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Abstract 

Dysregulation of Cyclin Dependent Kinase 2 has been implicated in several forms of 

cancer. Of particular medical importance in molecular dynamics studies of CDK2 is 

elucidating the ways in which drug ligands can bind and inhibit the molecule most 

effectively. This study uses MD simulations to analyze differences in dynamics between 

phosphorylated and unphosphorylated monomeric CDK2, with the aim of providing 

additional information for improvement in CDK2 inhibitory drug design. 

Among factors involved in CDK2 regulation include activation via phosphorylation of 

residue T160. This results in a more disordered activation loop, which loop includes the 

kinase-conserved DFG-motif.  The DFG-in conformation allows ATP to bind and activate 

the kinase, while the DFG-out conformation is inactive. Inhibitors which bind in the 

inactive DFG-out conformation may be associated with slower off-rates than active-

conformation binders, making dynamics of the DFG-loop an important factor in drug 

discovery. 

Previous MD simulations involving CDK2 have used only the unphosphorylated 

monomeric form, assuming a linear activation process wherein cyclin binds CDK2 before 

T160 is phosphorylated. However, phosphorylation of T160 in monomeric CDK2 has 

been confirmed, meaning that a significant chemical species of the molecule has yet to be 

analyzed in silico, and phosphorylated T160 in the CDK2 monomer may result in a 

significant difference in protein dynamics and affinities for the free and bound states of 

various drug ligands. Here differences in protein dynamics are analyzed between 

phosphorylation states of T160 in monomeric CDK2, with an emphasis on the effects on 

the activation loop and DFG conformations. 
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Introduction 

CDK2 is a well-studied kinase9, requiring a fully-active state conformation to 

allow ATP binding and phosphorylation of target peptide sequences2. Fully-active 

conformational changes are dependent on both CDK2 binding to cyclins (A, E) and  

phosphorylation of residue T160 by the kinase CAK10. Changes between active and 

inactive states require large conformational changes in several different areas, including 

the T-loop, DFG-loop, αC helix, and a glycine-rich loop3,10.  

Phosphorylation of residue T160 results in a more disordered activation loop, 

which includes the almost universally kinase-conserved 3-residue DFG-motif5,7,8. The 

added entropy of the phosphorylated T160 in the activation loop may provide a large 

enough change in free energy to flip the DFG-loop from DFG-in to DFG-out4. While the 

DFG-out conformation is inactive, the DFG-in conformation allows ATP to bind and 

activate the kinase. Type II inhibitors (which bind in the inactive DFG-out conformation) 

may be associated with slower off-rates than active-conformation binders1, wherein a 

slower off-rate means a more effective inhibitory drug. Therefore, studies of dynamics 

Figure 1:CDK2 Monomer shown rotated on the z-axis 
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and conformations of the DFG-loop region are important in the discovery of new Type II 

inhibitors11.  

Previous MD simulations involving monomeric CDK2 have used only the 

unphosphorylated form, assuming a linear activation process wherein cyclin binds CDK2 

before T160 is phosphorylated3,6,12,13. However, phosphorylation of T160 in monomeric 

CDK2 has been confirmed in vitro4, meaning that a relevant chemical species of the 

molecule has yet to be analyzed in silico, and phosphorylated T160 in the CDK2 

monomer may result in a significant difference in protein dynamics and affinities for the 

free and bound states of various drug ligands. Here differences in protein dynamics are to 

be analyzed between phosphorylation states of T160 in monomeric CDK2, with an 

emphasis on the effects on the activation loop and DFG conformation. 

Methodology 

MD simulations were performed using 

Amber14 with the Amber 1499SB force field for 

the protein and a one-off T2P force field for the 

phosphorylated threonine 160 (using a 2- charge 

model). Protonation states for amino acid residues 

were checked using the MCCE program, and were 

assigned based on a pH of 7.4. Energy 

minimization was performed for hydrogen atoms, 

protein side chains, and the whole system for 500, 

2,500, and 2,500 steps, respectively. Periodic boundary conditions were assumed and the 

particle mesh Ewald method was used to consider long-range electrostatic interactions.  

Figure 2: Apart from the usage of standard 
counter ions, additional salt was added to 
bring up the concentration to 40 mM. 
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The system was then solvated in a rectangular box of 10 Å with an explicit TIP3P 

water model by the tleap program in the Amber14 package for a total box size of 77 Å x 

94 Å x 86.5 Å (626,000 Å3 total for the pT160 system before equilibration). Grid 

placement of Na+ and Cl- was done to give an ionic concentration of 40mmol/L. Two 

additional counter ions of Cl- were then added based on the Coulombic potential to keep 

the whole system neutral (reduced to charge 0.000001).  

Before equilibration, energy minimization was run for the solvent waters and 

ions, keeping the protein and crystal waters restrained. Then a standard water 

minimization was done, first keeping the protein backbone restrained for 1,000 steps and 

then allowing a full-system minimization for 5,000 

steps. 

A short NVT (isothermic-isochoric) 

equilibration was performed for 10 ps with the 

protein fixed to stabilize the system before 

subsequent NPT (isothermic−isobaric) equilibration 

for 100 ps. The system was then gradually heated at 

NPT from 200-250K, 250-275K, and 275-300K for 

20 ps per step. The temperature was then raised to 

310K and allowed to equilibrate an additional 190 ps (a total of 360 ps for equilibration).  

Production runs have been performed for 100 ns at 310 K for both the 

phosphorylated and unphosphorylated models. Resulting trajectories were collected every 

1 ps with a time step of 2 fs at NPT. Langevin dynamics were used with a collision 

frequency of 2 ps− 1 to maintain a temperature of 310K, and the SHAKE procedure was 

Figure 3: Energy minimization was run 
for solvent waters and ions with restrained 
protein and crystal waters. A full water 
minimization followed, along with a full-
system minimization of 5,000 steps before 
the production run. 
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used to constrain hydrogen atoms during MD simulations in order to optimize 

computational time. 

Analytical Discussion 

A thorough check was done on the equilibration and on the first 50 ns of 

production of both the T160 and pT160 systems to ensure no gross human or 

computational error. The 100 bar RMSF for pressure on the system was initially alarming 

(pT160 110.4 bar, T160 120.2 bar), but upon further inspection this fluctuation falls 

within the normal range for the NPT ensemble, and is not equivalent to a 100-bar 

fluctuation that would indeed be alarming in a large-scale macroscopic system. The 

difference in average pressure during equilibration was a factor higher for the 

phosphorylated system, at 27.3 bar vs. 2.8 bar for the non-phosphorylated system. This 

could have been concerning, however, during production the average smoothed out to -

0.4 bar for the pT160 system and +0.4 for the T160 protein. All four average volumes 

remained very constant throughout the equilibration and production runs at 500,000 Å3 

with an RMSF of 505 Å3. Interestingly, there was a difference in AMBER’s calculated 

total energy between the two systems with an additional 1,000 kcal of energy calculated 

for the non-phosphorylated system.   

The fitted regions were examined to confirm that the missing crystal-structure 

residues were fitted correctly.  Preliminary analysis of the first 10 ns of the pT160 system 

indicate that there may be some strain in the region between residues 27-39 (large carbon 

RMSD) and residues 35-44 (elevated backbone RMSD). This is the location where the 

crystal structure coordinates were fitted with PDB 4FKV, a ligand-bound PDB (residues 

37 to 40 were fitted from 4FKV and they have an RMSD of 55.157Å). However, after 
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analysis of the T160 system there are indications that this may not be due to an artifact of 

the residue fitting and could be due to the phosphorylation of the threonine 160 residue, 

as the T160 37-40 segment has less than half the RMSD at 22.141 Å. This large RMSD 

for both systems would be alarming were it not for the knowledge that this activation 

loop is known to be more disordered when it is not bound to a cyclin. 

It is interesting to note that while there is a greater disorder in the pT160 residue 

37-40 segment over the same T160 segment, the pT160 overall backbone RMSD is 1.46 

Å while the T160 RMSD is larger at 2.48 Å. This corresponds well with the 

unphosphorylated protein’s additional 1,000 kcal of energy. Future analysis may delve 

into differences in individual residues or segments to determine if the overall protein is 

more disordered or if this additional disorder is due to differences in specific segments of 

the protein. MMPBSA energy calculations will also be useful in divining whether or not 

the entire protein is higher in energy or if this energy jump is due to specific high energy 

regions with an unphosphorylated T160. 

No hydrogen bonds were found associated with the pT160 residue over the first 

50 ns (with frames pulled every 500 steps), nor with the D145 residue in the DFG loop. 

However, the L12 helix adjacent to the T-loop (in the ATP-binding site) had an 

equilibrium between 0 and 1 unique H-bonds, with 4 instances of 2 H-bonds forming 

within the first 400 frames. Also in the PSTAIRE/alpha-C helix (residues 45-51) there 

was an equilibrium between 0 and 1 unique H-bonds, with several instances of 2 H-bonds 

forming and 4 instances of 3 H-bonds forming. The exact residues participating in the 

hydrogen bonding have not yet been analyzed.  
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Conclusion 

There is much more analysis to be done on the production runs. This should 

include a thorough visual check to determine which residues and motifs to do analysis on 

(in addition to analysis of the G-rich loop, PSTAIRE helix/alpha-C helix, and the 4-

residue hydrophobic spine, which are all implicated in movement from an inactive to 

active form of the enzyme). Further H-bonding analysis will be done to look for changes 

in the hydrogen bonding of amino acid side chains or backbones between the pT160 and 

T160 systems, and additional analysis will be done on RMSD/RMSF for important 

residues/motifs between the two systems. 

Principle Component Analysis must be performed to plot histograms looking at 

protein side chains from residues interacting with the 160 residue in both runs. Plotting of 

backbone phi/psi angles is necessary, especially in the DFG region, to see if 

phosphorylation changes rigidity or preferred conformation of the protein backbone. 

MMPBSA energy calculations need to be completed to attempt to explain differences in 

dynamics via h-bonding, Van der Waals interactions, electrostatics, entropy differences, 

and dihedral energies. 

After additional work into the analysis of the effects of phosphorylation, a clearer 

picture will emerge regarding how and where phosphorylation might affect the monomer. 

Additional investigation could then be done in the future such as running a greater time 

length of simulation or enhanced MD to look for DFG-flipping, or running simulations 

with inclusion of a magnesium ion, ATP ligand, or drug ligands.  
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