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Expression and Purification of Cell Cycle Proteins.  CDK4 and CDK6 cyclin complexes. Genes 

encoding N-terminal poly-histidine and GST tagged CDK6 and cyclin D1 were cloned into 

pFastBac1 (Invitrogen) vector.  Baculoviruses were produced using the Bac-to-Bac system.  

Insect SF21 cells were transfected with viruses expressing both proteins. The CDK6/cyclinD1 

complex protein was purified with Ni-NTA affinity chromatography, followed by cleavage of 

the GST affinity tag, dephosphorylation, repurification of the un-tagged complex through Ni-

NTA and size exclusion chromatography. The final protein was phosphate-free. The buffer was 

25 mM TRIS 8.0, 150 mM NaCl, 10 % glycerol, 0.5 mM TCEP.  CDK1 and CDK2 cyclin 

complexes.  His6-TEV-CDK1, His6-TEV-CDK2, cyclin A2-His6, and His6-TEV-cyclin E1 were 

expressed separately in insect cells.  Cells were lysed and proteins were then purified with Ni-
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NTA chromatography, followed by His6 affinity tag removal and Superdex 200 size exclusion 

chromatography.  To prepare CDK1/Cyclin A2 cyclin complex, components were mixed in a 

molar ratio of 1.2 : 1, CDK1:cyclin A2.  The complex was purified by Superdex 200 equilibrated 

in a final buffer containing 25 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, and 0.15 mM 

EDTA.  For CDK2/cyclin E1, the molar ratio was 1:1, CDK2:cyclin E1. The complex was further 

purified by Superdex 200 in a final buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 10% 

glycerol, 0.25 mM DTT, and 0.1 mM EDTA.   To prepare active CDK1/cyclin A2 and 

CDK2/CyclinE1 for assays, the complexes were phosphorylated by CDK7/cyclin H1-His6/Mat1 

in the storage buffer supplemented with 5 mM ATP and 10 mM MgCl2, incubated for 1 hour at 

room temperature.  The proteins were flowed over Ni-NTA column to remove CDK7 complex 

and desalt column to remove ATP and MgCl2.  CDK9 and CDK7 complexes.  CDK9/cyclin T1-

His6 and CDK7/cyclin H1-His6/Mat1 were expressed in insect cells by co-infection. Cells were 

lysed in 25 mM Tris pH 8, 150 mM NaCl, 10% Glycerol, 0.5 mM TCEP.  Proteins were purified 

by Ni-NTA chromatography followed by Superdex 200 in lysis buffer.  CDK5 cyclin complex. 

His6-TEV-CDK5/His6-TEV-p25 were expressed separately in insect cells using ESF-921 

medium. Cells were lysed in 25 mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM TCEP 

and mixed together. The complex was then purified with Ni-NTA chromatography, followed by 

His6 tag removal and Superdex 200 size exclusion chromatography.  The final protein buffer is 

the same as lysis buffer.  Phosphorylation states of all CDK/cyclin complexes were confirmed by 

LC-MS analysis.  CDK6 protein.  The cDNA encoding CDK6 (1-301) with C-terminal His6 tag 

was cloned in FastBac (Life Science) vector. Protein expression was done in SF21 cells for 72 

hours. The cell pellet was lysed in buffer containing 25 mM TRIS 8.0, 150 mM NaCl , 10% 

glycerol, 0.5 mM TCEP. The CDK6 protein was captured on and eluted from Probond IMAC 
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resin (GE Healthcare Life Sciences), and then further purified on Superdex 200 (GE Healthcare 

Life Sciences). The storage buffer is 25 mM TRIS 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM 

TCEP.  Rb protein.  The gene encoding amino acids 792-928 of pRb protein was cloned into an 

E coli expression vector.  Poly-histidine-GST tag was added at the N-terminal and FLAG tag 

was added at the C-terminal. The protein was purified from E. coli lysate with Ni-NTA affinity 

chromatography, FLAG M2 antibody affinity chromatography, and size exclusion 

chromatography.  The proteins were highly active.  Active site titrations with ATP-competitive 

inhibitors revealed that most of the proteins had competent active sites (1). 

 

CDK6/cyclin D1 Mobility Shift Enzymatic Assay.  The kinase-catalyzed production of ADP from 

ATP that accompanies phosphoryl transfer to 5FAM labeled Dyrktide (5FAM-

RRRFRPASPLRGPPK).  Typical reaction solutions contained 2% DMSO (± inhibitor), 20 mM 

MgCl2, 1 mM DTT, 2 mM ATP, 0.005% TW-20, 3 µM 5FAM-Dyrktide in 40 mM HEPES 

buffer at pH 7.5.  Inhibitor Ki determinations for non-phosphorylated CDK6/cyclin D1 were 

initiated with the addition of 2 mM ATP (50 µL final reaction volume), following a twelve 

minute pre-incubation of enzyme and inhibitor at 22 °C in the reaction mix. The reaction was 

stopped after 45 minutes by the addition of 50 µL of 25 mM EDTA.  Ki determinations were 

derived from a plot of the fractional velocity as a function of inhibitor concentration fit to the 

Morrison equation with the enzyme concentration as a variable (2, 3).  

 

CDK6/cyclin D1 Radiometric Assay Measure Phosphorylation of Rb Protein.  The kinase-

catalyzed production of ADP from ATP that accompanies phosphoryl transfer to a fragment (aa 

792-928) of pRb fused to GST.  Typical reaction solutions contained 2% DMSO (± inhibitor), 20 
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mM MgCl2, 1 mM DTT, 75 µM ATP, 1 µCi [γ-32P] ATP per well, 0.005% TW-20, 2 µM GST-

Rb in 40 mM HEPES buffer at pH 7.5.  Inhibitor Ki determinations for non-phosphorylated 

CDK6/cyclin D1 were initiated with the addition of 75 µM ATP (50 µL final reaction volume), 

following a twelve minute pre-incubation of enzyme and inhibitor at 30 °C in the reaction mix. 

Reactions were stopped after 20 minutes by the addition of 50 µL of 20% TCA.  Reaction mixes 

(90 µL) were transferred to a 96-well filter plate (Millipore 0.45 µm hydrophobic high protein 

binding Immobilon P membrane).  The wells were washed 8 times with 0.2 mL of PBS.  The 

plate was dried and 25 µL of Microscint-20 added.  The radioactive incorporation was 

quantitated on a Packard Topcount.  Ki determinations were made from a plot of the fractional 

velocity as a function of inhibitor concentration fit to the Morrison equation (2, 3).  

 

Biochemical Kinase Screening Method (Carna Biosciences).  CDK-directed drugs were tested 

with kinases in the CARNA Biosciences Kinase Panel by Carna Biosciences (Kobe, Japan) with 

the Caliper LabChip3000 assay (Caliper Life Science, Hopkinton, MA) which is a mobility-shift 

assay (MSA) that combines the basic principles of capillary electrophoresis in a micro-fluidic 

environment.  Inhibitors were prepared in 100% DMSO, diluted to 25% DMSO with 20 mM 

HEPES pH 7.5, and added to the reaction for a final DMSO concentration of 6%.  Inhibitors 

were screened at 1.0 μM.  Typical reactions were 20 μL, contained 120 ng/mL protein kinase, 

Km-level of ATP,  1.0 μM peptide substrate, 5 mM MgCl2, 2 mM DTT, 0.01% Triton X-100, 

6.25% DMSO in 20 mM HEPES pH 7.5.  The mixture was incubated in a 384-well 

polypropylene plate at room temperature for an hour and terminated by the addition of 60 μL of 

QuickScout Screening Assist MSA Buffer (Carna Biosciences, Kobe, Japan).  The reaction 

mixture was applied to a LabChip3000 system, and the product /substrate peptide peaks were 
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separated.  The kinase reaction was quantitated by the product ratio calculated from peak heights 

of product (P) and substrate (S) peptides (P/(P+S)).  Screening was performed at a Km 

concentration of ATP to facilitate comparison of inhibitor potencies.  Reactions were run for 

between 1 and 5 hours dependent on the individual kinase.  Each assays had a positive control 

with staurosporine used in 274 of the assays and more kinase-specific inhibitors used in the other 

assays.  All assays contained between 5 – 10 mM Mg2+ with a small subset include Mn2+, Ca2+, 

or K+. The kinases included in the assay are as follows: 

ABL, ACK, AKT1, AKT2, AKT3, ALK, AMPKα1/β1/γ1, AMPKα2/β1/γ1, ARG, AurA, AurA/TPX2, AurB, AurC, 
AXL, BLK, BMX, BRAF_Cascade, BRK, BRSK1, BRSK2, BTK, CaMK1α, CaMK1δ, CaMK2α, CaMK2β, 
CaMK2γ, CaMK2δ, CaMK4, CDC2/CycB1, CDC7/ASK, CDK2/CycA2, CDK2/CycE1, CDK3/CycE1, 
CDK4/CycD3, CDK5/p25, CDK6/CycD3, CDK7/CycH/MAT1, CDK9/CycT1, CGK2, CHK1, CHK2, CK1α, 
CK1γ1, CK1γ2, CK1γ3, CK1δ, CK1ε, CK2α1/β, CK2α2/β, CLK1, CLK2, CLK3, COT_Cascade, CRIK, CSK, 
DAPK1, DCAMKL2, DDR1, DDR2, DLK_Cascade, DYRK1A, DYRK1B, DYRK2, DYRK3, EEF2K, EGFR, 
EPHA1, EPHA2, EPHA3, EPHA4, EPHA5, EPHA6, EPHA7, EPHA8, EPHB1, EPHB2, EPHB3, EPHB4, Erk1, 
Erk2, Erk5, FAK, FER, FES, FGFR1, FGFR2, FGFR3, FGFR4, FGR, FLT1, FLT3, FLT4, FMS, FRK, FYN, 
GSK3α, GSK3β, Haspin, HCK, HER2, HER4, HGK, HIPK1, HIPK2, HIPK3, HIPK4, IGF1R, IKKα, IKKβ, IKKε, 
INSR, IRAK1, IRAK4, IRR, ITK, JAK1, JAK2, JAK3, JNK1, JNK2, JNK3, KDR, KIT, LATS2, LCK, LOK, LTK, 
LYNa, LYNb, MAP2K1_Cascade, MAP2K2_Cascade, MAP2K3_Cascade, MAP2K4_Cascade, 
MAP2K5_Cascade, MAP2K6_Cascade, MAP2K7_Cascade, MAP3K1_Cascade, MAP3K2_Cascade, 
MAP3K3_Cascade, MAP3K4_Cascade, MAP3K5_Cascade, MAP4K2, MAPKAPK2, MAPKAPK3, MAPKAPK5, 
MARK1, MARK2, MARK3, MARK4, MELK, MER, MET, MGC42105, MINK, MLK1_Cascade, 
MLK2_Cascade, MLK3_Cascade, MNK1, MNK2, MOS_Cascade, MRCKα, MRCKβ, MSK1, MSK2, MSSK1, 
MST1, MST2, MST3, MST4, MUSK, NDR1, NDR2, NEK1, NEK2, NEK4, NEK6, NEK7, NEK9, NuaK1, NuaK2, 
p38α, p38β, p38γ, p38δ, p70S6K, p70S6Kβ, PAK1, PAK2, PAK4, PAK5, PAK6, PASK, PBK, PDGFRα, PDGFRβ, 
PDHK2, PDHK4, PDK1, PEK, PGK, PHKG1, PHKG2, PIK3CA/PIK3R1, PIM1, PIM2, PIM3, PKACα, PKACβ, 
PKACγ, PKCα, PKCβ1, PKCβ2, PKCγ, PKCδ, PKCε, PKCζ, PKCη, PKCθ, PKCι, PKD1, PKD2, PKD3, PKN1, 
PKR, PLK1, PLK2, PLK3, PRKX, PYK2, QIK, RAF1_Cascade, RET, ROCK1, ROCK2, RON, ROS, RSK1, 
RSK2, RSK3, RSK4, SGK, SGK2, SGK3, SIK, skMLCK, SLK, SPHK1, SPHK2, SRC, SRM, SRPK1, SRPK2, 
SYK, TAK1-TAB1_Cascade, TAOK2, TBK1, TEC, TIE2, TNIK, TNK1, TRKA, TRKB, TRKC, TSSK1, TSSK2, 
TSSK3, TXK, TYK2, TYRO3, WNK1, WNK2, WNK3, YES, ZAP70, 
 

KiNativ Kinase Selectivity Analysis (ActivX Biosciences).  The PC3 and THP1 cells using the 

ActivX standard protocol (4). For each peptide quantitated, the change in MS signal for the 

treated samples relative to the MS signal for the control samples was expressed as percentage 

inhibition using the following equation:  Inhibition (%)=(1-(average MS signals from treated 

samples)/(average MS signals from control samples))×100.  All inhibited data points were 

visually verified, as were all data points showing variability outside of normal limits. 
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Significance of data points showing >35% inhibition was determined according to the Student T-

test (Excel 2010). 

 

Isothermal titration calorimetry (ITC).  ITC experiments were carried out on a VP ITC 

instrument (Malvern, Northampton. USA) at 20 oC. Full length CDK6 protein was exchanged 

into a buffer containing, 150 mM NaCl, 25 mM HEPES, pH 8.0, 5 mM MgCl2, 10% glycerol 

and 1 mM TCEP using a Superdex 75 column (GE Healthcare). Protein concentration was 

determined spectrophotometrically using an ε280 = 28420 for M-1cm-1. In a typical experiment, 

nineteen 15 µL injection of 50 µM compound was made into a 5 µM protein. Data were analyzed 

using the ORIGIN software provided with the instrument and fit to a simple 1:1 binding model. 

 

 pRb phosphorylation assay in breast cancer cell lines.  MCF7 and T47D breast cancer cells 

were purchased from the American Type Culture Collection (Manassas, VA) and grown in 

vendor recommended growth media.    Cells were plated in complete culture medium (100 

µl/well) in a 96-well clear, flat bottom and tissue culture treated plates (Greiner Bio-One, Cat 

655180) at cell-specific densities (20,000 MCF7 cells/well, 40,000 T47D cell/ well).  Cells were 

then allowed to adhere overnight at 37° C, 5% CO2. The following day, palbociclib, abemaciclib 

and ribociclib drug dilution plates were prepared in 96-well, clear U-bottom, polypropylene 

plates (Corning, Cat 3365) in 100% DMSO (10 mM stock concentration of palbociclib) in 

duplicate wells, using an 11-point serial dilution (1:3 dilutions).  Drugs were further diluted in 

growth medium and 25 μL were added to each well of the cell plates using a Beckman FX liquid 

handling system such that the highest compound concentration tested was 10 μM final, with a 

0.1% final DMSO concentration.  Plates were then incubated for 24 hours at 37° C, 5% CO2.  At 
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the end of 24 hours incubation with compound, medium was removed and 100 μL ice-cold lysis 

buffer containing phosphatase inhibitor cocktail and 1 mM PMSF was added to each well.  Plates 

were shaken for 30 minutes at 4° C to lyse cells.  Cell lysates (50 μL/well) were then transferred 

to ELISA plates (phospho-Rb-S780 or phospho-Rb-S807/S811 rabbit mAb coated Corning 1 x 8 

strip-well, white, 96 wells).  Plates were covered and incubated overnight at 4° C, with constant 

slow speed shaking. The next day, plates were washed six times with 1x Wash Buffer using a 

BioTek plate washer.  Then 50 μL of total pRb mouse detection mAb (secondary antibody) in 

blocking buffer was added to each well and incubated for 1.5 hour at 37° C. After incubation, 

plates were washed as described.  Fifty μL anti-mouse IgG, HRP-Linked antibody in blocking 

buffer  was added to each well and incubated for 30 minutes at 37° C.  After incubation, plates 

were washed as described.  Finally, 50 μL of luminescent GLO substrate reagent was added to 

each well and incubated for 10 minutes at room temperature with slow shaking. Plates were read 

on the PerkinElmer Envision plate reader using the 96-well luminescence mode.  IC50 values 

were calculated using a four-parameter fit (GraphPad Prism). 

Breast cancer cell proliferation assays.  MCF7 and T47D parental cell lines were seeded at 

1500/well black walled, clear bottom plates.  After overnight incubation, baseline values were 

measured from one plate using 20 µL/well Cell Titer Blue viability reagent (Promega, 

Madison, WI).  Cells were incubated for 4 hours at 37° C and fluorescence was measured at 560 

nm excitation and 590 nm emission wavelengths.  Drug were titrated in duplicate from 10 μM to 

0.61 nM in a 4-fold dilution scheme.  On Day 8 after compound addition, 20 μL of Cell Titer-

Blue viability reagent was added to each well and fluorescence was measured.  IC50 values 

were determined from baseline subtracted viability readout using XLFIT (IDBS, Surrey, UK). 
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Cytotoxicity assay in rat gastrointestinal cells.  Rat small intestine epithelial cells (IEC-6, 

ATCC; CRL- 1592) were maintained in DMEM supplemented with 10% fetal bovine serum, 

insulin-transferrin-selenium-A (Life Technologies) and Penicillin/Streptomycin (Life 

Technologies). Cells were used between passage 6 and 16 and plated at a density of 3000 – 5000 

cells per well in white-walled, clear bottom 96-well plates.  The following day, growth media 

was removed and 100 µL media containing 0.1% FBS and DMSO or CDK4/6 inhibitors at 

specified concentrations were added for 48 hours.  Results were confirmed with four experiments 

each with three replicates per dose.  Cell viability was quantified with the CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega, Madison, WI) according to the manufacturer’s 

instructions.  Luminescence was quantified, and IC50 values were determined from non-linear 

regression of dose-response curves. 

 

Cytotoxicity assay in rat neonatal cardiomyocytes 

Pregnant female Wistar-Han rats were purchased from Charles River (Wilmington, MA).  The 

hearts were excised from 3-5 days old pups and digested with 0.08% Trypsin-

Ethylenediaminetetraacetic acid (EDTA) (Invitrogen).  The cell suspensions were collected, 

centrifuged and resuspended in plating media consisting of Dulbecco’s modified eagle medium 

(DMEM) with 25 mM glucose, 500 µg/mL Penicillin/Streptomycin, 5 mM hydroxyethyl 

piperazineethanesulfonic acid (HEPES) (Invitrogen), with 10% fetal bovine serum (FBS) 

(Sigma-Aldrich, St. Louis, MO).  Cells were strained through a 100 micron mesh and pre-plated 

for two hours to remove non muscle cells.  Resulting myocytes were plated in collagen-coated 6-

well or 96-well plates (BD Biosciences).  After 24 hours, media was changed to serum free 
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DMEM with 25 mM glucose and cardiomyocytes were cultured at 37º C, 5% CO2, and 95% 

relative humidity.   

 

Rat neonatal cardiomyocytes were seeded into 96-well plates at a density of 4.4x104 cells per 

well, and treated with DMSO or CDK4/6 inhibitors at specified concentrations. At 72 hours post 

compound exposure, cell viability was measured using CellTiter-Glo® luminescent cell viability 

assay (Promega, Madison, WI),  following manufacturer's instructions. The bioluminescence or 

fluorescence was measured using a Safire2 microplate reader (Tecan, Switzerland). Data 

represent the mean measurements from triplicate treatments.  

 

Cell proliferation and cytotoxicity assay in human bone marrow mononuclear cells or peripheral 

blood mononuclear cells 

Human bone marrow mononuclear cells (hBMNCs) were primary cells purchased from Lonza 

(Walkersville, MD). The cells were cultured in the hematopoietic progenitor growth (HPGM) 

medium (Lonza) supplemented with 10% fetal bovine serum (FBS) and in the presence of the 

following cytokines (R&D systems, Minneapolis, MN): 25 ng/mL stem cell factor (SCF), 3 

U/mL erythropoietin (EPO), 10 ng/mL granulocyte colony-stimulating factor (G-CSF), 10 

ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF), 15 ng/mL thrombopoietin 

(TPO), 10 ng/mL interleukin 3 (IL3), 10 ng/mL interleukin 6 (IL6), and 25 ng/mL Flt3 ligand, in 

a 37oC, 5% CO2, and 98% humidity incubator.  Human peripheral blood mononuclear cells 

(hPBMCs) were primary cells purchased from Lonza, and cultured in the Roswell Park 

Memorial Institute media (RPMI). 
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The hPBMCs or hBMNCs cultured in RPMI or conditioned HPGM media were treated with 

DMSO or CDK4/6 inhibitors at specified concentrations in a 3-fold serial dilution in triplicate. 

After 24 hours (hPBMCs) or five days (hBMNCs) of continuous exposure, cell viability was 

measured using the Cell Titer-Glotm luminescent cell viability assay kit (Promega, Madison, WI). 

The luminescence was quantified using a Safire2 microplate reader (TECAN, Switzerland), and 

IC50 values were determined from non-linear regression of dose-response curves. 

 

CDK2 and 6 Crystallization.  CDK6 was concentrated to 5.2 mg/ml in a buffer containing 25 

mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM TCEP.  CDK4/6 drug (all three drugs 

handled identically) was then added to the CDK6 protein in a 2:1 molar ration (drug to protein), 

and incubated 12 hours at 4° C. After incubation, the complex was then passed through a 0.45 

µM cellulose-acetate, low- protein binding membrane to remove particulates. The 

CDK6/compound complex was set up in sitting drops, 1:1 (protein to well buffer) with well 

buffer containing:  0.1 M MES pH 6, 70-80 mM NH4NO3, 10 – 15% polyethyleneglycol 3350, 

and then incubated at 13° C.  After 1-2 days, crystals with a rod-like morphology began to 

grow.  Crystals reached maximum size in 7 – 10 days. These crystals belong to space group I4 

with unit cell dimensions a=b=102.2 and c=59.8.  There is one molecule per asymmetric unit. 

Crystals were flash-frozen in liquid nitrogen after transferring to 2 µL reservoir solution 

containing 25% (v/v) glycerol and then stored in liquid nitrogen. 

 

pCDK2/CyclinE1 (pCDK2: FL, WT and Cyclin E1: 96-378, WT) was concentrated as a complex 

to 12 - 15 mg/mL in a buffer containing 40 mM HEPES (pH 7.0), 200 mM NaCl, 5 mM 

DTT.  The protein complex was passed through a 0.45 µM cellulose-acetate, low-protein binding 
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membrane to remove particulates and then was set up in sitting drops, 1:1 (protein to well buffer) 

with well buffer containing:  0.1 M MES pH 6, 180 mM Mg(HCO2)2, 8 – 11% poly-ethylene 

glycol 20,000. The drops were incubated at 13°C. After 1 – 2 days, beveled rod-like crystals 

began to grow.  Once crystals reached maximum size (approximately 7 days), they were 

“soaked” by transferring them to a solution containing well buffer with 1% DMSO and 0.5 mM 

dinaciclib, and then incubated 12 hours at 13° C. After incubation with compound, crystals were 

quickly dipped into 5 µL reservoir solution containing 25% (v/v) glycerol and 0.5 mM 

dinaciclib, and then flash-frozen and stored in liquid nitrogen. These crystals belong to space 

group P41212 with unit cell dimensions a=b=100.3 and c=151.8.     

 

CDK6 and pCDK2 crystallography data collection and structure determination.  Diffraction data 

were collected using a Pilatus 6M detector on beamline 17-ID at the Advanced Photon Source 

(Argonne National Laboratory), and processed with auto-Proc. The initial 

pCDK2/CyclinE/dinaciclib was determined using coordinate of 1W98 (40) protein as the starting 

model. The final refinement was carried out using Buster at 2.8Å resolution. The initial 

CDK6/palbociclib complex structure was determined using coordinate of 3NUX (5) protein as 

the starting model. The final CDK6/palbociclib structure was refined at 2.75Å using BUSTER.  

The final CDK6/abemaciclib and CDK6/ribociclib complexes were refined using BUSTER at 

2.27Å and 2.37Å, respectively. The details of data collection and refinement are summarized in 

Table S1. The coordinates have been deposited into the PDB (pdb 5L2S, abemaciclib; 5L2W, 

dinaciclib; 5L2I, palbociclib; 5L2T, ribociclib).  
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Isothermal titration calorimetry (ITC).  ITC experiments were carried out on a VP ITC 

instrument (Malvern, Northampton. USA) at 20 oC. Full length CDK6 protein was exchanged 

into a buffer containing, 150 mM NaCl, 25 mM HEPES, pH 8.0, 5 mM MgCl2, 10% glycerol 

and 1 mM TCEP using a Superdex 75 column (GE Healthcare). Protein concentration was 

determined spectrophotometrically using an ε280 = 28420 for M-1cm-1. In a typical experiment, 

nineteen 15 µL injection of 50 µM compound was made into a 5 µM protein. Data were analyzed 

using the ORIGIN software provided with the instrument and fit to a simple 1:1 binding model. 

  

Analysis of clinical drug exposure data.  To assess the translation of preclinical findings to 

clinical effects, a basic understanding of human exposure profiles of the drugs needs to be 

incorporated into the analysis.  The dosing regimens and pharmacokinetics characteristics of the 

CDK drugs define the concentrations achieved and the duration of exposure (Table S8).  The 

exact nature of drug exposure is complex so a more general approach is used to achieve 

estimates of drug concentrations in different compartments of humans. Using human steady-state 

plasma drug concentrations (AUC0-24) total and unbound (free) drug exposures can be calculated 

(Cave, Cmax):  (abemaciclib 35 nM, 46 nM; palbociclib 24 nM, 32 nM; ribociclib >520 nM, 1900 

nM; dinaciclib 90 nM, 690 nM) (Table S8).  This analysis indicates that palbociclib and 

ribociclib have CDK9 biochemical potencies that are unlikely to translate to systemic effects 

dependent on plasma drug distribution.  In contrast, abemaciclib has significant CDK9 potency 

(Ki = 4.1 nM) which may present in the clinic.  For example, using the unbound (i.e. available for 

binding) abemaciclib drug concentration achieved in the clinic (Cave = 35 nM, Table S8), the 

reported CDK9 IC50 (57 nM, (6)) would not be consistent with CDK9 involvement in the clinic.  

But when the binding constant is used (Ki = 4.1 nM), it becomes apparent that CDK9 may 
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contribute to abemaciclib’s clinical pharmacology.  This may be significant because CDK9 

regulates gene transcription and intermittent CDK9 inhibition may result in clinical effects (Cmax 

pharmacology).  Clinical exposure analysis indicates that abemaciclib is a CDK4/6/9 drug 

therefore having clinical activities distinct from palbociclib and ribociclib.  Dinaciclib is reported 

to be a CDK1/2/5/9 drug based on previous findings (7).  This analysis lacked the more 

predictive biochemical analyses as well as the incorporation of human exposure data.  For an 

inhibition profile with a Hill slope of one, an IC90 will be achieved at nine times the IC50 

concentration.  

 

For oral therapies, the drug concentration in the gastrointestinal tract is substantially higher than 

in the plasma.  The volumes of the stomach and small intestine vary substantially but using the 

average capacity is useful to define an upper limit on drug concentrations (stomach 0.94 L, small 

intestine 0.13 L) (8, 9).  Using 1 L for the combined volume, the upper limit of unbound and 

total drug in the GI are as follows:  35, 400 μM (abemaciclib, 40, 280 μM (palbociclib), and 410, 

1400 μM (ribociclib).  Actual concentrations achieved in the clinic will be defined by many 

factors (e.g. patient-specific GI volume, dissolution rate, flux, fed state, solubility) but 

acknowledging that the GI drug concentration is substantially higher than the plasma exposure is 

useful to begin to evaluate drug-specific GI pharmacology.  In the fed state, drugs can reside in 

the stomach for up to two hours (9).  The transit time of drugs in the small intestine is commonly 

reported to be 3 – 4 h (9).  Another essential component that defines whether patients will have 

GI effects are the protein kinases present in cells the make up the GI.  Therefore, evaluating the 

selectivity profile at 1 μM drug (Table S5) is useful to estimate inhibitory activities that may 

contribute to GI clinical effects.  Ribociclib is expected to achieve ten-fold higher GI 
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concentrations than palbociclib and ribociclib so this analysis is only a coarse estimate.  

Evaluating drug affinities in vitro at permissive ATP concentrations (i.e. Km,ATP) may overstate 

contributions (Table S5A) so the inhibition can be calculated at more realistic concentration of 

the competitive ligand (1 mM ATP) and expected drug concentrations (e.g. 10 μM).  This 

analysis reduces the list of potential off-target kinase activities significantly expected to 

contribute to GI toxicities (Table S5B).  From this analysis, palbociclib and ribociclib are 

expected to have minimal contributions from kinase polypharmacology in the GI while 

abemaciclib has possibility of contributions from kinases in addition to CDK4/6. 
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