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Abstract 

Cyclin-dependent kinases (CDKs) regulate cell cycle progression and transcription. CDK7 

plays a pivotal role in cell division and proliferation, and the CDK7 gene often exhibits 

mutations or copy number loss in cancer. Pharmacological targeting of CDK7 has been 

proposed as a cancer treatment strategy and several inhibitors are currently in clinical trials. As 

opposed to CDK2, the use of structure-assisted drug design for CDK7 has been limited. We 

present here CDK2m7, a CDK2-based CDK7 mimic created by mutagenesis of the CDK2 

active site pocket. CDK2m7 can be produced in E. coli in a fully active complex with cyclin 

A2 in high yield and purity. CDK2m7 exhibits a shift in inhibitor selectivity from CDK2 to 

CDK7 and readily crystallizes. Therefore, it can be used in structure-assisted design of CDK7 

inhibitors, as demonstrated by the crystal structure of the complex with inhibitor SY5609. 

CDK2m7 thus represents a simple and affordable platform for CDK7 rational drug design. 
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Highlights 

• CDK2m7 is a CDK7 mimic created by rational mutagenesis of the CDK2 active 

pocket 
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• CDK2m7 active site mutations result in inhibitor selectivity shift from CDK2 to 

CDK7 

• CDK2m7 crystal structure with inhibitor SY5609 validates previous modelling 

studies 

• CDK2m7 represents a simple and affordable model for CDK7 inhibitor development 

 

Introduction 

Cyclin-dependent kinases (CDKs) in cooperation with cyclins orchestrate various cellular 

processes, of which the promotion of the cell cycle progression and transcription have been 

shown to be fundamental [1, 2]. Interestingly, CDK7 and CDK12 perform dual functions and 

are required for both transcription and cell cycle control [3]. CDK7, binding its regulatory 

partners cyclin H and MAT1, is responsible for the phosphorylation and activation of specific 

cell cycle CDKs, thereby driving cell division and proliferation. As a component of the multi-

subunit general transcription factor TFIIH, CDK7 plays a pivotal role in the phosphorylation 

of the C-terminus of RNA polymerase II at serine 5 and serine 7 and regulates transcription 

initiation [4, 5]. In addition, CDK7 controls co-transcriptional 5′-end capping of the nascent 

mRNA and through T-loop phosphorylation of CDK9, CDK12 and CDK13 can prime RNA 

polymerase II for subsequent phosphorylation to facilitate transcriptional elongation [2]. 

Transcriptional CDKs, including CDK7, exhibit significant copy number loss or mutations in 

cancer. Genomic analyses of thousands of tumor samples have revealed that CDK7 losses 

correlate with increased sensitivities to DNA-damaging drugs [6]. Given that CDK7 

preferentially regulates the expression of DNA damage response (DDR) genes and impairs the 

activity of homologous recombination (HR), pharmacological targeting via CDK7 inhibitors 

in HR-proficient tumors has been proposed as a strategy to treat cancer in combination with 

PARP inhibitors or other DNA-damaging agents [6]. 

Numerous highly potent and selective CDK7 inhibitors have been introduced, represented by 

classical ATP competitors (e.g. BS181, LDC4297 or samuraciclib), irreversible inhibitors 

attacking C312 of the CDK7 outside of the ATP cavity (e.g. THZ-1, mevociclib), or chimeric 

molecules responsible for E3 ligase-mediated degradation (e.g. PROTACs derived from YKL-

5-124) [7-13] (Figure 1). To date, no CDK7 inhibitors have been approved as drugs, but several 

candidates entered clinical trials (e.g. TY-2699a, BTX-A51, LY3405105, Q901) , but their 

structures and relevant experimental data have not been disclosed yet [7, 14]. 
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Figure 1. Examples of selective CDK7 inhibitors. 

 

Structure-based drug design on CDK7 has not been extensively used due to the lack of a well-

established structural biology platform for this kinase, especially when compared to CDK2. 

CDK2 can be easily expressed in a phosphorylated form in E. coli and co-purified with cyclin 

A2 [15]. There are over 400 structures of CDK2 in the Protein Data Bank (PDB) [16], and 

high-resolution structures with many inhibitors are available. CDK2 is therefore often used as 

a model for structure-assisted design of inhibitors of other CDKs. CDK7 requires expression 

in insect cells [17, 18], and until recently, there have been only few X-ray structures of CDK7 

in the PDB – relatively low-resolution monomeric CDK7 in complex with ATP [17] and with 

inhibitor LDC4297 (PDB 8p4z, unpublished), and dual T-loop phosphorylated CDK7 in 

complex with cyclin H, MAT 1, and a camelid nanobody [19]. Only very recently, cryo-electron 

microscopy (cryo-EM) has been demonstrated to be suitable for structural studies of inhibitor 

binding to CDK7. High-resolution cryo-EM structures have recently been determined for 

CDK7 complexes with cyclin H and MAT 1 with adenosine 5'-O-(3-thio)triphosphate (ATP-

gamma-S) and with a number of inhibitors including for example THZ1, samuraciclib 

(CT7001=ICEC0942), and dinaciclib [18, 20, 21]. Additional cryo-EM structures of CDK7 in 

large complexes including RNA polymerase are available, but they are unrelated to inhibitor 

design. 

In this work, we present CDK2m7 – a CDK2-based CDK7 mimic that can be expressed in E. 

coli in a fully active phosphorylated form. Similar approach has been successfully used for 

several other kinases, including CDK4 [22], AKT [23], ROCK [24] and ATR [25]. We 

demonstrate that CDK2m7 can be purified in complex with a fragment of cyclin A2 with a 

yield and purity suitable for X-ray crystallography and we show the shift of selectivity from 

CDK2 to CDK7 in kinase assay, validating CDK2m7/cyclin A2 as a good mimic of CDK7 and 

a suitable model for co-crystallization with inhibitors. We also present the crystal structure of 
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CDK2m7 in complex with cyclin A2 and inhibitor SY5609, a selective CDK7 inhibitor 

currently undergoing clinical trials. 

 

Material and Methods 

 

Molecular cloning 

The expression plasmid was constructed based on the design by D. Barford, J. Tucker, N.R. 

Brown and N. Hanlon (unpublished data). It is composed of two units, GST-tagged Civ1 and 

GST-tagged CDK2m7, both under the control of Ptac promotor. Civ1 is preceded by thrombin 

protease site, whereas CDK2m7 is preceded by PreScission protease site. Using the PreScission 

protease in the course of purification (see below) will thus release only CDK2m7, whereas 

GST-tagged Civ1 will be separated by binding to GST-Sepharose [15]. 

DNA coding for Civ1 kinase, obtained by PCR using yeast genomic DNA as template and 

primers that introduced BamHI, stop codon and EcoRI sites, was cloned as BamHI-EcoRI 

insert into modified pGEX6P1; the modification consisted in replacing the PreScission 

protease site by thrombin site.  

To obtain CDK2m7, complete CDK2 coding region was first subcloned as BamHI-XhoI from 

pGEX6P1-CDK2 (Addgene, USA) into pBluescript. There, the synthetic DNA fragment 

BamHI – internal NheI (Eurofins Scientific, Luxembourg) and containing mutations specific 

for CDK2m7 was used to replace the corresponding region in CDK2. This modified DNA was 

put back into pGEX6P1 vector as BamHI-XhoI and served as a template for PCR with the 

primers having SalI at the 5´and NotI at the 3´, allowing amplification of the region spanning 

Ptac promotor, GST tag, and a complete coding region of CDK2m7. SalI-NotI fragment was 

then cloned into the Civ1-containing pGEX6P1 vector described above. 

 

Protein expression and purification 

The expression and purification procedure were based on a previously published protocol [15]. 

CDK2m7 was overexpressed from the pGEX6P1-based expression vector described above 

together with the Civ1 kinase, which phosphorylated CDK2m7 during the co-expression. The 

expression was performed in E. coli CONTROLLER BL21(DE3) at 37 °C in LB medium 

supplemented with 0.5% glycerol and 100 µg/mL ampicillin. At OD550nm of 0.7, temperature 

was decreased to 18 °C and protein expression was induced with 100 µM ethyl-β-D-

thiogalactopyranoside; the cultivation proceeded for 20 h. 
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A fragment of cyclin A2 (residues 175-432, gifted by Daniel Fisher, IGMM-CNRS, 

Montpellier, France) was overexpressed from a pET-21d(+)-based expression vector [26] in E. 

coli BL21(DE3) at 37 °C in LB medium supplemented with 0.5% glycerol and 100 µg/mL 

ampicillin. At OD550nm of 0.5, temperature was decreased to 27 °C and protein expression was 

induced with 100 µM ethyl-β-D-thiogalactopyranoside; the cultivation proceeded for 4 h. 

Cell paste from 3 liters of each the CDK2m7 and cycA cell cultures was processed separately 

as follows. The cycA-expressing cells were resuspended in 450 mL of 50 mM Tris pH 8.0, 300 

mM NaCl completed with protease inhibitor cocktail (Clontech, USA). The CDK2m7-

expressing cells were resuspended in 450 mL of purification buffer (40 mM HEPES pH 7.5, 

200 mM NaCl, 0.02% monothioglycerol, 5 mM DTT) completed with protease inhibitors 

(Clontech, USA). The cells were lysed by Avestin Emulsiflex C3 (ATA Scientific Instruments, 

Australia), clarified by centrifugation (23,500 g, 4 °C, 1 h), and pooled together before 

purification by affinity chromatography. The combined lyzate was loaded on a home-made 15 

mL GSTrap column (Cytiva, UK) pre-equilibrated in purification buffer using gravity flow. 

After washing the column with purification buffer, the bound complex was eluted with 20 mM 

glutathione in purification buffer. PreScission protease (Merck, Germany) was added in a 1:20 

(w/w) ratio to the eluted protein and the cleavage was performed overnight at 4 °C. The cleaved 

protein was then concentrated to 11 mg/mL and fractionated by size-exclusion chromatography 

on a HiLoad 16/600 Superdex200 pg column (GE Healthcare, USA) and Äkta FPLC (GE 

Healthcare, USA) in the purification buffer. Fractions containing the CDK2m7/cycA complex 

were pooled, reloaded onto a GSTrap column to remove the GST, and the flowthrough 

containing pure CDK2m7/cycA was concentrated to 7.3 mg/mL and stored at -80 °C until 

further use. The purification procedure yielded 3.5 mg of pure CDK2m7/cycA complex per 

liter of CDK2m7 cell culture.  

 

Crystallization 

CDK2m7/cycA at the concentration of 7.3 mg/mL in 40 mM HEPES pH 7.5, 200 mM NaCl, 

0.02% monothioglycerol, 5 mM DTT was mixed with 10 mM inhibitor SY5609 in 100% 

DMSO. The final protein and inhibitor concentration was 6.9 mg/mL and 0.65 mM, 

respectively, and the final protein:inhibitor molar ratio was 1:3. The sample was incubated for 

45 min on ice and clarified by centrifugation (22,000 g, 4 °C, 15 min). The crystal of 

CDK2m7/cycA in complex with SY5609 was obtained by the sitting-drop vapor diffusion 

technique in Swissci 96-well 3-drop plates (Molecular Dimensions, USA) using the Oryx8 
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robot (Douglas Instruments, UK). The reservoir solution contained 30 µl of 0.8 M succinic acid 

pH 7.0 from the JCSG+ Suite (Molecular Dimensions, USA). Crystallization drops were 

prepared by mixing 100 nl of the protein-inhibitor complex and 100 nl of the reservoir solution 

and incubated at 18 °C. Crystals appeared after 6 days and were harvested after 3 weeks and 

cryoprotected with 30% glycerol in the reservoir solution prior to flash-cooling in liquid 

nitrogen.  

 

X-ray structure determination 

Diffraction data were collected on beamline PX2a of Synchrotron SOLEIL and processed 

automatically in XDS [27]. The structure was solved by molecular replacement in Molrep [28] 

using the CDK2-cycA structure with the PDB code 7qhl [29] as the search model. The model 

was refined in Refmac [30] from the CCP4 package [31] in combination with manual 

adjustments in Coot [32]. Ligand geometry definition file was created by the program eLBOW 

[33] from the Phenix suite [34]. Electron density maps and model coordinates were deposited 

into the PDB [16] under the accession code 9GLA. Data collection and refinement statistics 

are listed in Table 1. Structural analysis of inhibitor binding was performed using the program 

CONTACT from the CCP4 package [31].  

 

Kinase inhibition assay 

Kinase assays with CDK2/cyclin A2, CDK9/cyclin T1 and CDK7/cyclin H/MAT1 complexes 

were assayed as previously described [35]. Briefly, CDK2m7/cyclin A2 kinase reactions were 

assayed with histone H1 as a substrate (1 mg/mL, Merck) in the presence of 1.5 µM ATP, [γ-

33P]ATP, and the test compound in a final volume of 10 μl of reaction buffer (100 mM HEPES-

NaOH, pH 7.4, 3 mM MgCl2, 3 mM MnCl2, 3 μM Na-orthovanadate, 1.2 mM DTT, 2.5 μg/50 

μl of PEG20.000). Assays were performed at least in triplicate for 30 min using an Eppendorf 

ThermoMixer (350 rpm, 30 °C) in a 96-well format. The reactions were stopped by adding 5 

μl of 3% aq. H3PO4. Aliquots were spotted onto P-81 phosphocellulose (Whatman), washed 3× 

with 0.5% aq. H3PO4 and finally air-dried. Kinase inhibition was quantified using a FLA-7000 

digital image analyzer and IC50 values were determined from dose-response curves as the 

concentration of the test compounds required to reduce the activity by 50%. The concentration 

of ATP used in the kinase assay was determined based on the Km value for ATP of each enzyme, 

which was determined for each kinase using a standard assay over an appropriate range of ATP 

concentrations. All assays were linear with respect to time and enzyme concentration under the 

conditions used.  
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Reagents 

The collection of CDK inhibitors was purchased from MedChemExpress (ribociclib, SY5609, 

BS-181, LDC4297, JSH-150, CDK2-IN-4), Santa Cruz Biotechnology (RO-3306, NU6102), 

or Selleck Chemicals (samuraciclib).  

 

Results and Discussion 

 

Design of CDK2m7, a CDK2-based CDK7 mimic 

The active pocket of cyclin-dependent kinases in general exhibits high plasticity, especially in 

the glycine-rich loop, and can accommodate a range of ligands with different chemical 

structures. To design mutations in the active site of CDK2 that would mimic CDK7, we have 

aligned selected ligand-bound structures of CDK2 and all structures of CDK7 available in the 

Protein Data Bank (PDB, RCSB.org) as of April 2023 [16] and identified CDK regions 

involved in contacts with ligands. We have then mutated the contact regions to the sequence of 

CDK7, except for those residues that had side-chains oriented away from the active pocket. 

The resulting CDK2 variant carries 12 mutations modifying the active pocket to mimic CDK7 

(Figure 2) and is hereafter referred to as CDK2m7. CDK2m7 represents the first-choice design, 

i.e. the most extensive mutant, and we have not tested any other variants. 
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Figure 2. Design of CDK2m7. Structural (A) and sequence (B) alignment of N-terminal 

portions of CDK2 (PDB 8fp5 [36]) and CDK7 (PDB 1ua2 [17]). Regions forming the ligand-

binding pocket are highlighted in yellow and cyan in CDK2 and CDK7, respectively. Mutated 

residues are shown as sticks with residues labelled in the CDK2/CDK7 order (A) and 

highlighted by boxes (B). The active site is marked by the ATP-Mg2+ complex from PDB 1ua2. 

Sequence alignment was created in Clustal Omega [37]. C. Coomassie-stained SDS-PAGE gel 

documenting the purity of the CDK2m7/cyclin A2 (cycA2) complex. 

 

CDK2m7 can be expressed in E. coli in the Thr160-phosphorylated form and co-purified with 

a fragment of cyclin A2 (cycA, residues 175-432), separately expressed in E. coli. The simple 

purification protocol, which is described in detail in the methods section, combines affinity 

chromatography with size-exclusion chromatography and yields about 3.5 mg of pure and fully 

active CDK2m7/cycA complex per 1 liter of CDK2m7 cell culture (Figure 2C). In our hands, 

the complex readily crystallizes at concentrations around 7 mg/mL in conditions from the 

Morpheus and JCSG+ crystallization screens. In addition, there are numerous structures of 

CDK2/cycA complexes in the PDB, with crystallization protocols applicable to 

CDK2m7/cycA. The expression, purification, and crystallization protocols presented here thus 

provide a simple and robust platform that can mimic CDK7 in structure-assisted design of 

CDK7 inhibitors.  
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Evaluation of inhibitor binding in CDK2m7 

To confirm the suitability of the introduced mutations in CDK2m7, inhibitor binding was 

verified using a panel of CDK inhibitors with varying selectivity. Ribociclib (CDK4/6i), RO-

3306 (CDK1i) and JSH-150 (CDK9i) were selected as compounds that should not target either 

CDK2 or CDK2m7 [38, 39]. Our results confirmed that the site-directed mutagenesis of the 

CDK2 active site pocket did not alter the preference of these tested inhibitors for the other 

studied CDKs (Figure 3). NU6102 and CDK2-IN-4, both nanomolar CDK2i [26, 40], displayed 

no inhibition of CDK2m7 (IC50 > 1 µM), which was also consistent with control data on the 

recombinant CDK7/cyclin H/MAT1 complex, confirming the effective modifications of the 

active site of CDK2. Finally, to demonstrate that CDK2m7 is a suitable model for structure-

assisted design of CDK7 inhibitors, we tested several potent CDK7 inhibitors. SY5609 and 

BS-181 are described as selective CDK7 inhibitors [8, 41], which was confirmed also by our 

measurements (see Figure 3), where both showed no inhibition of CDK2 (IC50’s > 1 µM), 

whereas CDK7 was effectively inhibited at nanomolar ranges (IC50’s = 9 and 87 nM). We found 

that CDK2m7 was strongly inhibited by both inhibitors in nanomolar concentrations, although 

the IC50 values were ~ 6-fold higher than for CDK7. We also tested samuraciclib and LDC4297 

[9, 10], which are published as CDK7 selective inhibitors, but with a lower selectivity index 

than SY5609 and BS181. Despite their low selectivity towards CDK7 in our hands (see Figure 

3), both have retained single digit nanomolar values on CDK2m7. 

Taken together, the abovementioned results demonstrate that the active site of CDK2m7 

mimics well that of CDK7, and thus provides an estimation of the binding of CDK7 selective 

inhibitors. 

 

 

Figure 3. Kinase inhibition data expressed as IC50 values complemented by graphic illustration 

of the selectivity for certain CDK. Graphics (yellow and blue bars, + signs represent IC50 values 

above the highest tested level) illustrate CDK activity on a log10 scale where midpoint 

corresponds to 1 μM. The IC50 values were measured at least in triplicates. 
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Crystal structure of CDK2m7/cycA in complex with SY5609 

We determined the crystal structure of active, Thr160-phosphorylated CDK2m7 in complex 

with a fragment of cyclin A2 and inhibitor SY5609 [41] (CDK2m7/cycA/SY5609) at the 

resolution of 2.2 Å. For data collection and refinement statistics, see Table 1. The asymmetric 

unit comprised one CDK2m7/cycA heterodimer with SY5609 bound in the active site (Figure 

4). The quality of the electron density map allowed modeling of the complete protein sequence 

except for CDK2m7 residues 1, 39, and 295-298.  

 

Table 1. Data collection and refinement statistics. 

Values in parentheses refer to the highest resolution shell. 

Data collection statistics 

PDB code 9GLA 

Space group C2221 

Cell parameters (Å; °) 
a = 71.9, b = 109.8, c = 163.6;  

α = β = γ = 90 

Number of molecules in AU 1 

Wavelength (Å) 0.918 

Resolution (Å) 48.47-2.18 (2.31-2.18) 

Number of unique reflections 33,815 (5,245) 

Multiplicity 13.3 (12.9) 

Completeness (%) 99.3 (97.1) 

Rmeas 33.5 (393.1) 

CC(1/2) 99.6 (35.8) 

Average I/(I) 9.5 (0.7) 

Wilson B (Å2) 52.4 

Refinement statistics 

Resolution range (Å) 48.46-2.18 (2.24-2.18) 

No. of reflections in working set 32,030 (2,112) 

No. of reflections in test set 1,685 (110) 

R value (%) 20.1 (57.9) 

Rfree value (%) 24.9 (57.2) 

RMSD bond length (Å) 0.007 

RMSD angle (º) 1.442 

Number of atoms in AU 4,667 

Number of protein atoms in AU 4,521 

Mean B value (Å2) 53.1 

Ramachandran plot statistics 

Residues in favored regions (%) 96.9 

Residues in allowed regions (%) 99.7 
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Figure 4. Crystal structure of CDK2m7/cycA/SY5609. A. Overall structure of the CDK2m7 

(green and grey) complex with cycA (pink) and SY5609 (grey sticks). The position of 

phosphorylated Thr160 is indicated. The N-terminal portion of CDK2m7 surrounding the 

ligand-binding cleft (shown in detail in panel C) is colored grey. B. Simulated annealing omit 

map (2mFo-DFc) contoured at 1  is shown for SY5609. C. N-terminal portion of CDK2m7 is 

shown in a view corresponding to Figure 2A. Regions predicted to interact with ligands during 

the design of CDK2m7 are highlighted in yellow and mutated residues are shown as cyan sticks.  

 

The inhibitor SY5609 binds to the active site cleft between the N-terminal and C-terminal 

domains of CDK2m7 and forms numerous hydrophobic and polar interactions with residues of 

the active site pocket subsites [42] (Figure 5). The amidopyrimidine moiety is sandwiched 

between Ala31 and Leu134 with further hydrophobic contribution of residues Leu10 and 

Phe82, and forms two conserved hydrogen bonds with the main chain atoms of the hinge-

region residue Met83. The trifluoromethyl modification of the pyrimidine ring points to a 

protein interaction region outlined by Ile64, Ala144, and the main chain of Glu81, and stacks 

against the gatekeeper residue Phe80. The 6,6-dimethylpiperidine moiety is oriented along the 

main chain of Glu84 towards the “specificity-surface” residues Thr85, Asp86, and Val89. The 
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protonated, positively charged piperidine nitrogen forms a hydrogen bond and a salt bridge 

with Asp86. The indole moiety binds near Leu10 and is oriented towards the phosphate-ribose-

binding pocket, stacking with Val18. The indole nitrogen interacts through a hydrogen bond 

with Asp145. The C6-nitrile modification on the indole points towards Gly11 and forms a 

water-mediated hydrogen bond with the main chain carbonyl of Glu12 from the glycine-rich 

loop. The dimethyl phosphine oxide moiety is relatively solvent-exposed and forms a weak C-

H…O hydrogen bond with Asp145.  

 

 

Figure 5. Interactions between CDK2m7 and SY5609. A. A schematic representation of the 

interactions between CDK2m7 and SY5609. Residues within van der Waals distance are shown, 

and mutated residues are labelled cyan and residues conserved between CDK2 and CDK7 are 

labelled black. Brown ovals indicate hydrophobic interactions. Hydrogen bonds are shown as 

black dotted lines and a salt bridge as a grey dashed line. B. A structural representation of the 

interactions between CDK2m7 and SY5609. Residues within van der Waals distance are shown 

as sticks below a semitransparent protein surface. Mutated residues are highlighted in cyan 

while residues conserved between CDK2 and CDK7 are colored white. Hydrogen bonds are 

shown as black dashed lines.  

 

CDK2m7 maintains the integrity of the active site 

To evaluate the suitability of CDK2m7 to serve as a structural tool for studies of CDK7 

inhibition, we compared CDK2m7/cycA/SY5609 with available structures of inhibitor 

complexes of CDK7 (Figure 6) [18, 20] and with the structure of CDK2 with compound 4 from 

the inhibitor series leading to SY5609 (Figure 7) [41]. In case of CDK7, we selected structures 
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of the active CDK7 form in a complex with cyclin H and MAT 1 (CDK7/cycH/MAT1), and 

with non-covalent ligands; specifically, with adenosine 5'-O-(3-thio)triphosphate (ATP-

gamma-S) [18], and with Samuraciclib (CT7001, ICEC0942) [20]. It is clear that the mutations 

do not disrupt the integrity of the active site and the side-chains of the mutated residues adopt 

conformations similar to those in the ligand-bound structures of the CDK7/cycH/MAT1 

(Figure 6). Local differences in the ligand-binding residues can be attributed to accommodation 

of different ligands. This is especially noticeable in the flexible glycine-rich loop.  

 

  

Figure 6. Structural comparison of CDK2m7 and CDK7. Structural alignment of N-terminal 

portions of CDK2m7 with SY5609 (grey) and CDK7 with Samuraciclib (PDB 8p6v, cyan) and 

CDK7 with an ATP analogue ATP-gamma-S (PDB 8p6y, violet). The green sphere represents 

a magnesium cation from PDB 8p6y. Mutated residues are shown as sticks with residue 

numbering indicated in the CDK2/CDK7 order. 

 

CDK2m7 keeps the overall binding mode of the SY5609 inhibitor lineage 

CDK7 inhibitors often exhibit affinity also to CDK2 and crystal structures of their complexes 

with CDK2 can be used as an approximation in structure-assisted development of CDK7 

inhibitors. This was also the case in the design of inhibitor SY5609, where the predecessor 

compound 4 was crystallized with inactive, cyclin-free CDK2 (PDB 7ra5) [41]. Structural 

alignments revealed that SY5609 binds to CDK2m7 in an overall very similar pose as 

compound 4 to CDK2. A direct comparison of binding details is depicted in Figure 7; however, 
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we must keep in mind that the inactive monomeric CDK2 differs in conformation from the 

active, cyclin A-bound CDK2, which may affect how inhibitors bind to these two activation 

states [43]. Nevertheless, the comparison clearly indicates that CDK2m7 keeps the overall 

conserved binding mode of the SY5609 [41] lineage of inhibitors. 

 

 

Figure 7. Structural comparison of the binding of SY5609 to CDK7 and compound 4 to CDK2. 

A. Structural alignment of N-terminal portions of CDK2m7 with SY5609 (grey) and CDK2 

with compound 4 (PDB 7ra5, yellow) [41]. B. Chemical structure of SY5609. C. Chemical 

structure of compound 4. D. Interactions between CDK2m7 and SY5609. E. Interactions 

between CDK2 and compound 4. Hydrogen bonds are shown as dashed lines and water 

molecules as red spheres. Residues interacting with either of the inhibitors are shown as sticks 

and mutated residues are highlighted in cyan. 

 

Crystal structure of CDK2m7/cycA/SY5609 supports the molecular docking model of 

CDK7/cycH/MAT1/SY5609 

Binding of SY5609 to CDK7 was previously simulated by docking SY5609 into the structure 

of active CDK7 in complex with cyclin H and MAT1 (PDB 7b5q [20]) [41], followed by 

molecular dynamics simulations. The interactions with CDK7 predicted in the docking 
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experiments agree well with our structure. The interaction network is virtually unchanged in 

the hinge and gatekeeper region, including the main inhibitor scaffold. These interactions, 

however, are conserved between CDK2 and CDK7.  

During the development of SY5609, modifications of positions 6 and 7 of the indole moiety 

and position 6 of the piperidine moiety appeared to play the greatest role in the shift of 

selectivity towards CDK7 over off-target CDKs [41]. The dimethyl modification of the 6-

position of the piperidine moiety was suggested to improve the selectivity towards CDK7 by 

engaging the non-conserved Val100 in CDK7 [41] (K89V mutation in CDK2m7). Indeed, our 

structure confirms that the dimethyl group forms van der Waals interactions with Val89 in 

CDK2m7 and would potentially clash with Lys89 in CDK2. 

Position 6 of the indole ring is modified with the nitrile moiety pointing towards the P-loop, 

and position 7 is modified by the dimethyl phosphine oxide, occupying the phosphate-binding 

sub-pocket and interacting with the catalytic Asp145. In the molecular modelling experiments, 

the nitrile moiety was suggested to interact transiently through water-mediated hydrogen bonds 

with the backbone carbonyl of Glu20 (Glu12 in CDK2m7). Our structure serves as an 

experimental proof of this interaction with the P-loop. 

In the modeling approach, the conformation of SY5609 was constrained in a conformation 

observed in the small molecule X-ray structure of the inhibitor, preserving an internal hydrogen 

bond between the phosphine oxide and the indole NH group [41]. This conformation imparts 

favorable pharmacokinetic properties to SY5609, such as improved permeability. Docking of 

the inhibitor in this constrained conformation resulted in water-mediated hydrogen-bond 

interactions between the phosphine oxide and the catalytic Lys41 (Lys33 in CDK2m7) and 

Asp155 (Asp145 in CDK2m7). However, our structure shows that this conformation of the 

dimethyl phosphine oxide engaged in the internal hydrogen bond with the indole nitrogen is 

not favorable when bound in the active site of CDK2m7, because the oxygen atom would 

repulse with the side chain of the catalytic residue Asp145, which is held in place by a hydrogen 

bond and a salt bridge with catalytic Lys33. Asp145 rather forms a weak hydrogen bond with 

a methyl group of the dimethyl phosphine oxide. Such orientation of this methyl group is 

consistent with the structure of CDK2 with compound 4 [41] (Figure 7).  

 

While the CDK2m7 protein presented in this work is an extensive active site mutant, in the 

light of new structural information, it can serve as a basis for the design of further mimic 

variants containing more amino acid substitutions. In particular, the glycine-rich loop is a 

candidate region to place substitutions in amino acid residues that are not in direct contact with 
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inhibitors but may influence the loop flexibility affecting thus ligand selectivity [20, 44]. For 

example, one such residue could be Ala24, that is unique to CDK7 and corresponds to Gly16 

in CDK2, and was suggested to influence the flexibility of the glycine-rich loop [41]. 

During finalization of this publication, an alternative approach to high-throughput 

crystallographic analysis of CDK7 inhibitors was reported [45], presenting a back-soakable 

crystal form of monomeric CDK7 with two T-loop phospho-mimicking mutations and an 

engineered surface mutation resulting in crystal contacts that enable active kinase 

conformation. The authors also report a CDK2-7 chimera containing seven CDK7-specific ATP 

site mutations (I10L, T14Q, V64I, K88E, K89V, D92K, Q131N) that can be produced in E. 

coli. Contrary to our study, this chimera is a monomeric and inactive (non-phosphorylated) 

kinase with no cyclin bound and does not contain CDK7-mimic mutations in the inhibitor-

binding hinge region. The CDK2m7 mimic presented here can be produced in E. coli and 

readily co-crystallized with CDK7 inhibitors, without the need of back-soaking that usually 

requires higher-affinity inhibitors. CDK2m7 thus represents a valuable tool for rapid and 

affordable assessment of both structural and functional aspects of CDK7 inhibitor binding. 

 

In conclusion, CDK2m7 can be produced in E. coli in a fully active, phosphorylated form in 

complex with cyclin A2. The purification protocol provides a yield and purity suitable for X-

ray crystallography. CDK2m7 exhibits a shift in selectivity from CDK2 to CDK7 and can 

therefore serve as a good mimic of CDK7 in structure-assisted design of CDK7 inhibitors. 

CDK2m7 represents a simple, widely available, and affordable model system for CDK7 drug 

development. 

Data statement 

The crystallographic data were deposited in the Protein Data Bank (https://www.rcsb.org/) 

under the accession code 9GLA.  

Glossary 

CDK active site pocket sub-sites, as defined for CDK2 [42]: 

hinge-region: Glu81-Leu83;  

gatekeeper residue: Phe80;  

specificity-surface: residues Gln85, Asp86, and Lys89;  

phosphate-ribose-binding pocket: outlined by residues Gly13, Lys129, and Gln131;  

glycine-rich loop: Gly11-Gly16. 

Abbreviations 

CDK, cyclin-dependent kinase; cyc, cyclin; CDK2m7, CDK2-based CDK7 mimic 
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