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Abstract: 

Many cellular signal transduction pathways rely on protein kinase-mediated phosphorylation of 

targeted proteins to produce specific stimulatory or inhibitory effects ultimately leading to 

downstream activities, such as commitment to cell division or inhibition of pro-apoptotic factors. 

Aberrant kinase activity can promote such events in the absence of activating signals, making 

them targets for cancer therapies. An attractive means of selectively and potently inhibiting 

rogue protein kinases has been through the design of bivalent inhibitors, which covalently link 

two inhibitors that target separate regions of the kinase. We have previously developed an in 

vitro directed-evolution strategy to generate bivalent inhibitors through coiled-coil mediated 

association of an ATP-binding site directed small molecule (staurosporine), and a phage 

displayed cyclic peptide library. This strategy has been successfully utilized in generating a 

picomolar inhibitor of cAMP-dependent protein kinase (PKA), however, application to other 

kinases has proven problematic. In this study, we address the problems of our original selection 

strategy with regard to stringency of the selections, and we present conditions for producing 

milligram quantities of the expensive active site directed warhead, staurosporine.  Using these 

new conditions, we present the results for selections against Akt2 and PDK1, two kinases 

frequently up-regulated in human cancers, as well as the effects of translating these peptides into 

bivalent inhibitors with staurosporine.  
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Introduction: 

Protein kinases consist of the family of enzymes responsible for catalyzing the transfer of 

the γ-phosphate group of ATP to serine, threonine or tyrosine residues of their protein substrates. 

This phosphorylation reaction plays a key role in coordinating cellular events such as the cell 

division cycle1,2 and apoptotic pathways;3 as such, they constitute one of the largest and most 

important classes of enzymes in eukaryotic cells, with over 500 members making up the so-

called kinase genome (“kinome”).4  Accordingly, the deregulation or over-expression of certain 

protein kinases has been implicated in various human disease states, and in particular, cancer.5,6  

These cellular malignancies are often characterized by unchecked cell growth that encompasses 

resistance to apoptosis and desensitization toward anti-proliferative signaling, eventually leading 

to the aggressive tumor characteristics of sustained angiogenesis and deadly metastasis into 

regions of healthy tissue.7  When unregulated, protein kinases such as Akt-2 (PKBβ) or c-Src 

may promote cellular proliferation by triggering protein cascades responsible for suppressing 

death genes, inhibiting pro-apoptotic proteins, and inducing transcription of survival genes.8,9  

Indeed, this direct link between protein kinases and cancer has been the subject of intense 

pharmaceutical efforts toward designing kinase-targeted cancer therapies, making them the 

second most-targeted protein family behind G-protein-coupled receptors.10  To date, there are 

nine kinase directed drugs available on the market with over 130 kinase inhibitors awaiting 

advancement through various clinical trials. 4 

However, despite some dramatic successes stemming from the use of kinase inhibitors as 

cancer therapies (particularly with respect to the Bcr-Abl kinase inhibitor Imatinib (Gleevec©) 

and its ability to treat chronic myeloid leukemia11), many kinase inhibitors face issues regarding 

the specificity of their targets.  Recent developments in the field of large scale, high-throughput 
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kinome-wide inhibitor profiling screens have reached troubling conclusions regarding the 

specificity of commonly used kinase inhibitors, finding the vast majority of them to be non-

selective.12-14  In retrospect, this is not a surprising finding: the majority of kinase inhibitors 

available to date have been determined via small molecule library screens against recombinant 

kinase catalytic domains at low concentrations of ATP.15  This is problematic because the 

catalytic domain of protein kinases is largely conserved, consisting of a β-sheet rich N-terminal 

domain housing the residues needed for ATP binding and catalysis and an α-helix rich C-

terminal domain that functions as the recognition site for protein substrates, as well as a docking 

site for activating co-factors16 (figure 1a).  Library screens of this sort bias the selection results 

toward potent compounds that dock in the ATP binding site.  As ATP is a common substrate 

among all members of the kinome, the ATP binding site of a kinase has a nearly universal 

architecture, and any inhibitor that exploits ATP contacts or protein conformations at the ATP 

binding site will often non-discriminately interact with many kinases.  The earliest known 

nanomolar kinase inhibitor, the natural alkaloid staurosporine,17 presaged this trend18 and has 

since gained notoriety as one of the most promiscuous but potent kinase inhibitors available 

(figure 1b). 

 There has been a strong push by research groups and pharmaceutical companies alike to 

develop selective inhibitors for kinases.19  Many of the avenues taken towards this goal have 

involved exploiting allosteric pockets in the kinase ATP binding site formed by kinase 

confirmations that are not as highly conserved throughout the kinome, with variable results.20  

Purely allosteric inhibitors that do not directly interact with the kinase active site have also been 

described for a number of kinases,21-25 although they are generally not as potent as ATP-mimetic 

inhibitors.  These allosteric inhibitors generally act by mimicking or inducing natural modes of 
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regulation, such as myristate binding22 or induction of inhibitory conformations of regulatory 

domains such as the pleckstrin homology (PH) domain.26  Because kinases are dual-substrate 

enzymes, they are particularly amenable to bisubstrate or, more generally, bivalent inhibition.27  

One of the more interesting approaches to overcoming the limitations of ATP-competitive 

inhibitors has involved the linking of two or more ligands together to generate a single bivalent 

inhibitor.28-31 These bivalent inhibitors target multiple sites on the kinase to afford inhibitors of  

greater affinity and selectivity, due to the increase in free energy released because of bivalent 

binding32 and the resulting higher probability of one portion of the inhibitor binding to a less 

conserved region of the kinase, respectively.  Frequently, ATP-mimetic compounds have been 

conjugated to peptide sequences that are analogs of kinase substrates,33 with the resulting 

bivalent inhibitors showing increased potency and selectivity with respect to the two independent 

compounds.34,35 However, these approaches require structural information on the targeted kinase 

as well as insight into the identity and binding mechanism of its substrate(s), limiting their 

generality.  Furthermore, bisubstrate based inhibitors by nature target the ATP binding cleft and 

protein substrate binding site, which neglects other potential binding pockets of the kinase. 

We have recently reported36 on our development of a phage display-based methodology 

that allowed us to select for a potent bivalent inhibitor of protein kinase A (PKA).  Our approach 

involves an in vitro phage display approach designed to allow exquisite control over selection 

conditions, where we utilize the well studied coiled-coil domains Fos and Jun to “mimic” a 

linker37 between an active site directing warhead and a peptide library.  A construct encoding for 

a randomized six-membered cyclic peptide library attached to Fos is cloned into M13KO7 

filamentous phage to be displayed on its surface coat-proteins, while the active site directing 

small molecule is covalently attached to Jun through solid-phase peptide synthesis strategies.  
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The high affinity Fos/Jun interaction (Kd ~50 nM)38 effectively mimics a chemical linker 

between the desired peptide and small molecule. In the presence of an immobilized kinase, the 

active site directing small molecule will occupy the ATP binding site and allow the randomized 

library to probe the rest of the kinase for a suitable binding site.  Once selected for, the cyclic 

peptide can be synthesized through solid phase peptide synthesis (SPPS) and covalently linked to 

the active site directed small molecule to generate a bivalent inhibitor.36  Furthermore, this 

bivalent inhibitor was shown to be modular with respect to the active site directed warhead and 

the linker length39 (figure 2).  These new class of ligands have the potential to serve as starting 

points for designing more selective small-molecules for use as therapeutics, as well as aid in 

understanding the cellular functions of a specific kinase. 

Our initial efforts into designing this strategy followed the phage display scheme shown 

in figure 3.  We utilized the previously described promiscuous kinase inhibitor staurosporine 

functionalized with a carboxylic acid tethered to Jun (called Jun-Staur) as our ATP active site 

directing warhead, and a six membered disulfide-constrained cyclic peptide phage-displayed 

library.  The kinase panned against, PKA, was immobilized via biotinylation on a matrix coated 

with the high-affinity biotin binding protein NeutrAvidin.  However, upon attempts to generalize 

this approach to more therapeutically relevant kinase targets, a number of problems surfaced.  

For one, our active site directed inhibitor staurosporine was increasingly difficult to cost-

effectively purchase, limiting synthesis of our bivalent inhibitors.  Secondly, in our hands, 

immobilizing biotinylated kinases on NeutrAvidin coated plates ceased to be effective, despite 

the presence of active kinase in the supernatant; furthermore, the plates were difficult to handle 

during the phage display wash steps.  We began utilizing streptavidin-coated magnetic beads as 

our immobilization matrix, but selections against others kinases converged to only streptavidin 
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binding sequences, implying that our selection conditions were no longer harsh enough to 

occlude background peptides.  Thus, in order for us to efficiently generalize our methodology to 

other kinases, such as Akt-2 and PDK1, our selection strategy had to be retooled and optimized.   

Experimental: 

Lentzea albida maintenance: 

Lyophilized spores of Lentzea albida were obtained from ATCC and stored as at -78oC in a 60% 

glycerol stock.  Individual aliquots of Lentzea albida were prepared by sporulating 10 µL of the 

glycerol stock an asparagine agar slants (0.05% dipotassium phosphate, 0.05% asparagine, 1% 

glucose, 1.5% agar)  for one week in a cool, dark place.  After white spores were observed on the 

slants, sterile glass beads were added and rolled around to fully coat them.  These were 

maintained at -78oC until later use.  

Staurosporine expression and purification: 

A seed media consisting of 0.2% glucose, 0.05% peptone, 0.05% beef extract, 0.04% calcium 

carbonate, and 0.03% yeast extract in 100 mL was inoculated with two Lentzea albida-coated 

glass beads, and incubated at room temperature with agitation at 230 rpm.  After 48 hours, the 

seed culture was evenly distributed among six 1 L flasks containing a fermentation media found 

to be optimal for staurosporine production (0.3% glucose, 0.15% soytone, 0.04% calcium 

carbonate), and grown under identical conditions for 60-70 hours. 

The harvesting procedure involved a large scale acid-base extraction as described previously.40  

Briefly, staurosporine-containing medias were pooled together and adjusted to a pH of 10 using 

ammonium hydroxide.  The pH-adjusted aqueous phase was extracted 3 x 1 L of ethyl acetate, 
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and all organic fractions were combined and subsequently extracted 5 x 1 L with 0.1 M HCl.  

Once the aqueous fractions were pooled, their pH was adjusted to 10 with ammonium hydroxide 

and once more extracted 2 x 1 L with ethyl acetate.  The organic fractions were dried over 

magnesium sulfate and the solvent removed in vacuo to produce a yellow powder.  This was 

dissolved in methanol, and crude yields assessed by UV-Vis (λmax = 292 nm with ε = 57.3 L 

mmol-1 cm-1) were determined to be 10-13 mg L-1.  Staurosporine was purified further by flash 

column chromatography with 94% chloroform, 5.6% methanol and 0.4% ammonium hydroxide 

as the eluent. 

High resolution MS: C28H27N4O3, expected: 467.2078; found: 467.2087. 

The 1H and 13C NMR are consistent with reported literature spectra.41  

1H NMR (400 MHz, CDCl3 referenced to TMS) δ 9.42 (ddd, J = 0.75 Hz, J = 1.25 Hz, J = 7.97 

Hz, 1 H), 7.93 (dt, Jd = 0.75 Hz, Jt = 8.53 Hz, 1H), 7.89 (ddd, J = 0.65 Hz, J = 1.38 Hz, J = 7.82 

Hz, 1H), 7.48 (ddd, J = 1.24 Hz, J = 7.16 Hz, J = 8.36,1 H), 7.41 (ddd, J = 1.40 Hz, J = 7.19 Hz, 

J = 8.56,1 H), 7.36 (ddd, J = 1.05 Hz, J = 7.16 Hz, J = 8.09 Hz,1 H), 7.31 (ddd, J = 0.97 Hz, J = 

7.11 Hz, J = 8.01 Hz,1 H), 7.29 (dt, Jd = 8.20 Hz, Jt = 0.81 Hz,1 H), 6.56 (dd, J = 1.35 Hz, J = 

5.77 Hz, 1H), 6.17 (s, broad, 1H), 5.02 (q, J = 1.19 Hz, 2H), 3.88 (d, J = 3.65 Hz, 1H), 3.42 (s, 

3H), 3.35 (q, J = 3.87 Hz, 1H), 2.76 (ddd, J = 1.58 Hz, J = 4.10 Hz, J = 14.72 Hz, 1H), 2.40 (m, 

1H), 2.36 (s, 3H), 1.55 (s, 3H)  

13C NMR (500 MHz, CDCl3) δ 173.53, 139.79, 136.68, 132.18, 130.77, 127.11, 126.63, 124.99, 

124.67, 124.11, 123.51, 120.58, 119.95, 119.70, 118.51, 115.50, 114.09, 115.17, 106.88, 91.20, 

84.29, 80.21, 57.29, 50.56, 45.96, 33.37, 30.42, 30.05 
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Peptide synthesis:  All peptides described were synthesized via standard solid phase peptide 

synthesis (SPPS) techniques, using either Rink Amide resin (substitution level 0.40 = mmol/g) or 

Pal-PEG-PS resin (substitution level = 0.18 mmol/g) as the solid support and Fmoc protected 

amino acids with PyBOP as the coupling agent.  All peptide reagents were purchased from  

Novabiochem, while solvents were purchased from Sigma-Aldrich.  Typical coupling conditions 

included 3 molar eq. PyBOP, 6 molar eq. DIEA, and 3 molar eq. of the appropriate Fmoc-

protected amino acid in a solution of DMF, with reaction times of about one hour.  Typical 

deprotection conditions involved reaction of the Fmoc-protected solid support with a solution of 

20% piperdine in DMF for about 30 minutes.  After each step, extensive washing with DMF and 

DCM was performed, and the extent of deprotection or coupling was monitored using a Kaiser 

test.  Cleavage of the finished peptides from the resin was performed by incubation of dry resin 

in a solution consisting of 94% TFA, 2.5% H2O, 2.5% EDT, and 1% TIS for about 2 hours, 

followed by precipitation of the peptides in chilled ether.  After extensive cycles of 

centrifugation and trituration with cold ether, the peptides were dissolved in 20% DMSO in PBS 

(pH = 7.4) and either incubated at 37oC for 24 – 48 hours (to form an intramolecular disulfide 

bond between two cysteines for cyclic peptides) or directly purified by HPLC (for non-cyclic 

peptides).  All peptides were purified using a 20 – 80% acetonitrile gradient in water with 0.1% 

TFA, and peptide-containing fractions were combined and lyophilized to produce pure, dry 

product. 

Bivalent inhibitor/peptide-small molecule conjugate synthesis:  All peptide-small molecule 

conjugates and bivalent inhibitors were synthesized according to the SPPS strategies described 

above.  After attachment of a β-alanine (β-ala) or PEG-based linker to the cyclic peptide, 

staurosporine was conjugated using 1.5 molar eq. of carboxylated-staurosporine,36 3 molar eq. of 
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PyBOP, and 3 molar eq. of DIEA in DMF, followed by incubation with the resin for three hours.  

Cleavage and purification of the bivalent inhibitors were carried out as described above. 

Phage display panning:  Phage displayed cyclic peptide libraries were constructed using the 

phagemid vector pCANTAB-5E as described previously.36 The library encodes for a cyclic 

peptide library with general form M-G-C-X-X-X-X-X-X-C-G-Fos-pIII-phage coat protein, 

where the Fos portion is the coiled-coil domain of the DNA binding Fos protein with sequence 

described in ref.36  For the first round of selection, two 1.5 mL XL1-Blue E. coli stocks in 20% 

glycerol containing the phage library were grown at 37oC in 50 mL of 2X-YT media containing 

ampicillin and 2% glucose until an OD600 of 0.5-0.8 was reached.  At this time, 50 µL of 

M13KO7 helper phage (New England Biolabs) was added and left to grow for another hour.  

The cells were then pelleted via centrifugation (~5000 g), resuspended in 2X-YT media 

containing ampicillin and kanamycin and incubated overnight at 37oC.  The next day, phage 

particles were filtered using a 0.45 µm filter and isolated through addition of 3 mL of a 20% 

polyethylene glycol and 2.5 M sodium solution, followed by centrifugation at 18,000 g and 4oC 

for 45-50 minutes.  Pelleted phage particles were washed with 5 mL of standard PBS buffer (pH 

= 7.4) with 0.05% Tween-20 (PBS-T), as well as 1 mL of the previously described PEG/NaCl 

solution, and re-pelleted as before. Meanwhile, M-280 Streptavidin Beads (Invitrogen), (5 µL) 

were washed five times with cold PBS-T buffer, and stored on ice.  For background selections 

against streptavidin, only one set of beads were washed, but for kinase selections, two sets were 

used.  One aliquot of biotinylated kinase (vide infra) was added to the extra set of beads and was 

incubated on ice for one hour, after which the kinase supernatant was removed and the kinase-

bound beads washed again with cold PBS-T.   
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After centrifugation, the phage pellet was dissolved in minimal amounts of PBS-T, and 

120 µL of a phage solution containing approximately 1.3x109 cfu/µL (corresponding to an OD268 

of 1.4) and 2 µM Jun-Staur (sequence is described in ref.36) was made.  During kinase selections, 

the phage/Jun-Staur solution was incubated for 30 minutes on ice with the blank streptavidin 

beads and for 30 minutes at room temperature with the kinase-bound beads; the latter step was 

omitted for selections against streptavidin.  After the final incubation, the beads were washed 1 x 

100 µL with PBS-T, 2 x 100 µL with a 10 µM streptavidin solution (in PBS-T), and 5 x 100 µL 

with PBS-T, with soaking times of one minute each (the streptavidin solution wash step was 

omitted from background selections).  Bound phage were eluted  in all cases with a 11.1 µM 

staurosporine solution in 0.2 M Glycine solution (pH = 2.0) and 10% DMSO, and after 10 

minutes the solution was neutralized in 20 µL of 2 M Tris, pH = 10.  Input and output phage 

were used to infect 5 mL of XL1-Blue E. coli cells (at an OD600 of 0.8) in 2X-YT media with 

tetracycline, and after 1 hour incubation at 37oC cells were pelleted and resuspended in 5 mL of 

2X-YT media with ampicillin for overnight growth.  To determine the total number of input and 

output phage, cells were diluted 6 fold, plated on LB agar with ampicillin resistance and grown 

at 37oC overnight.   

Subsequent rounds of selection were begun with 1 mL of the output culture from the 

previous round in 5 mL 2X-YT with ampicillin and glucose, while the remainder of the output 

culture was aliquoted and saved at -78oC in 1.5 mL 20% glycerol stocks.  With every new round 

of selection, the soaking times of the wash steps increased by one minute, and the amount of 

Streptavidin beads used to immobilize biotinylated kinase decreased to 2.5 µL for round two, 

and 1 µL for all subsequent rounds.  Colonies grown on LB agar plates were isolated for DNA 



 13 

sequencing after the forth and sixth rounds of selection, and consensus sequences were 

determined.  

Kinase biotinylation:  All kinases were purchased from Millipore, and before use were diluted 

to 100 µL in Akt-2 dilution buffer (20 mM MOPS at pH = 7.0, 1 mM EDTA, 5% v/v glycerol, 

0.01% v/v Brij-35, 0.1% v/v 2-mercaptoethanol) and dialyzed overnight in the same buffer. After 

buffer exchange, biotinylation of the kinase amines were carried out for 90 minutes at 4oC with 

20 mmol excess of Sulfo-NHS-LC-LC-Biotin (Pierce) in the presence of 1 mM ATP, to prevent 

biotinylation of the active site lysines.  Unreacted reagent was removed through overnight 

dialysis in Akt-2 dilution buffer, and the biotinylated kinase was diluted to 1.6 mL, aliquoted in 

100 µL amounts and stored at -78oC.  Extent of biotinylation was monitored through a kinase 

activity assay using one aliquot of the biotinylated kinase immobilized on 5 µL streptavidin 

beads similarly as described below (without using an inhibitor).  Concentrations of biotinylated 

kinase immobilized on streptavidin were typically 1 – 5 nM. 

Kinase inhibition assays:  Kinase assays were performed as described by Millipore, with some 

minor variations.  Akt-2 kinase assays were performed in a final solution volume of 25 µL 

consisting of 2.5% DMSO and Akt-2 assay buffer (20 mM MOPS at pH = 7.0, 10 mM 

Mg(OAc)2).  To begin, 1.6 nM Akt-2 (in  and 30 µM Crosstide (GRPRTSSFAEGKK) were 

incubated in the presence of varying concentrations of inhibitor in for 30 minutes before the 

addition of 100 µM [γ-32P]ATP initiated phosphorylation.  After one hour, 20 µL of each 

reaction point was spotted on P81 phosphocellulose paper (Whitman) and washed 3 X 500 mL 

with 0.85% phosphoric acid and 1 X 500 mL of acetone, with soaking times of three minutes.  

Samples were dried, placed in 10 mL of liquid scintillation cocktail (Budget-Solve) and the 

amount of 32P-labeled Crosstide was counted using a Beckman LS 6000IC liquid scintillation 
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counter.  Data was normalized to samples containing no inhibitor, which were fitted to the 

following equation: 

 

Where y is the normalized counts per minute (CPM) of radioactive sample, x is the concentration 

of inhibitor used, the Cmax is the largest observed signal, the IC50 is the concentration of inhibitor 

necessary to inhibit half maximal kinase activity, and n is the Hill coefficient.  PDK1, PKA, 

AURA and PIM1 assays were performed similarly, using 5.6 nM PDK1 and 100 µM PDKtide 

(KTFCGTPEYLAPEVRRRPRILSEEEQEMFRDFDYIADWC), 0.5 nM AURA and 200 µM 

Kemptide (LRRASLG), 2 nM PIM1 and 2.5 µg substrate (AKRRRLSSLRA), or 0.52 nM PKA 

and 30 µM Kemptide. 

HABA-competition assays:  Peptides discovered through streptavidin background selections 

were characterized through a competition assay with 4'-hydroxyazobenzene-2-carboxylic acid 

(HABA), essentially as previously described for NeutrAvidin sequences.42  To an equimolar 

HABA and streptavidin complex (25 µM), a variable concentration of background consensus 

peptide was added to produce a final volume of 120 µL.  After one hour of incubation at room 

temperature, the absorbance of the complex at λ = 500 nm was determined with a Beckman DU 

520 UV/Vis spectrophotometer.  Data was normalized to samples containing only Streptavidin 

and HABA, and the resulting curves using the same equation above to analyze kinase inhibition 

curves, with y measuring the normalized absorbance in this case. 
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Results and Discussion: 

Optimization of Staurosporine Production from Lentzea albida: 

 Initially, we envisioned our bivalent strategy to be applicable to numerous other protein 

kinases, and thus aspired to make every aspect of our strategy as general as possible.  For this 

reason, we chose the potent but highly promiscuous ATP-competitive inhibitor staurosporine12 as 

our Jun-tethered active site-directed warhead, as this would allow multiple kinases to be targeted 

with our strategy.  Furthermore, crystal structures of staurosporine in complex with a large 

number of kinases reveal the secondary amine on the deoxysugar moiety of staurosporine to be 

protruding from the active site, allowing it to be functionalized with a carboxylic acid and 

tethered to Jun without significant binding interference.39  However, many challenges began to 

surface regarding the use of staurosporine as large-scale reagent.  For one, staurosporine was 

discovered as a natural product of the organism Streptomyces staurosporous (since reclassified 

as Lentzea albida),40 and hence was not developed with a facile organic synthesis procedure in 

mind.43 This makes producing large quantities of staurosporine difficult and expensive, and 

forces our research to be dependent upon the availability of this molecule.  Because of this, we 

sought to bring staurosporine availability under our own control, and produce it in the lab. 

 As staurosporine was discovered as a secondary metabolite of the bacteria Lentzea 

albida, we decided to exploit the genetic machinery44 of this organism for our staurosporine 

needs.  Using the conditions for Lentzea albida growth and staurosporine production initially put 

forward by Omura et al,40 cultures were grown up in a seed media consisting of 2.0% glucose, 

0.5% peptone, 0.5% meat extract, 0.4% calcium carbonate and 0.3% dried yeast for 48 hours, 

and then used to inoculate 1 L of a fermentation media containing 3% glucose, 1.5% soytone and 
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0.4% calcium carbonate.  Upon thin-layer chromatography analysis of an extract of the seed 

media before inoculation, it was verified that staurosporine was being produced in minute 

quantities.  However, after 65 hours of growth in the fermentation media, there were no traces of 

staurosporine by either TLC or UV-Vis (using the distinct absorbance pattern of staurosporine 

(supplementary figure 1) to detect its presence). 

 Optimization experiments were subsequently undertaken to determine where 

staurosporine production can be recovered during the fermentation process.  Staurosporine is 

produced as a secondary metabolite,45 so it was reasoned that decreasing the amount of nutrients 

in the media would induce staurosporine production linked to a survival mechanism of the 

organism.  Furthermore, in order to determine the optimal staurosporine harvesting time, a time 

course experiment was performed with different concentrations of fermentation media (1:10 and 

1:4 of the original concentration, as well as the original fermentation media).  Time course points 

were determined by removing 50 mL of the fermentation media at the indicated time, adjusting 

the pH to 10 and extracting twice with ethyl acetate, followed by UV-Vis quantification.  As can 

be seen in figure 4, both the 1:10 and 1:4 diluted fermentation medias produced staurosporine in 

greater yields than the literature fermentation media, which did not produce staurosporine at all.  

This production is initiated shortly after twenty hours in both diluted medias, and begins to 

fluctuate after 60 hours – implying that the suggested 65 hour fermentation time is reasonable.   

Furthermore, it appears that starving the organism was a valid avenue for optimizing 

staurosporine production, and the 1:10 diluted fermentation media (0.3% glucose, 0.15% 

soytone, and 0.04% calcium carbonate) was used for all subsequent staurosporine harvests.  

Using these optimized conditions, final yields of 13 mg L-1 of fermentation media have been 
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consistently obtained, with the largest costs stemming from solvent expenditure during the 

extraction procedure.14 

Optimization of the Phage Display Procedure: 

 With a viable strategy for producing large quantities of staurosporine in place, we turned 

our attention to possible routes of optimizing the current bivalent phage display strategy.  

Previously,36,42 our phage display selections have been performed using NeutrAvidin coated 96-

well plates as the immobilization matrix for our biotinylated protein kinases.  The bulky nature 

of these plates made the essential washing steps of the panning procedure difficult to execute, 

and hence we sought more convenient alternatives for kinase immobilization.  Streptavidin-

coated magnetic beads, which like NeutrAvidin binds biotin with incredibly high affinity,46 were 

found to be a suitable replacement. 

 In order to carry out our subsequent kinase selections on this new immobilization matrix, 

it was necessary to be perform a background selection on the blank streptavidin beads to 

characterize all possible bind and rule out any false positives.  Phage display selections against 

the protein streptavidin have been carried out previously47 and consensus peptides have 

frequently been found to contain a histidine-proline-glutamine (HPQ) motif, with little 

convergence of the flanking residues.  However, despite the prevalence of this motif in the 

literature, it does not imply that a fresh background selection against the streptavidin-coated 

beads is fruitless.  All selections are phage library dependent, and our library is unique in the use 

of the Fos peptide as a bridge between the phage protein coat and the randomized portion of the 

cyclic peptide library.  Furthermore, the magnetic beads themselves may not be perfectly coated 

with streptavidin, and hence may be amenable to binding by peptidic ligands.  It is necessary to 
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characterize these possible background binders in order to distinguish them from our kinase-

targeted selections. 

 The consensus sequences after four rounds of phage display panning against the 

streptavidin beads are shown in figure 5a, with the entire selection results given in 

supplementary figure 2.  As anticipated, the consensus sequences all contain the characteristic 

HPQ motif seen in the literature, and are similar to a few consensus sequences reported from 

previous cyclic peptide library selections against streptavidin,48 although these exact sequences 

have not been reported. It is crystallographically known that HPQ peptides bind to the biotin 

binding pocket formed in the streptavidin tetramer complex.  Because of this, our peptides are 

amenable to the competition assay described by Green46 between biotin-competitive ligands and 

the dye 4'-hydroxyazobenzene-2-carboxylic acid (HABA) that can be used to quantify the 

binding affinities of these HPQ peptides.42  As can be seen in figure 5b, background HPQ 

peptides bind to streptavidin with IC50 values of approximately 25 µM, which fall within the 

reported range of cyclic peptide binders of streptavidin.   

 The initial kinase selections performed in our lab using streptavidin coated beads as the 

immobilization matrix repeated produced consensus peptides with these HPQ motifs, implying 

that we were not taking proper measures to select against these sequences.  Our previous 

NeutrAvidin plate-based selections used a pre-incubation step of the phage library with a blank 

NeutrAvidin well to correct for background sequences, but this was not enough to remove 

streptavidin binding peptides with affinities of  ~25 µM.  We initially hypothesized that, by 

increasing the stringency of the wash conditions through higher detergent (Tween-20) 

concentrations in the wash buffer and longer soaking times, we would be able to simultaneously 

eliminate background sequences and force consensus of our library.  Conditions in which the 
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amount of Tween-20 was increased from 0.05% to 0.1% in the PBS-T wash buffer, and 0.2% 

BSA was added to the phage/Jun-Staur solution to prevent non-specific binding were applied to a 

selection against Aurora Kinase A, but after three rounds of selection no convergence of the 

library was seen.  In order to verify whether or not this was due to the selections being too harsh, 

a selection against the streptavidin beads alone was performed with the harsh wash conditions, 

producing no convergence after three rounds as well (supplementary figure 2).  It was 

concluded that the 2-fold increase in detergent adversely effected selections, and that other 

avenues must be explored to increase stringency and occlude background binding. 

 Based on the determined IC50 values for the HPQ background peptides/streptavidin 

interaction, we decided that the next approach would involve a 10 µM free-streptavidin wash 

step, which would soak up any HPQ-binding sequences better than the incubation of the phage 

library with blank streptavidin beads due to the significantly lower concentration of streptavidin 

on the beads.  Furthermore, in order to increase stringency, we reasoned that by lowering the 

concentration of target kinase sequentially after each round by decreasing the amount of 

immobilization matrix used, we would place selective pressure on our library to bind the kinase 

target.  This was implemented as described in the experimental section for Aurora Kinase A 

(AURA) by other members of our lab, and after six rounds of selection convergence of the 

library was observed (unpublished results).   

Bivalent Phage Display Selection Against Akt-2 and PDK1: 

 With the success of our new, optimized conditions at producing inhibitory cyclic peptides 

of AURA, our attention turned toward other clinically relevant kinases.  Based on our familiarity 

with the AGC family of protein kinases, of which PKA is a member and AURA is related to, we 
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decided to limit our search toward kinases of this family.4  We further narrowed down possible 

selection targets based on the kinase binding affinity to Jun-Staur, which was assessed through a 

split-luciferase three-hybrid system designed by members of our lab to probe kinase inhibitor 

specificity using Jun-Staur as the small molecule dimerizer.14  Those kinases that displayed a 

signal-to-noise ratio greater than 10, indicating formation of the kinase-Jun-Staur-Fos ternary 

complex, were  considered viable candidates for our selection procedure.  Based on these 

considerations, the two oncogenic kinases Akt-2 and PDK1 were chosen to perform bivalent 

selections upon.   

 The optimized phage display procedure was applied separately to Akt-2 and PDK1, and 

after six or seven rounds of panning yielded the sequences shown in supplementary figure 3.  

For Akt-2, the clear consensus sequence was the peptide CVWYDPRCG, termed Akt2R6-1, 

which had not yet been observed in other selections performed in our lab (figure 6a).  This 

peptide was synthesized and purified as described above, and was found to have an IC50 of 10.01 

+/- 0.27 µM, via kinase inhibition assay. The potency of this peptide was approximately 8 fold 

better than the consensus result for PKA (BS6-3; CTFRVFCG), indicating that by sequentially 

increasing the washing and soaking times while decreasing the amount of target each round, we 

have increased the stringency of our selections.  Importantly, none of the streptavidin binding 

peptides were seen – signifying the importance of the added 10 µM streptavidin wash as a 

negative selection mechanism.   

 Two bivalent inhibitors of varying linker lengths were synthesized using staurosporine 

and Akt2R6-1, with linker lengths of 3-βala and 7-βala, respectively, chosen to reflect the 

optimal linker lengths determined for the BS6-3 bivalent inhibitor.39  Figure 6b shows the 

resulting IC50 values for all bivalent inhibitors, the staurosporine derivative Staur-3βala and 
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Akt2R6-1.  Disappointingly, the impressive gains in affinity that were seen in the previous 

bivalent inhibitor of PKA were not recapitulated here.  Although both Akt2R6-1 and Staur-3βala 

(a modified version of carboxylated-staurosporine with 3 β−Alanine residues attached to the 

carboxylic acid) exhibited decent IC50 values (2.014 +/- 0.829 µM, respectively), the bivalent 

inhibitors only extended into the high nanomolar range, with the 3 and 7-βala bivalent inhibitors 

having IC50 values of 0.379 +/- 0.314 µM and 0.753 +/- 0.200 µM, respectively.  In the better 

inhibitor of the two, the 3-βAla variant, this only amounts to a five fold improvement over Staur-

3βAla and a 26 fold improvement over Akt2R6-1.  The fact that there is a slight difference in 

potency between the two bivalent inhibitors of different linker length implies some dependence 

on the spacing between the peptide and small molecule moieties, but because the IC50 values are 

so close, it is difficult to rule out error in the measurement. 

 The selection results against PDK1 after six rounds were significantly more diverse than 

those seen for Akt-2, with a number of sequences appearing 2-3 times out of 33 sequences, and 

only one sequence appearing more than three times (figure 7a).  The peptides chosen to be 

synthesized were somewhat arbitrary, with CMWYDPRCG (PDK1R7-8) chosen because of its 

high occurrence and CRWPWESCG (PDK1R7-17) and CLFPWQDCG (PDK1R7-24) chosen 

because of some shared homology with each other.  Figure 7b shows the results of the PDK1 

inhibition assays with the three peptides by themselves, revealing that they all have similar IC50 

values on the same order of magnitude as that seen for Akt2R6-1.  Again, this verifies our 

adjustments made to the selection procedure, as we no longer see background sequences and 

consistently produce consensus peptides with binding affinities in the low-micromolar range.   

 In assessing the potency of these peptides translated into bivalent inhibitors, we decided 

to quickly determine linker length dependence by using the longer PEG-based linker as opposed 
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to the smaller βala-based linker.  This was done because the relative potency differences between 

the 3 and 7−βala based bivalent inhibitors of Akt-2 were not drastically different from each 

other, and we sought to verify if this was due to the small sampling of linker length or an 

inherently poor bivalent inhibitor.  We synthesized a series of inhibitors featuring the PDK1 

consensus peptides, 1, 2, or 3 PEG linkers, and carboxylated-staurosporine.  Instead of 

generating full titration curves for each inhibitor, we assayed all bivalent inhibitors 

simultaneously at a single concentration of 30 nM in order to determine relative binding 

affinities, with staur-PEG (a variant of Staur-3βala, wherein the PEG moiety replaces the 3βala 

motif) used to gauge the increases in affinity due to bivalency.  As seen in figure 7c, the general 

trend suggests that one PEG spacer (which is similar in length to the 7-βala linker based on 

carbon-carbon bond lengths) allows for modest gains in affinity as a result of bivalency, while 

increases to two or three PEG spacers destroys any bivalent synergy, except in the case of 

PDK1R7-8.  Of the inhibitors assayed, PDK1R7-24 with one PEG linker connecting it to 

staurosporine has the best relative potency, giving only ~23% active kinase at 30 nM (compared 

to ~40% active kinase for staur-PEG at the same concentration).  However, this is not the terribly 

impressive gain of affinity expect of a bivalent compound, especially considering the 90 fold 

increase in potency seen previously for bivalent inhibitors of PKA.36   

 One interesting feature of both the Akt-2 and PDK1 selections was the respective 

convergence of the peptides CVWYDPRCG (Akt2R6-1) and CMWYDPRCG (PDK1R7-8), 

which are identical sequences with the exception of a valine in the second position of Akt2R6-1  

and a methionine in the second position of PDK1R7-8.  Because of this finding, we decided to 

profile the selectivity of Akt2R6-1, as well as two of the PDK1 consensus sequences PDK1R7-

17 and PDK1R7-24, against a panel of kinases we had available in our lab: Akt2, PDK1, AURA, 
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PKA and PIM1.  Each peptide was assayed at a concentration of 10 µM, which is close to the 

measured IC50’s for their respective intended kinase targets.  As can be seen in figure 8, a wide 

range of selectivity differences can be seen for each peptide, even from those chosen in the same 

selection.  The twice-converged upon sequence CVWYDPRCG (Akt2R6-1) does indeed inhibit 

both PDK1 and Akt-2, but it is also fairly promiscuous – inhibiting all other kinases profiled 

with a higher affinity than Akt-2, the kinase Akt2R6-1 was originally selected against.  

Elsewhere, the two PDK1 consensus sequences display different ranges of promiscuity.  

PDK1R7-24 is the least promiscuous of the two, only significantly inhibiting PDK1 – all other 

kinases are 70-100% active in the presence of 10 µM PDK1R7-24.  The other, slightly 

homologous peptide PDK1R7-17 is promiscuous on the same level as Akt2R6-1, inhibiting all 

kinases with comparable affinity but still inhibiting PDK1 more strongly.  This highlights a 

feature of our phage display selections that we have not seen before; that is, the diversity of the 

selectivity profiles.  From just the PDK1 selection, peptides ranging from promiscuous to 

relatively selective were observed, implying that our phage displayed library is not confined to 

one region of the kinase, but can sample the whole of it to find potential binding pockets – 

whether they be specific to one kinase or some conserved region that is not the ATP-binding 

pocket. 

Conclusions: 

 In order for pharmaceutical efforts to target protein kinases in the treatment of human 

malignancy to continue to be profitable, as well as the continuing study of the kinome to be 

useful, it will be necessary to have on hand selective and potent inhibitors to insure that the 

reported results are due to inhibition of a specific kinase.  We have described a phage displayed 

methodology that allows the generation of a peptide-small molecule based bivalent inhibitor, and 
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have shown that it can produce potent and selective inhibitors of PKA.  Furthermore, we have 

described here the optimization of this phage display procedure to make it both more cost 

effective and produce more tightly binding peptide inhibitors.  We have applied this new strategy 

to the kinases Akt-2 and PDK1 to produce peptide inhibitors of low micromolar affinity, but 

upon translation of these peptides to bivalent inhibitors, only little enhancements of affinity were 

seen.  These peptides also display significant but varying levels of promiscuity, hindering their 

use as selective inhibitors.  However, these peptides may bind to novel targetable regions of the 

kinase previously undiscovered.  Crystallization of the either PDK1 or Akt-2 bound to any of 

these peptides may reveal an allosteric site that could be amenable to more pharmacologically 

relevant small molecule inhibitors.  As such, these peptides, whether synergistically binding with 

staurosporine or not, could be excellent leads for structure based drug design, using methods 

previously elucidated for designing inhibitors of protein-protein interactions.49,50  Future work 

will involve elucidating the nature of this binding site, and further characterization of our phage 

display procedure against other relevant kinases. 
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Figures: 

 

Figure 1. A.) Characteristic kinase fold represented by cAMP-dependent protein kinase (PKA) 

(PDB: 1ATP).  The ATP binding site is shown with ATP (in red) and the protein substrate 

binding region is shown with natural peptide substrate-competitive inhibitor, PKI, in gold.  B.)  

The chemical structure of the promiscuous kinase inhibitor staurosporine is shown on the left, 

while a kinase phylogenetic tree with red circles identifying kinases inhibited by staurosporine is 

shown on the right.  Larger circles indicate more potent inhibition by staurosporine.  These types 

of maps are utilized to indicate small molecule inhibitor specificity (adapted from ref 12)
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Figure 2:  Cartoon representation of our bivalent inhibition strategy.   We use the well studied 

leucine zipper dimer pair Fos (purple) and Jun (gold) to link together a phage displayed cyclic 

peptide library and the ATP-competitive small molecule staurosporine.  Staurosporine directs the 

assembly to an area around the active site and occupies it, constraining binding peptides around 

but not in the active site.  After several rounds of directed evolution, the consensus peptides are 

synthesized via solid phase peptide synthesis and covalently tethered to staurosporine to form a 

synthetic bivalent inhibitor. 
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Figure 3:  Schematic representation of our phage display protocol.  Once our phage library has 

been propagated and isolated, it is mixed with Jun-Staur to form a dimer between the phage 

displayed Fos/cyclic peptide library.  This construct is incubated with unfunctionalized 

immobilization matrix (either of the biotin-binding proteins NeutrAvidin or streptavidin) to 

remove background binding sequences before being exposed to the immobilized kinase.  After 

several wash steps, the kinase-bound phage is eluted with low pH and amplified in E. coli for 

subsequent rounds of selection. 
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Figure 4:  Time course experiment determining the optimal growth conditions for staurosporine 

production, with relative amounts of staurosporine signified by the absorbance of an extracted 

sample of media at the given time point.  The data indicates that, after approximately 60 hours, 

staurosporine production has leveled off for Lentzea albida grown in both a 1:10 diluted 

fermentation media (see text for compositions) and a 1:4 diluted fermentation media (see text for 

compositions).  Furthermore, the 1:10 diluted media produces slightly more staurosporine than 

the 1:4 diluted media, as indicated by the consistently larger absorbance values.  Together, these 

results suggest that Lentzea albida growth of 60-70 hours in the 1:10 diluted fermentation media 

will maximize staurosporine yields. 
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Figure 5:  A.) Consensus sequences from the background selection against streptavidin coated 

beads and their IC50 values, along with their chemical structures.  Each peptide binds to 

streptavidin with approximately the same affinity in the mid-micromolar range.  B.)  Titration 

curves for both background peptides, demonstrating how close their binding affinities are to each 

other.   
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Figure 6:  A.) Consensus sequences of the Akt-2 selection.  Of these peptides, CVWYDPRCG 

(Akt2R6-1) appeared the most (20 out of 35 sequences), and was found to have an IC50 value of 

10.01 +/- 0.271 µM.  Furthermore, one of the other consensus sequences (CVWFDPRCG) shares 

extensive homology with Akt2R6-1.  They only differ in a tyrosine to phenylalanine substitution 

in the forth position of the peptide, but this still preserves the aromaticity of the position.  This 

indicates that both sequences are real binding sequences, and highlights the ability of our library 

to produce similar binding sequences.  The IC50 values for Akt2R6-1, Staur-3βala, and two 

bivalent inhibitors with different linker lengths (3-βala and 7-βala) are given as well.  As can be 
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seen, there is a slight linker dependence on bivalent inhibitor potency, with the 3-βala linker 

yielding an IC50 of 0.379 +/- 0.314 µM, and the 7-βala linker an IC50 of 0.753 +/- 0.200 µM. 

There is a less than 2-fold difference between these inhibitors, although the associated errors 

with the measurements make it difficult to make a conclusive statement about any linker 

dependence.  B.) Titration curves of Akt2R6-1 (1), Staur-3βala (2), and the most potent bivalent 

inhibitor (3), indicating the relative differences between each inhibitor.  Although not as drastic 

as the results seen for the previous selection against PKA, there is a five-fold difference between 

Staur-3βala and the bivalent inhibitor, and a 26 fold difference between Akt2R6-1 and the 

bivalent inhibitor. 
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Figure 7: A.) Consensus sequences of the PDK1 selection.  Of these peptides, CMWYDPRCG 

((1), PDK1R7-8) appeared the most (20 out of 35 sequences), while the other two sequences 

CRWPWESCG ((2), PDK1R7-17) and CLFPWQDCG ((3), PDK1R7-24) appeared three times 

each. The IC50 values of each peptide were found to be similar to those seen in the Akt-2 

selection, ranging from 1.1 µM to 9.7 µM.  The titration curves used to generate these values are 

shown in B.).  C.) In order to probe linker dependence on bivalent inhibitor efficacy, a series of 

bivalent inhibitors featuring one to three PEG linker moieties were synthesized and assayed 

simultaneously.  The results indicate that shorter linker lengths give more potent bivalent 

inhibitors compared to Staur-PEG, but the gains in potency are slim. 
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Figure 8:  Selectivity profiles of Akt2R6-1 (1), PDK1R7-24 (2), and PDK1R7-17 (3) across a 

panel of five kinases: Akt-2, PDK1, AURKA, PKA and PIM1.  A wide range of selectivities is 

seen for each peptide, highlighting the diversity our phage display selections are capable of 

generating.  The most selective peptide (though least potent) of the set is PDK1R7-24, inhibiting 

only its intended target PDK1 with 60% efficacy.  The phylogenetic tree (adapted from ref 4) to 

the right of the graph shows how exactly these particular kinases are related to each other, and it 

can be seen that they are fairly similar – PKA, Akt-2, and PDK1 all fall within the AGC family, 

while AURKA is an atypical kinase similar to the AGC family and PIM1 belongs to the CAMK 

family. 

 

 



 34 

Supplementary Figures: 
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Supplementary Figure 1:  High resolution mass spectrum, 1H NMR, 13C NMR and UV-Vis 
absorbance trace of our harvested staurosporine.  

 

 

Streptavidin 
Background 

R4 Sequences 

Repetition 
(if greater 
than one) 

Harsh Wash 
Background 
Sequences 

Repetition 
(if greater 
than one) 

CHPQGDTCG X20 CQLPYRQCG  
CGHPQVPCG X3 CEVRQRWCG  
CHPQGDICG X2 CTSSLQQCG  
CHPQNGRCG  CPIQQFRCG  
CLVETSLCG  CQLLGRVCG  
CISFMCDCG  CQWFHSICG  
CYCSVSFCG  CGDQQGGCG  
CIQFFWRCG  CSQILDHCG  
CFMTEPQCG  CMSGVRKCG  
CGKKFSPCG  CSYSQEFCG  
CRTQIASCG  CRSRCTRCG  
  CQQCPEHCG  
  CYGNVERCG  
  CTLHQPLCG  
  CVKQGYPCG  

 

Supplementary Figure 2:  All sequences from the streptavidin background selections  
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Akt-2 R6 
Sequences 

Repetition 
(if greater 
than one) 

PDK1 R7 
Sequences 

Repetition 
(if greater 
than one) 

CVWYDPRCG X20 CMWYDPRCG X6 
CLLPWMDCG X3 CRWPWESCG X3 
CMFPWQNCG X2 CESRYWWCG X3 
CVWFDPRCG  CLFPWQDCG X3 
CVGPPFWCG  CGQPWWLCG X2 
CVGPRWWCG  CTREYWWCG X2 
CVFPWIDCG  CIFPWEKCG  
CTQPWWACG  CMFPWQNCG  
CSRFWTTCG  CPLRWWECG  
CYWLREQCG  CPRQAWWCG  
CEWWTGQCG  CSRLYPWCG  
CSDLSWFCG  CSRPYWMCG  
CMREWWLCG  CTQWLPFCG  
  CTQWPLYCG  
  CTYWGGQCG  
  CTYPPWLCG  
  CVPLWQDCG  

 

Supplementary Figure 3:  All sequences from the Akt-2 and PDK1 kinase selections. 
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Sequence Of Peptides Synthesized Expected Mass (g/mol) Found Mass (m/z) 
CHPQGDTCG 913.9 914.3 
CGHPQVPCG 894.0 894.3 
CVWYDPRCG 1095.25 1095.6 
Staur - (βala)3 - CVWYDPRCG 1857.10 1857.5 
Staur - (βala)7 - CVWYDPRCG 2141.44 2142.8 
CMWYDPRCG 1127.32 1129.3 
Staur - (PEG)1 - CMWYDPRCG 1994.30 2015.68 (Na+) 
Staur - (PEG)2 - CMWYDPRCG 2312.68 2333.95 (Na+) 
CRWPWESCG 1120.26 1122.3 
Staur - (PEG)1 - CRWPWESCG 1987.24 1986.97 
Staur - (PEG)2 - CRWPWESCG 2305.62 2305.00 
Staur - (PEG)3 - CRWPWESCG 2624.00 2623.37 
CLFPWQDCG 1065.22 1067.1 
Staur - (PEG)1 - CLFPWQDCG 1932.19 1953.95 (Na+) 
Staur - (PEG)2 - CLFPWQDCG 2250.58 2272.17 (Na+) 

 

 

Supplementary Figure 4: Mass spectrometry data for all synthesized peptides and bivalent 
inhibitors. 
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