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Abstract

The cyclin-dependent kinase 2 (cdk2) is a serine/threonine protein kinase that plays a key role in 

the cell cycle control system of all eukaryotic organisms. It has been a much studied drug target 

for potential anticancer therapy. Most cdk2 inhibitors in clinical development target almost 

exclusively the catalytic ATP-binding pocket of cdk2. However, several five amino-acid peptide 

inhibitors that are directed towards a non-catalytic binding pocket of cdk2 are reported here. Upon 

binding to this new pocket located at the cdk2 and cyclin interface, these peptide inhibitors are 

found to disrupt the cdk2/cyclin E complex partially and diminish its kinase activity in vitro.
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Introduction

The orderly progression of cell division in higher eukaryotes is regulated by a series of 

complexes of cyclin and cyclin-dependent kinase (cdk)1. The catalytic kinase subunit of the 

complex is activated by the regulatory cyclin subunit. Upon binding to cdk, cyclin induces a 

large conformational change of the T-loop of cdk. This exposes the catalytic ATP-binding 

sites of cdk to which potential substrates will interact2. In mammalian cells, there are 13 

known cdks. In particular, the cdk2/cyclin E complex starts to accumulate at the late G1 

phase of the cell cycle and plays a critical role in the G1-S transition3. Cdk2 has thus 
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become a popular drug target for potential anticancer therapies4,5. Indeed, quite a number of 

potent ATP-analogs such as roscovitine and flavopiridol have progressed into advanced 

stages of clinical development6. By binding directly to the ATP-binding pocket of cdks, 

these ATP-analogs have to overcome two potential hurdles of both competing with high 

cellular ATP concentrations and discriminating the rather conserved catalytic sites of the 

ATP-binding pocket among cdks for binding specificity7. Given the potential benefits of 

novel inhibitors of cdks with desired binding affinity and specificity, discovery of other new 

non-catalytic binding sites of cdk2 can be useful since non-catalytic sites tend to be less 

conserved among closely related cdks.

One possible strategy for developing inhibitors that target non-catalytic binding sites on the 

cdk2/cyclin complex is to block the substrate recruitment binding groove identified on the 

cyclin subunit8,9. Yet another strategy is to target the protein-protein interaction interface of 

cdk2 and, for instance, its regulatory cyclin partners. Indeed, a 22-mer peptide, which 

introduces a single mutation in the segment taken from amino acids 285 to 306 in the α-

helix of cyclin A that interacts directly with cdk2, is found to inhibit cdk2 kinase activity 

with an IC50=1.8μM10 The peptide, however, does not compete with the cyclin for cdk2 

binding since it does not disrupt the formation of cyclin A and cdk2 complex. Docking 

simulations appear to suggest that it instead binds to both cdk2 and cyclin A. This finding 

reflects the general challenge to design small molecule or short peptide inhibitors that 

directly target the protein-protein interaction interface because the interface typically spans a 

wide contact area without any obvious dominant contacts to target7. Nonetheless, there are 

remarkably successful instances of designing small molecule inhibitors that target protein-

protein interfaces11.

Interestingly, in a rather different context of searching for peptide inhibitors that suppress 

the replication of human immunodeficiency virus 1 (HIV-1), we recently reported a short 

5mer peptide TAALS that targets the cdk2/cyclin E complex and inhibits the 

phosphorylation of serine 5 of RNA polymerase II (RNAPII) by disrupting the complex 

formation12. To our knowledge, it is the only short peptide that succeeded in partially 

breaking the cdk2/cyclin E complex by binding to a new non-catalytic binding pocket of 

cdk2 that interferes with the interface formation of the complex. Here, we extend our 

previous work by characterizing this new binding pocket of cdk2 in greater details. 

Moreover, by zooming in on the local region of the pocket, we are able to computationally 

design several new peptide inhibitors of cdk2 and verify in vitro that these peptide inhibitors 

indeed break up the cdk2/cyclin E complex and inhibit the kinase activity of cdk2.

Materials and Methods

Peptide Docking

The peptide docking simulations were performed using AutoDock software package version 

3.0513 where the protein receptor (cdk2) was held rigid. To model the flexibility of cdk2 

within this framework, in particular, its flexible T-loop that can directly interfere with the 

targeted binding pocket at the interface, we selected two representative cdk2 conformations 

for docking. They were taken from PDB files 1E1X and 1FIN to represent inactive and 

active cdk2 conformations as in cdk2 alone and cdk2/cyclin complex, respectively, because, 
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upon binding to cdk2, cyclin induces a large swing of the T-loop as part of activating cdk2. 

AutoDockTools was used to prepare the peptide and cdk2 molecules and Kollman charges 

were added. Mass-centered grid maps were generated with 0.36Å spacing for active state 

and 0.33Å spacing for inactive state by the AutoGrid program for the whole cdk2 with 

default parameters. Simulated annealing scheme was chosen for conformational searching 

and the annealing parameters were listed in Table I. First, we use TAALS to locate the 

binding pocket of cdk2. The initial temperature was set to 100kcal/mol and temperature was 

reduced with the ratio 0.995 per cycle. In each cycle, at least 100,000 acceptances or 

rejections were required for the flexible peptide to avoid being trapped in metastable states. 

The annealing procedure was terminated when the acceptance ratio in one cycle was less 

than 5 percent or the total number of the cycles. Each annealing run typically went through 

about 900 temperature cycles and took about 80 minutes of a Pentium4 2.4 GHz processor. 

Six different starting positions, which are the centers of the six faces of a box enclosing 

cdk2, are chosen for the initial position of the peptide. For each starting docking positions, 

198 simulations were run, so a total of 1188 docked configurations were obtained for each 

target. Second, to screen for stronger binding peptides to cdk2, all possible 95 single mutants 

of the TAALS were examined. The docking simulations for these mutants, however, were 

only performed for the active cdk2 in the region around the newly discovered interface 

binding sites. A somewhat large local region of size 32Å × 32Å × 32Å was actually chosen 

so as to ensure the complete coverage of the binding pocket since the precise binding sites 

were unknown. The energy grid was generated with 0.32Å spacing. Simulated annealing 

scheme was chosen for conformational searching and the annealing parameters are also 

listed in Table I. For each mutant, 240 simulations were run. Finally, to evaluate the docking 

results, we used the following procedure. Cluster analysis was first applied to the docking 

results. Here the native clustering method in the AutoDock program was used and the root-

mean-square distance (rmsd) threshold was set to 3Å. Top 10 binding modes were inspected 

visually. For the interesting binding modes, the energy breakdown analysis for kinase was 

performed and the contribution of each residue of cdk2 for the binding (including van der 

Walls, hydrogen bond, salvation, and electrostatic terms, using the same energy function in 

the AutoDock program) was obtained. To determine the key residues of cdk2 in these 

binding modes, the lowest binding free energy conformations were analyzed and the 

residues were ranked by the contribution for binding energy. The structures of the cdk2-

peptide complex were visualized in the VMD program14 and the schematic diagrams of the 

binding mode were generated by LIGPLOT program15.

Cyclin E immunoprecipitation/Cdk2 Western

Size exclusion chromatography was performed on 1mL of C81 cell lysate (30 mg/mL) with 

a Superose 6 10/30 column. Samples were eluted and collected at 0.5mL for 50 fractions. 

Cdk2 containing fractions “28–32” were pooled together. The pooled C81 extracts (250μg 

each) were combined with 10μg/ul of each respective peptide. Cyclin E antibody (Santa 

Cruz, sc-198) was added to each reaction tube (10μL, 2μg) and allowed to incubate while 

rotating overnight at 4°C. The reaction mixture was brought up to 500μL with TNE50 + 

0.1% NP-40. The following day, 30μL of 30% Protein A & G bead slurry was added to each 

reaction tube and allowed to incubate while rotating for 2 hours at 4°C. Samples were spun 

and washed 2X with TNE300 + 0.1% NP-40 and 1X with TNE50 + 0.1% NP-40. 2X 
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Laemmli buffer was added to each sample and heated at 95°C for 3 minutes. Samples were 

loaded and run on a 4–20% Tris-Glycine gel. The gel was transferred overnight onto a 

nitrocellulose membrane, blocked for 2 hours with 3% BSA + 0.1% PBST, and incubated 

with cdk2 antibody (Santa Cruz, sc-163) at a 1:1000 dilution while rocking overnight at 4°C. 

The membrane was washed and incubated with anti-rabbit antibody for 2 hours at 4°C while 

rocking, and was developed with ECL reagent.

Phosphorylation of RNAPII CTD

Similar to the IP westerns, size exclusion chromatography was performed on 4mL of C81 

cell lysate with a Superose 6 10/30 column. Samples were eluted and collected at 0.5mL for 

50 fractions. Cdk2 containing fractions “28–32” were pooled together. CTD 

phosphorylation was performed using anti-cyclin E immunoprecipitates and fractions 28–32. 

The pooled fractions were combined with various amounts of peptides. Cyclin E antibody 

(Santa Cruz, sc-198) was added to each reaction tube (10μL, 1μg) and allowed to incubate 

while rotating overnight at 4°C. The reaction mixture was brought up to 500uL with TNE50 

+ 0.1% NP-40. The following day, 30uL of 30% Protein A & G bead slurry was added to 

each reaction tube and allowed to incubate while rotating for 2 hours at 4°C. Samples were 

spun and washed 2X with TNE300 + 0.1% NP-40 and 1X with TNE50 + 0.1% NP-40. CTD 

phosphorylation was performed using anti-cyclin E immunoprecipitates (1μg/reaction of 

antibody which brought down approximately 100 ng of an active cdk2/cyclin E complex). 

Four concentrations (0.01, 0.1, 1, and 10μM) of two Tat peptides were added to the reaction 

mixture overnight. The total kinase reaction volume was 20 μl for 1hr at 37C. 2X Laemmli 

buffer was added to each sample and heated at 95°C for 3 minutes. Samples were loaded and 

run on a 4–20% Tris-Glycine gel, dried and exposed to a Phosphor Imager cassette. 32P 

labeled bands were observed and counted the next day.

Results

Sites of the new binding pocket of cdk2

We previously reported that a short 5-mer peptide TAALS interacts directly with cdk2 and 

disrupts the cdk2/cyclin E complex. Furthermore, a number of point mutants at positions 

126, 134, 150, 178, 180, and 234 of cdk2 were studied experimentally and two mutants, 

Y180A and K178A, in particular, showed a dramatic reduction in their binding affinity to 

the peptide, suggesting a binding pocket of cdk2 possibly around these two residues12.

To shed light on how the cdk2/cyclin interface might be targeted, we ran the PP_SITE 

program16 to rank the residues involved in the formation of cdk2/cyclin interface using 

structural information available for several cdk2/cyclin complexes in the Protein Data Bank 

(PDB). The results are tabulated in Table II. Unlike several other residues that are identified 

as the crucial residues across all cdk2/cyclin interfaces examined, K178 appears to play an 

important role only in the cdk2/cyclin E1 interface. As such, it would probably not have 

become a favorite residue to target if not for the existence of a suitable binding pocket near 

it, as reported in detail below. Again, this shows that targeting protein-protein interface is a 

difficult task in general.
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Extensive docking simulations of peptide TAALS to the inactive and active states of cdk2 

were performed and two binding conformations of comparable binding free energies of 

−5.11kcal/mol and −5.30kcal/mol were obtained13. The binding modes including the 

residues involved in the new binding pocket of cdk2 are shown in Figure 1(A) and Figure 

1(B) for inactive and active states of cdk2 respectively. To find out exactly the sites on cdk2 

that bind strongly with the peptide TAALS docked in this binding pocket, we computed the 

intermolecular energy between the peptide and each residue of cdk2 including van der 

Waals, hydrogen bond, salvation and electrostatic terms. The top ten residues of cdk2 that 

contribute most to the intermolecular interaction energy are tabulated in Table III. While 

both panels (A) and (B) in Fig. 1 as well as Table III indicate that residues K178 and Y180 

are critical towards peptide binding, which is consistent with the result of alanine mutation 

experiments12, there is a distinction between the results obtained from the inactive and 

active states of cdk2. Only the result from the active state of cdk2 agrees with the alanine 

mutation experimental result suggesting that R126 does not participate significantly in the 

peptide binding to cdk212. Taking this as evidence that the peptide probably binds to the 

active form of cdk2, we focused ourselves to the active form of cdk2 in all subsequent 

simulations in search for possibly more potent peptide inhibitors.

Given the typical difficulty of assessing the accuracy of automated docking simulations as 

above, we sought alternative methods to evaluate the new binding pocket. We applied a new 

program named Cavity which was developed recently by Yuan et al17. The program not 

only detects possible cavites on target proteins but also evaluates the drugability of the 

cavities by assigning a score for each cavity detected. The score is essentially a weighted 

linear sum of several quantities including the geometric factors such as the pocket volume 

and depth that were previously considered in the LigandFit program of Venkatachalem et 

al18 as well as the chemical characteristics of the amino acids in the pocket. When compared 

with the experimentally available binding affinities of a set of small molecules to their 

known target protein binding pockets, a cutoff on the score for acceptance is identified that 

corresponds to high micromolar binding affinity. When the program was applied to the 

active state of cdk2, it found three binding pockets with accepted scores, as shown in Figure 

2. The best binding pocket is the known ATP binding pocket of cdk2. The second best 

binding pocket, whose significance remains unknown to us, consists of amino acids at 

positions 97–101, 104, 194, 196–204, 214, 217–218, 246, 250–251, and 253–254. Finally, 

the third best binding pocket is our new binding pocket described above and it is composed 

of amino acids at positions 124, 152, 154–156, 172, 176–182, 184, 227–230, 232–234, and 

270–272. This finding correlates well with the docking simulation results given in Table III 

as well as the experimental results of alanine scan12. For example, except for the mutant 

P234A, two mutants within this pocket, K178A and Y180A, are critical towards binding, 

while the other three outside the pocket, R126A, Leu134A, and R150A, are much less so.

We also ran the program Cavity for three other cdks using theoretical models of cdk1 

(PDBID: 1LC9) and cdk4 (PDBID: 1LD2), and experimentally determined structure of cdk6 

(PDBID: 1BLX). Unlike the ATP binding pocket, which is detected and ranked the best for 

all three cdks, the new binding pocket at the interface is only detected in cdk1. This suggests 
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that the new binding pocket may be less conserved and thus represents a more suitable target 

than the ATP-binding pocket to design inhibitors specific to cdk2.

New peptide inhibitors that disrupt cdk2/cyclin complex formation and inhibit its kinase 
activity

Aside from a solved structure of the cdk2-peptide complex, the next most stringent test on 

the validity of the new binding pocket of cdk2 is perhaps whether, using only local structural 

information around the pocket, more potent peptides can be designed to disrupt cdk2/cyclin 

complex and thereby inhibit its enzymatic activity. Moreover, if successful, these different 

peptide inhibitors may collectively provide a topographic map of the 3D pharmacophores, 

i.e., the structural regions of the peptide responsible for interacting with cdk2, which can in 

turn aid future design of small molecule inhibitors that specifically target this pocket19. To 

this end, we choose to dock all 95 possible single mutants of peptide TAALS to cdk2, but 

the docking simulations were performed only in the local region of the binding pocket13. 

Clearly, the choice of docking single mutants is rather biased towards TAALS, but the large 

combinatorial factor makes impractical the simulations of mutli-site mutatations.

We summarize our simulation results in Table IV. All mutants are ranked according to their 

lowest binding free energy to the pocket obtained from several hundred independent 

simulated annealing runs for each peptide. Fifteen mutants, or roughly 15% of all single 

mutants, have better binding energy than that of TAALS, which is −5.30kcal/mol. These 

binding free energies would suggest a disassociation constant of 1 ~ 100μM. Although the 

selection of single mutants can only provide a very limited picture of the critical residues of 

a potent peptide inhibitor, the top-ranked peptides examined so far nonetheless show that the 

two consecutive alanine residues in the middle are far more conserved than the residues at 

the ends of the peptides. To verify these computational results, we selected the top 5 

peptides, i.e., TAALD, TAALE, LAALS, TAACS, and FAALS, for further experimental 

analysis on their ability of disrupting cdk2/cyclin E complex and inhibiting the enzymatic 

activity of the complex.

In order to visualize the dissociation of the cdk2/cyclin E complex in the presence of the 

peptides, immunoprecipitations against cyclin E were performed. Western blot results for 

cdk2 can be seen in Figure 3. In this experiment, the six peptides (Lanes 4–9) were 

incubated with cell extracts in the presence of the cdk2/cyclin E complex and consequently 

probed for the presence of cdk2, with the indication that the absence of cdk2 would assume 

dissociation of the complex. Lane 1 depicts the α-IgG pulldown as a negative control, as 

well as Lane 2, in which beads alone represents the amount of non-specific background 

binding expected from the experimental lanes. As can be seen from these results, there is a 

varying degree of dissociation amongst the peptides. Based on the average band intensities 

on the Western blot for cdk2, all five new peptides (Lane 4 – 8) have comparable or better 

levels of dissociation when compared to the positive control of TAALS. This is consistent 

with the computational results given in Table IV. Peptide LAALS in Lane 8 appears to have 

the highest level of dissociation followed by peptide TAACS in Lane 6. This strongly 

suggests that TAACS and, in particular, LAALS are more potent than TAALS in promoting 

the disassociation of cdk2/cyclin E complex.
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Figure 4 illustrates the incorporation of peptides LAALS and TAALS in a dose-dependant 

manner for the purpose of inhibiting kinase activity. Here, the peptide LAALS is being 

compared to the previously effective peptide TAALS in order to pinpoint the concentration 

at which maximum inhibition occurs. It has been previously shown that cdk2 is part of a 

transcription complex that stimulates phosphorylation of serine residues in the C-terminal 

domain (CTD) of RNA polymerase II (RNAPII)20. Therefore, in vitro inhibition of CTD 

phosphorylation by cdk2/cyclin E is an accurate model of what would be happening in vivo. 

An immunoprecipitation of the cdk2/cyclin E complex was performed as previously 

described, followed by the kinase reaction with GST-CTD being added as the substrate. The 

levels of phosphorylation of the CTD are shown above the coomassie stained gel indicating 

the same amount of substrate was loaded. Figure 4 indicates that a smaller concentration of 

the peptide LAALS is necessary to induce inhibition of kinase activity as compared to 

TAALS. At an equal concentration of peptide in Lane 5 and Lane 9, it is LAALS that 

exhibits a loss of kinase activity, while TAALS still shows phosphorylation of the substrate. 

The measured IC50 for LAALS and TAALS are 4.26μM and 26.1μM, respectively. A lower 

IC50 for LAALS is advantageous when dealing with novel small peptide inhibitors as 

potential therapeutics.

Discussion

Computational results and subsequent experimental verification were reported here to 

support the existence of a new non-catalytic binding pocket on cdk2 that several 5-mer 

peptides can target. The mechanism of inhibition on the enzymatic activity of cdk2/cyclin 

complex appears to be the suppression of cdk2/cyclin complex formation by these peptides. 

As such, these short peptides represent a distinct class of peptide inhibitors of cdk2 and may 

merit further investigation. To aid possible future research, several technical aspects of the 

computational as well as experimental results are discussed below.

Even though LAALS and TAACS represent novel peptide inhibitors of cdk2, the precise 

characterization of the binding sites of the new pocket at the interface of the cdk2/cyclin E 

complex is still difficult to pin down. One reason is that cdk2 is held rigid during the 

docking simulations, thus its flexibility cannot be accurately dealt with. Clearly cdk2 can 

possess an inactive (when disassociated from its cyclin partner) or active conformation (in 

complex with cyclin) or even perhaps anything in between. Simulation results indicated that 

the residue R126 played very different roles in the peptide binding, i.e., it is important in the 

inactive state of cdk2 but unimportant in the active state of cdk2. Based on the experimental 

finding that point mutant R126A does not affect the binding of peptide TAALS, we 

hypothesize that TAALS as well as its new variants LAALS and TAACS, or even this entire 

class of peptide inhibitors, recognize the active state of cdk2. However, there is a significant 

conformational change between the inactive and active state. It appears to suggest that these 

rather short peptides can induce similar conformational change of cdk2 as that of cyclin. It 

would be therefore highly desirable if the structure of cdk2-peptide complex can be solved 

experimentally.

We also clustered the final binding conformations out of several hundred independent runs 

for the three peptides TAALS, LAALS and TAACS with global docking being performed 
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for the first peptide TAALS and local dockings for the last two peptides LAALS and 

TAACS. The results of clustering analysis are provided in Table V. For TAALS, the binding 

mode at the interface is only ranked third after the ATP binding pocket and another one 

according to the binding free energy. However, the interface binding mode has the largest 

cluster. In other words, this new binding pocket is most accessible. If now we rank the 

binding modes according to its cluster size, and draw the lowest energy conformation within 

the largest cluster, we observe results seen in Figure 5 which shows that all three peptides 

dock to the same binding pocket at the interface of cdk2. The consistency among these three 

peptides lends further support to the validity of this newly discovered binding pocket of 

cdk2.

Since the cell extract of cdk2/cyclin E complex was used in our experiments, we also 

simulated the docking of TAALS, TAACS, and LAALS to the local region of the new 

binding pocket of cdk2 obtained from PDB 1W98 (cdk2/cyclin E complex). The best 

binding free energies for TAALS, TAACS and LAALS were −4.44kcal/mol, −3.54kcal/mol 

and −4.75kcal/mol respectively. These values were much higher than those of using the 

cdk2 conformation obtained from 1FIN (cdk2/cyclin A complex). As shown in Figure 6, the 

superposition of the targeted binding pockets in 1W98 and 1FIN indicated that three key 

residues, C177, K178, and Y180 in 1W98 were pointing more inwardly to the pocket than 

those in 1FIN, and thus blocked the tight binding of those simulated peptide mutants to the 

pocket. This result didn’t contradict our experimental findings. From the viewpoint of 

thermodynamics, a peptide could break up the cdk2/cyclin E complex as long as the peptide 

could bind to a conformation that the cdk2 might adopt and the resulting cdk2-peptide 

complex would not bind with cyclin E anymore. This, however, also shows the limitation 

and drawback of a docking methodology that uses a rigid protein receptor (cdk2). 

Incorporating the flexibility of both the backbone and sidechains of a protein receptor in 

docking simulations remains a great challenge for the future.

When comparing the simulated docking scenarios with experimental data, it is important to 

note that results shown in Figure 3 and 4 were obtained using in vitro immunoprecipitated 

purified cdk2/cyclin E complex. Different from an over-expressed, tagged-cyclin/cdk2 

complex purified from a eukaryotic cell system, the immunoprecipitated complex used here 

most likely contains all the normal protein partners that would bind to cdk2/cyclin E and 

contribute to the kinase activity in vitro. While the implication of inhibition in this setting 

has been proven accurate enough as shown in Figure 3 where the immunoprecipitated 

complex dissociated in the presence of the peptide inhibitors, the dissociation of cdk2 and 

cyclin E will be only partial due to these other binding protein partners in the complex. This 

type of observation is expected when working with in vitro models.

Additionally, the immunoprecipitated complex has been exposed to various cellular 

modifications that can alter the otherwise idealized experimental setting. This, however, 

leads to a more accurate representation of what may be actually occurring in the cell. Figure 

4 shows the phosphorylation events on the CTD (at either positions 2, 5, 7 at all or some of 

the 52 CTD repeats) in the presence and absence of the competing peptides. While these 

results demonstrate the inhibition of the enzymatic activity of cdk2/cyclin E complex, it also 

poses the question of what happens to the CTD of RNAPII in the cell because it is known 
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that the cdk2/cyclin E complex plays an important role in in vivo phosphorylation of the 

CTD21. This lack of phosphorylation would presumably affect the activity of the entire 

preinitiation complex leading to either a reduced or completely silenced transcription at 

certain genes of interest. The phosphorylation of the RNAPII CTD is maintained from 

transcription initiation to termination and is also used as an indicator for RNA processing 

and chromatin remodeling22,23. Modifications of the RNAPII CTD have also been linked to 

the development and progression of certain cancers and viral infections24,25. The current 

study, however, does not address the significance of inhibition of CTD phosphorylation by 

these peptide inhibitors. Future studies using microarrays to screen for downstream 

transcriptional events in the presence of these peptide inhibitors would have important 

implications for in vivo analyses of which genes may be critically affected by these peptides.
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Figure 1. Docking conformation of peptide TAALS to cdk2
The final binding modes of peptide TAALS to the new binding pocket of cdk2 obtained 

from docking simulations were shown using LIGPLOT [13]. Results for inactive and active 

cdk2 are displayed in (A) and (B) respectively. Both panels indicate that residues of K178 

and Y180 contribute significantly towards the binding of peptide TAALS to cdk2, which are 

consistent with the results of alanine mutation experiments [12].
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Figure 2. Computed binding pockets of cdk2
Three top-ranked binding pockets of cdk2 using the active conformation of cdk2 were 

detected by program Cavity [14]. The best binding pocket (in red) is the well-known ATP 

binding pocket. The significance of the second best (in blue) remains unknown at present. 

The third best (in green) is the new binding pocket examined in the present work. The amino 

acids in each pocket are provided in the text. Panel (B) is a simply a rotated view of panel 

(A). This picture was generated using PYMOL (DeLano, 2002, The PyMOL Molecular 

Graphics System, http://pymol.sourceforge.net/).
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Figure 3. Immunoprecipitation of cyclin E and Western blot for cdk2 in the presence of the 
peptides
C81 fractionated cell extracts were incubated with α-cyclin E antibody in the presence of 

each of the six chosen peptides. Probing for cdk2 indicated a specificity of the peptides in 

targeting an increased dissociation of the cdk2/cyclin E complex. The average and standard 

deviation for the band intensities on the Western blot for cdk2 were obtained from three 

replicates. Peptides TAACS and LAALS were the most effective as compared to the control. 

The fully formed cdk2/cyclin E complex was included as a positive control.
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Figure 4. Visualization of loss of kinase activity of cdk2/cyclin E in the presence of peptides 
TAALS and LAALS via (γ-32P) ATP labeling on the CTD of RNAPII
Immunoprecipitation of cyclin E in the presence of peptides was performed as in the 

Western blot analysis. Peptides TAALS and LAALS were added in increasing 

concentrations (0.01, 0.1, 1, and 10μM) to the kinase reaction. Kinase activity of cdk2/cyclin 

E was monitored via the addition of GST-CTD as a substrate. Dissociation of the cdk2/

cyclin E complex is monitored by the decrease in phosphorylation of the CTD of RNAPII. 

Peptide LAALS required a lower concentration in order to exhibit a certain level of 

inhibition of kinase activity in vitro as compared to peptide TAALS. The lower panel shows 

the stained gel indicating equal loading of substrate among all lanes.
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Figure 5. Binding modes of three peptides with cdk2
To compare the binding mode of peptide inhibitor TAALS with those of peptide inhibitors 

of TAACS and LAALS that are found experimentally to be more potent in their ability of 

disrupting the formation of cdk2/cyclin E complex, we overlay the docked conformations of 

these three peptides in the binding pocket of cdk2. Red is for LAALS, green TAACS, and 

yellow TAALS.
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Figure 6. Superposition of the binding pocket
Panel (A) displays the superposition of cdk2 conformations obtained from PDB 1W98 (red, 

cdk2/cyclin E complex) and 1FIN (blue, cdk2/cyclin A complex). Panel (B) zooms in on the 

targeted binding pocket. In contrast to 1FIN, 1W98 has its three key residues, C177, K178, 

and Y180, point toward the pocket and thus block the tight binding of those simulated 

peptide mutants to the pocket. This picture was generated using PYMOL (DeLano, 2002, 

The PyMOL Molecular Graphics System, http://pymol.sourceforge.net/).
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Table I

Parameters used for the AutoDock simulated annealing runs

Set 1 Set 2

Initial translation step 2Å

Initial quaternion step 5° 50°

Initial torsion step 5° 50°

Initial annealing temperature 100 kcal/mol 10 kcal/mol

Reduction schedule Geometric

Temperature reduction factor per cycle 0.995 0.99

Translation reduction factor per cycle 0.995 0.95

Quaternion reduction factor per cycle 0.995 0.95

Torsion reduction factor per cycle 0.995 0.95

Maximum number of accepted steps per cycle 100,000 40,000

Maximum number of rejected steps per cycle 100,000 40,000

Starting state of new cycle Minimum-energy state from previous cycle

Energy if getting out of the grid 1000 kcal/mol

Parameters in Set 1 were used for identifying the binding sites of cdk2 for peptide TAALS, and those in Set 2 were used when the docking 
simulations of 95 point mutants of TAALS were performed to screen for better binding free energy than that of TAALS to cdk2.
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Table IV

Docking results of all 95 single mutants of the TAALS

Rank Sequence Binding free energy (kcal/mol)

1 TAALD −8.04

2 TAALE −6.35

3 LAALS −5.85

3 TAACS −5.85

5 FAALS −5.83

6 TAAVS −5.59

7 TAALA −5.58

8 DAALS −5.52

9 TGALS −5.51

10 TAHLS −5.50

11 TAALG −5.44

12 IAALS −5.38

13 TAAHS −5.37

13 TAALV −5.37

15 TAALF −5.31

16 AAALS −5.29

17 TAALM −5.27

18 TAASS −5.24

19 TAALL −5.22

19 TAANS −5.22

21 TAAIS −5.17

22 TAALW −5.15

23 VAALS −5.13

24 TAFLS −5.11

25 MAALS −5.09

16 TAALS −5.30

Top 25 point mutants of peptide TAALS ranked by their lowest binding free energies to cdk2 is listed. Out of the 95 possible point mutants of 
TAALS examined, 15 of them resulted in better (lower) binding free energy than that of −5.30kcal/mol for TAALS (shown in bold), and the top 5 
peptides, i.e., TAALD, TAALS, LAALS, TAACS, and FAALS, were selected for further experimental verification.
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