Intensity 

Mean >300 

S phase cells 

Non mitotic or 

apoptotic cells 

AlexaFluor 488, Nuclear 

Intensity 

Intensity Maximum 

<400 AND Intensity 

Mean <300 

Nuclear spots detected 

by method A 

G phase cells 

G phase cells AlexaFluor 633; Number 

of Nuclear spots 

(detected by method A, 

relative spot intensity 

>0.020 and splitting 

coefficient = 0.8) 

Number of spots ≤2 G0 phase cells 

G phase cells AlexaFluor 633; Number 

of Nuclear spots 

(detected by method A, 

relative spot intensity 

>0.020 and splitting 

coefficient = 0.8) 

Number of spots >2 G1 and 2 phase 

cells 

G1 and G2 phase cells DAPI and AlexaFluor 

633, Nuclear intensity 

and number of Nuclear 

spots 

Nuclear intensity > 

1500; Number of spots 

>10 

G2 phase cells 

G1 phase cells All cells – SUM (All other 

populations) 

  

 

Table S2. Strictly standardized mean differences (SSMDs) for the three controls across the 

seven primary outputs. SSMDs were calculated as described in the methods and interpreted as 

outlined by Bray et al.,1. Numbers in bold represent good controls when tested at the strong control 

level, whilst the remaining controls are good controls when measured at the moderate control level.  

Control  Phenotype  

Cell 
number  

% 
Apoptotic 

cells  

% G0 
phase 
cells  

% G1 
phase 
cells  

% S 
phase 
cells  

% G2 
phase 
cells  

% M 
phase 
cells  

PLK1  -3.48  4.22  -  -  -  -   2.45  

PSMB1  -1.01  -  -  -  -  -1.27  -1.78  
POLA1  -0.97  -  -  2.51  -1.20  -1.93  -  

CCNE1  -3.06  -  2.09  2.30  -2.91  -2.80  -1.52  
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Table S4. Primers used in this study  

Primer name Primer sequence 5’ – 3’ 

PAK5 to pET11 F ATAGCTAGCATGAGGGTGTCCCATGAACAG 

PAK5 to pET11 R ATAATAGCGGCCGCCCTGTATTGTCTCATGAGGG 

PAK5 Tagless R ATAATAGCGGCCGCTTACCTGTATTGTCTCATGAGGG 

PAK 4 to BAP and His Tag F AAGAAGGAGATATACATATGCGAGTATCCCATGAGCAG 

PAK 4 to BAP and His Tag R TCAAAAATGTCGTTCAGGCCTCTGGTGCGGTTCTGGC 

PAK 5 to BAP and His Tag F AAGAAGGAGATATACATATGAGGGTGTCCCATGAAC 

PAK 5 to BAP and His Tag R TCAAAAATGTCGTTCAGGCCCCTGTATTGTCTCATGAGG 

PAK 6 to BAP and His Tag F AAGAAGGAGATATACATATGGTGACACATGAGCAGTTC 

PAK 6 to BAP and His Tag R TCAAAAATGTCGTTCAGGCCGGTGGAGGTCTGCTTTC 

BAP Tag to pET11 F GGCCTGAACGACATTTTTGAAG 

BAP Tag to pET11 R CATATGTATATCTCCTTCTTAAAG 

PAK4 A683G F (K526R) GCCACCCCTCAAAGCCATGAGGATGATTCGGGACAACCTG 

PAK4 A683G R (K526R) CAGGTTGTCCCGAATCATCCTCATGGCTTTGAGGGGTGGC 

PAK6 A680G F (K610R) GACTCCCCAGTGCAAGCCATGAGGAGGCTCCGGGACAGCC 

PAK6 A680G F (K610R) GGCTGTCCCGGAGCCTCCTCATGGCTTGCACTGGGGAGTC 

Affimer from pDHis to pET11 F ATGGCTAGCAACTCCCTGGAAATCGAAG 

Affimer from pDHis to pET11 R TACCCTAGTGGTGATGATGGTGATGC 

Affimer from pDHis to pCMV6-tGFP F TATATGCGATCGCCATGGGTAACGAAAACTCCCTG 

Affimer from pDHis to pCMV6-tGFP R AATACGCGTAGCGTCACCAACCGGTTTG 
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Table S4. X-Ray crystallographic data collection and refinement statistics for PAK5-Af17:PAK5 

complex. Values given in parentheses correspond to those in the outermost shell of the resolution 

range. 

Data set PAK5:PAK5-Af17 

Space Group P212121 

High Resolution limit (Å)  1.55 (4.20, 1.55) 

Low Resolution limit (Å) 53.21 (53.20, 1.58) 

Unit-cell parameters  a = 57.36 Å b = 58.31 Å c = 129.47 Å 

 
α = 90.0° β = 90.0° γ = 90.0° 

No. of observed reflections 856200 (43336, 41120) 

No. of unique reflections 64001 (3476, 3075) 

Multiplicity 13.4 (12.5, 13.4) 

Completeness (%)  100.0 (100.0, 97.8) 

I/σ 16.3 (75.7, 0.3) 

Rmerge (I+/-) 0.055 (0.034, 2.735)  

Rpim (I+/-) 0.022 (0.014, 1.087) 

CC (1/2) 0.999 (0.997, 0.577) 

R factor (%)  19.7 

Rfree  (%)† 23.4 

No. of protein non-H atoms 3053 

No. of water molecules 195 

R.m.s.d bond lengths (Å) ξ 0.0134 

R.m.s.d bond angles (˚) ξ 1.65 

Average overall B factor (Å2)  

Protein 43.7 

Water 46.4 

Residues in the favoured region of 
Ramachandran plot (%) ‡ 

 

Favoured region 97.9 

Outliers 0 

PDB code  8C12 
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Figure S1. Validation of novel high content imaging analysis of cell cycle. Representative images 
of cell phenotypes seen with non-targeting (NT), PLK1, KIF11, PSMB1, POLA1 and NCOR2 siRNA (A)) 
and their effects on the percentage of cells in each of the individual subdivisions of mitosis (B)) Data 
are mean ± SEM, n= 3 independent experiments, scale bars are 50 µm.  

 

Figure S2. Inhibitory and characterisation of PAK5-binding Affimers. Blots from which the 
representative blots for the four selected Affimers shown in Figure 3B were taken, showing the ability 
of the 20 PAK5-binding Affimers to inhibit PAK5-mediated phosphorylation of BAD at different w/w ratios 
in an in vitro kinase assay and compared to a control Affimer (that binds yeast SUMO protein).  
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Figure S3. Additional structural features of PAK5-Af17:PAK5 complex and comparison to other 

structures. The DFG motif is shown as purple sticks surrounded by a surface. It resides in the DFG-in 

conformation with Phe587 buried between the N- and C-terminal lobes (A)). pSer602 is 

monophosphorylated and maintains an active H-bonding network within the activation loop in the 

presence of PAK5-Af17 (B)). Overlaid structures of the Aurora A binding N-Myc extracted from PDB 

code: 5G1X (yellow cartoon) with the PAK5:PAK5-Af17 complex (PAK5-Af17 in green cartoon) (C)). 

Overlaid structures of the PAK4 binding Inka1 peptide extracted from PDB code: 4XBU (yellow cartoon) 

with the PAK5:PAK5-Af17 complex (PAK5-Af17 in green cartoon) (D)). 
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