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Abstract Cyclin dependent kinase 9 (CDK9) is a protein
that belongs to the cyclin-dependent kinases family, and its
main role is in the regulation of the cell transcription pro-
cesses. Since the increased activity of CDK9 is connected
with the development of pathological processes such as
tumor growth and survival and HIV-1 replication, inhibition
of the CDK9 could be of particular interest for treating such
diseases. The activation of CDK9 is initiated by the forma-
tion of CDK9/cyclin T1 complex, therefore disruption of its
formation could be a promising strategy for the design of
CDK9 inhibitors. In order to assist in the design of potential
inhibitors of CDK9/cyclin T1 complex formation, a compu-
tational study of the CDK9/cyclin T1 interface was con-
ducted. Ten peptides were designed using the information
from the analysis of the complex, hot spot residues and
fragment based design. The designed peptides were docked
to CDK9 structures obtained by molecular dynamics simu-
lations of CDK9/cyclin T1 complex and the CDK9 alone
and their binding affinities were evaluated using molecular
mechanics Poisson Boltzman surface area (MM-PBSA)
method and steered molecular dynamics (SMD). Designed
peptide sequences LQTLGF and ESIILQ, both derived from
the surface of cyclin T1, as well as the peptide sequence
PRWPE, derived from fragment based design, showed the

most favorable binding properties and were selected for our
further studies.

Keywords CDK9/cyclin T1 . Fragment based design .MM-
PBSA . Protein-protein interaction . SMD

Introduction

Cyclin-dependent kinase 9 (CDK9) is a serine-threonine
kinase and the catalytic component of the positive transcrip-
tion elongation factor b (P-TEFb) complex, which promotes
the elongation of RNA polymerase II transcripts. There are
two isoforms of CDK9 in humans (CDK9_42 and
CDK9_55). Monomeric CDK9 molecules of both isoforms,
in complex with cyclins T1, T2a, T2b and K, form distinct
P-TEFb complexes [1]. In the cell, the newly synthesized
CDK9 is not stable - it interacts with the cytoplasmatic
proteins Cdc37, Hsp90 and Hsp70 [2] and is escorted by
them to bind to its cyclin partner. CDK9 has the ability to
shuttle between the nucleus and cytoplasm, while its cyclin
partners are localized in the nucleus [3]. Binding of CDK9
to a cyclin leads to its partial catalytic activation, which is
further enhanced by autophosphorylation of its Thr186
residue.

Inhibition of CDK9 may prove beneficial in treating
several human diseases including some types of cancer,
HIV-1 infection and cardiac hypertrophy [1, 4–6]. It has
been shown that CDK9 inhibitors suppress the general tran-
scription levels within the cell, mostly affecting the concen-
tration levels of short lived proteins, such as cell survival
factors, which could have an impact on the survival of
cancer cells [7]. Among these anti-apoptotic proteins most
heavily affected by the decreased activity of CDK9 is my-
eloid cell factor 1 (Mcl1), which is necessary for the survival
of multiple myeloma cells. An in vitro study conducted on
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multiple myeloma cells has shown that inhibition of CDK9
in P-TEFb complex led to the selective apoptosis of tumor
cells [8]. The ability of most CDK inhibitors undergoing
clinical trials to induce apoptosis in tumor cells has been
linked to the inhibition of CDK9 [4].

CDK9 is also a potential therapeutic target in treatment of
HIV-1 infection, as the HIV-1 virus recruits human P-TEFb to
enable its own transcription to proceed. This interaction is
specific for P-TEFb complex formed from CDK9 and cyclin
T1 only [1] and is accomplished through the binding of a
small viral protein Tat (transactivator of transcription) to P-
TEFb. Tat binds to the cyclin T1 and to the T loop of CDK9
inducing a conformational change in the complex, which
alters its substrate specificity and increases its activity [9].
An in vitro study conducted on human primary peripheral
blood lymphocytes has shown that a selective inhibition of
CDK9 mediated transcription has led to the inhibition of HIV-
1 replication [10]. There are indications that selective inhibi-
tion of CDK9 activity could lead to inhibition of HIV repli-
cation in infected cells without affecting cell viability [11]. As
HIV protein Tat can also interfere with the physiological
regulatory mechanism that inhibits P-TEFb activity [12, 13],
simply sequestering active P-TEFb molecules is insufficient
for a lasting therapeutic effect. On the other hand, the mono-
meric unbound CDK9 is quickly degraded in the cell [2],
which implies that inhibitors designed to disrupt the formation
or lower the stability of P-TEFb complex could potentially
prove to be useful in the therapy of HIV-1 infection.

The known small molecule inhibitors of P-TEFb com-
plex act by binding at the ATP binding pocket of CDK9. As
the ATP binding pocket is fairly conserved in the CDK
family, the selectivity of action of known CDK9 inhibitors
is limited. In addition, these inhibitors have to compete with
high intracellular concentrations of ATP during binding.
There has been some slight progress in improving the se-
lectivity of CDK9 inhibitors binding to its catalytic pocket
achieved by exploiting the change of conformation of the
glycine-rich loop of CDK9 [14], however, compounds with
increased selectivity are still needed [4, 10]. An alternative
approach in designing inhibitors of CDK9 would be to
interfere with the formation of P-TEFb complex [2], which
could be achieved by inhibiting the CDK9/cyclin T1 inter-
action. A direct inhibitor of the CDK9/cyclin T1 interaction
would prevent the formation of P-TEFb complex and ex-
hibit selectivity lacking in the existing small molecule inhib-
itors of CDK9. Despite the inherent difficulties in targeting
protein-protein interactions for drug development, inhibitors
of a number of protein-protein interactions have been suc-
cessfully developed [15–17], and some have even entered
clinical trials [18] or have already been approved for use in
therapy [19]. To the best of our knowledge, no direct inhib-
itors of the CDK9/cyclin T1 interaction have been designed
so far.

In this work, in order to obtain information useful for the
design of potential inhibitors of the CDK9/cyclin T1 inter-
action, we have performed a computational analysis of the
CDK9/cyclin T1 interaction interface. At this stage of our
research, we decided to design peptide inhibitors, as the
interactions already present at the native protein-protein
interface could be more naturally transferred onto peptides,
and, once evaluated, the peptides themselves could be al-
tered into peptidomimetics and eventually small molecule
inhibitors with improved stability and cellular delivery.

We performed the design of a series of peptides by using
the information obtained from the interface hot spot resi-
dues, as well as by applying fragment based design meth-
ods. The evaluation of the binding affinity of the designed
peptides was performed by using molecular mechanics Pois-
son Boltzman surface area (MM-PBSA) and steered molec-
ular dynamics (SMD).

Methods

MD simulations

The structure of the P-TEFb complex chosen for computa-
tional study and inhibitors design was the crystallographic
structure of the complex [20] (PDB ID: 3BLH). Its resolu-
tion is 2.48 Å and both R and R-free values fit the recom-
mended quality (R<0.25, R-free <0.4 and R-free - R=0.042
<0.05) [21]. None of the CDK9 or cyclin T1 residues form-
ing the P-TEFb interface in the PDB:ID 3BLH structure are
directly involved in crystal contacts, as verified by CryCo
web server [22], and although the potential effects of crystal
packing on the starting complex conformation could not be
completely eliminated in the absence of an additional crys-
tallographic structure of the same complex solved in a
different crystal form, their influence was minimized by
relaxing the complex in subsequent MD simulation. The
51–54 loop was grafted from a related crystallographic
structure of P-TEFb (PDB ID: 3BLQ) [20], while the 177–
181 and 260–266 loops were grafted from the P-TEFb-Tat
complex structure [9] (PDB ID: 3MI9) since the structural
overlap of these regions in the two CDK9 structures was
satisfactory, considering that the majority of Tat-induced
conformational changes of P-TEFb are localized at the
cyclin T1 structure and the region around the 51–54 loop
[9]. The final missing loop (residues 88–97) was modeled
using MODELLER [23] offered by ModLoop online server
[24]. The phosphorylated T186 residue in CDK9 was
replaced with a regular threonine. The final structure was
submitted to the PROPKA 3.0 [25] web server for the
assignment of amino acid protonation states at pH 7.4. In
accordance with PROPKA recommended protonation, the
N-terminus of the cyclin T1 in the protein PDB structure,
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corresponding to the Arg 5 residue of the primary sequence,
was deliberately left unprotonated. While solvent exposed
N-terminal amino acids of proteins at pH 7.4 are usually
protonated, the chain in question here was truncated (amino
acids 1–7 are not present in the crystallographic structure)
and the charge was not naturally present at that position. The
N-terminus of the CDK9 was also truncated to Val 8, but as
this position was in the vicinity to the interface surface
studied, oriented toward the solvent and highly flexible,
the charge was retained. The Lys 6 of the cyclin T1 was
also deprotonated, as the amino group of its side chain is in a
non-polar environment. The Cys 10 from the CDK9 se-
quence, according to PROPKA, would have both ionized
and neutral forms present at pH 7.4 (pKa=6.67), so the
neutral form was chosen.

The P-TEFb structure was kept fixed and the modified
loops alone were minimized for 20,000 steps in NAMD 2.8
[26], using the CHARMM22/CMAP [27, 28] forcefield. Files
for the simulation were prepared in VMD software [29].

The prepared P-TEFb structure was solvated with a rect-
angular TIP3P water box with the box boundaries at least
15 Å from the complex, neutralized with Cl− ions and
minimized for an additional 30,000 steps. Afterward, the
complex was heated from 0 to 310 K, for 93 ps, in 0.1 K
increments and submitted to molecular dynamics in NPT
ensemble, for 4 ns. Simulation parameters were as follows:
timestep of 1 fs, with particle-mesh Ewald electrostatics,
Langevin thermostat set to 310 K, with a damping constant
of 2/ps and pressure maintained at 1.01325 bar with a Nose-
Hoover Langevin piston with a period of 200 fs, decay of
100 fs and temperature of 310 K.

To estimate the binding surface differences between the
structures of CDK9 bound in P-TEFb and free in solution,
the CDK9 structure was extracted from the final frame of
the 4 ns MD simulation of the P-TEFb complex and pre-
pared in the same way. The structure was solvated with a
rectangular TIP3P water box with the box boundaries at
least 15 Å from the complex, neutralized with Cl− ions
and minimized for 30,000 steps, then heated to 310 K in
0.1 K increments, for 93 ps and simulated in NPT ensemble
for 4 ns, with the same MD simulation parameters as those
used for the P-TEFb complex simulation.

Since the MM-PBSA method selected for the evalua-
tion of binding affinities of the potential inhibitors, as
implemented in Amber Tools 1.5 [30] software, requires
the use of Cornell at al. forcefield in the simulations, the
above simulation of the complex and CDK9 was repeat-
ed using the Cornell at al. forcefield version ff10 (ff99SB
[31]) with Joung and Cheatham adjustments for ions in
TIP3P water model [32] (frcmod.ionsjc_tip3p). Files for
this simulation were prepared using LeaP implemented in
Amber Tools 1.5 and the simulation itself was conducted
in NAMD 2.8.

Simulations were terminated at 4 ns as the systems
appeared to have stabilized. RMSD plots for alpha carbons
for the P-TEFb and CDK9 alone 4 ns MD simulations are
presented in Online resource 1 (Figs. 1 and 2), along with
the potential energy plots for the same simulations (Online
resource 1, Figs. 3 and 4).

CDK9 structures extracted from the final frames of the
P-TEFb and CDK9 alone 4 ns simulations were checked
using the WHAT IF Protein Model Check webserver [33]
and found satisfactory. None of the residues had occu-
pied a rotamer state deviating significantly from the
expected probability distribution of rotamers for the
corresponding amino acid.

Interface analysis

To study the differences in the binding surfaces of cyclin T1
bound and free CDK9 structures, the structures of CDK9
were extracted from the final frames of 4 ns MD simulations
of P-TEFb and CDK9 alone and superimposed to the crys-
tallographic structure of CDK9 from PDB ID: 3BLH in
VMD software.

The CDK9 structures obtained from the P-TEFb and the
free CDK9 MD simulations were submitted to fpocket [34]
web server, in an attempt to detect hydrophobic pockets on
the binding surface suitable for the binding of small mole-
cules. The CDK9 binding surface of interest to us, through-
out this work, is defined by the CDK9 amino acid residues
involved in the CDK9/cyclin T1 protein interaction.

To obtain information of the energetically most important
amino acid residues involved in the CDK9/cyclin T1 inter-
action (hot spot residues), we submitted the crystallographic
structure of the P-TEFb complex (PDB ID: 3BLH) to three
web servers for interface analysis: in addition to the com-
putational alanine scan analysis of the protein-protein inter-
face between CDK9 and cyclin T1, conducted by the
Robetta web server [35, 36], an additional two algorithms:
KFC2 [37] and HotPoint [38] were also used to identify the
hot spot residues on the interface. The Robetta method
results were used as the main selection criterion for hot spot
residues, with KFC2 and HotPoint methods used to test the
overall agreement of the algorithms and to obtain additional
confirmation. Changes in the solvent accessible surface area
of the residues (ΔSASA) upon complex formation were
explicitly used as an additional parameter in choosing resi-
dues most suitable for inhibitor design and were retrieved
from the ANCHOR database [39], while the interaction
maps of the residues were obtained from the SCOWLP
database [40, 41].

In order to estimate the potential for inhibiting the CDK9/
cyclin T1 interaction without affecting CDK9s interaction
with cyclins T2 and K, the sequences of cyclins T1, T2 and
K were aligned using CLUSTALW [42].
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The crystallographic structure of P-TEFb complex bound
to HIV1 Tat protein (PDB ID: 3MI9) was also submitted to
the Robetta web server for computational alanine scan anal-
ysis, in order to determine if any of the Tat protein amino
acid residues interacting with CDK9 could be used in our
inhibitor design. It was superimposed to CDK9 structures
obtained from our MD simulations of P-TEFb and free
CDK9 in VMD software, for comparison.

SEED/GANDI fragment based design

Fragment based design was conducted using the solvation
energy for exhaustive docking (SEED) [43] and genetic
algorithm-based de novo design of inhibitors (GANDI)
[44] software. For the SEED run, the fragments to be
docked were the 134 rotamers of the 19 natural amino acids
present in the Penultimate Rotamer Library [45] and an
added glycine structure. SEED software docks molecular
fragments to the surface of a rigid protein receptor, while
estimating the desolvation energy of binding in addition to
the traditional vdW and electrostatic terms. The fragments
were docked using default SEED parameters to the struc-
tures of CDK9 extracted from the final frame of the 4 ns MD
simulations of the P-TEFb complex and CDK9 alone, with
clustering cutoffs set to −5 and −8 kcal mol–1 and binding
sites defined by the CDK9 amino acid residues from the
CDK9/cyclin T1 interface. Once the favorable positions for
all the fragments were determined, they were forwarded to
GANDI software, to be linked into complete pentapeptides.
The aforementioned 135 fragments were used both as frag-
ments and linkers for the GANDI software run, with con-
nection only allowed along the heavy atom – hydrogen
vectors that are involved in the formation of peptide bonds.
GANDI software was used to design pentapeptides, evolv-
ing 20 islands of 100 candidates each for 5000 steps, with
the 2D and 3D similarity terms of the scoring function
turned off and default run parameters. The same receptor
files and binding sites were used as in the SEED run.

Docking

Peptides were docked to the surface of CDK9 structures
using AutoDock Vina [46]. The peptides were docked to
the CDK9 structures from the final frame of the 4 ns simu-
lation of P-TEFb complex and CDK9 alone, with the bind-
ing site defined as a grid of 24×30×34 Å, centered on the
interface surface. Top 20 candidates were retained for each
run. Initially, each peptide was subjected to 20 docking runs,
with the exhaustiveness parameter of the software (describ-
ing the number of starting random conformations tested
during the docking procedure) set to 400, but on testing on
a limited number of peptides, similar binding modes were
recovered with exhaustiveness parameter of 64, so an

additional 20 runs were performed with that parameter set-
up. Four randomly assembled pentapeptides were used as a
control group and subjected to the same docking procedure.
Files for docking were prepared using AutoDock Tools [47]
and results visualized in VMD.

MM-PBSA

The binding affinities of the peptide inhibitor candidates were
evaluated using MMPBSA method [48]. Each peptide-CDK9
complex was solvated with a rectangular TIP3P water box
with the box boundaries at least 15 Å from the complex and
neutralized with Cl− ions. The Cornell at al. forcefield version
ff10 (ff99SB for proteins) with Joung and Cheatham adjust-
ments for ions in TIP3P water model (frcmod.ionsjc_tip3p)
was used. After being minimized for 30,000 steps and heated
to 310 K over 93 ps, in 0.1 K increments, the complexes were
simulated for 4 ns in NPT ensemble, with rigid water mole-
cules, particle-mesh Ewald electrostatics, Langevin thermo-
stat set to 310 K with the damping constant of 2/ps, pressure
maintained at 1.01325 bar using a Nose-Hoover Langevin
piston with a period of 200 fs, decay of 100 fs and temperature
set to 310 K. All files for simulations were prepared using
LeaP and VMD, and the simulations were run using NAMD
2.8. From each trajectory 100 snapshots from the final nano-
second were extracted and used to calculate the free energy of
binding, through the automated MM-PBSA.py procedure in
AmberTools 1.5, with the salt concentration set to 0.1 M and
to 0.15 M. Free energies of binding were also evaluated using
a MM-GBSA approach [49], as implemented in AmberTools
1.5. Entropy of the binding was estimated using the nmode
module of AmberTools 1.5, on five snapshots extracted every
200 ps from the final nanosecond of the peptide-CDK9 com-
plex 4 ns MD simulations, and calculated at 310 K.

Peptide ligand – CDK9 interaction diagrams were
mapped out using LigPlot + software [50].

SMD

Steered molecular dynamics (SMD) runs were performed as
an alternative method of estimating relative binding affinity
of the peptide inhibitors. Simulations were conducted on all
complexes from the MM-PBSA runs. Peptide-CDK9 com-
plexes were solvated with a rectangular TIP3P water box
with the box boundaries at least 15 Å from the solutes,
neutralized with Cl− ions and simulated using the
CHARMM22/CMAP force field. The complexes were min-
imized for 30,000 steps and then heated from 0 to 310 K, for
93 ps, in 0.1 K increments. In order to select the optimal
simulation conditions, test runs were conducted with three
different fixed atom schemes: a single atom (Cα of residue
20, positioned at the far side of the protein, opposite to the
binding surface explored) fixed, protein backbone fixed and
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“barrel back” selection fixed (the distal side of the β barrel
opposite the binding surface, including backbone atoms of
residues 20–25, 32–37, 44–48, 104, 106, 107 from the
CDK9 structure), with different pulling speeds (5, 10, 50
and 100 Å/ns) and different spring constants (1.5, 3 and
7 kcal mol–1·Å2). The final protocol selected was the “barrel
back” selection of fixed atoms, pulling speed of 10 Å/ns and
spring constant of 1.5 kcal mol–1·Å.

To test different pulling directions for peptides, a random
acceleration molecular dynamics (RAMD) test run was con-
ducted, as implemented in NAMD 2.8. 100 trajectories of
500 ps were generated at different random seeds, using the
following parameters: ligand acceleration of 0.05 kcal mol–1·
Å·amu, minimum distance to be traveled by ligand in one step
0.006 Å and maximum distance between ligand and protein at
which to terminate simulation 50 Å.

In the final SMD runs, backbone atoms of residues 20–
25, 32–37, 44–48, 104, 106, 107 from the CDK9 structure
were kept fixed, while all peptide atoms were pulled. The
pulling direction was determined as a vector between the
centers of mass for these two atom selections. Time step
used in the runs was 2 fs, particle-mesh Ewald electrostatics
was employed, and each run lasted 4 ns (2,000,000 steps).

Results

In this work, we first performed a computational analysis of
the CDK9/cyclin T1 complex interface. Using the informa-
tion of the analysis, as well as fragment based design, we
have designed a series of peptides as potential inhibitors of
the CDK9/cyclin T1 interaction, docked the designed pep-
tides to the surface of CDK9 and estimated their binding
affinities.

Complex preparation

Crystallographic structure of the human P-TEFb was re-
solved in 2008 [20] and its structure in complex with the
Tat protein in 2010 [9]. The structure of the P-TEFb chosen
for inhibitor design was the crystallographic structure
extracted from PDB entry 3BLH (PDB ID: 3BLH). The
atomic coordinates of four flexible loops in the structure of
CDK9 were not resolved, including the residues 51–54, 88–
97, 177–181 and 260–266. The missing loops were modeled
as described in MD simulations. The phosphorylated threo-
nine T186 from the CDK9 structure was replaced with
regular threonine and the protein was protonated at pH 7.4.

The P-TEFb complex structure was then further prepared
for inhibitor design through minimization, heating and MD
simulation (see MD simulations.) As we were attempting to
design inhibitors that would bind to the free surface of
CDK9, its structure alone was extracted from the 4 ns

snapshots of the equilibrated structure of the complex, sol-
vated, neutralized and submitted to minimization, heating
and MD simulation, under the same conditions as the P-
TEFb complex (see MD simulations), in order to investigate
the changes of the binding surface between the CDK9
complexed in P-TEFb and the “free” state we imitated.

Interface analysis

In comparison with similar CDK-cyclin complexes, P-TEFb
has a smaller protein-protein interface [9]. It consists of 48
amino acids. To study the interface, the structures of CDK9
were extracted from the final frames of 4 ns MD simulations
of P-TEFb and CDK9 alone structures and superimposed to
the crystallographic structure of CDK9 from PDB ID:
3BLH (Fig. 1a and b). The alignment was satisfactory, with
RMSD differences between the two of 2.30 Å for the back-
bone atoms and 2.96 Å for all atoms. On the CDK9 interface
surface itself, the most prominent difference was the reori-
entation of two Phe residues, Phe 12 and Phe 59 (Fig. 1c).

Exploration of the interfaces using the fpocket computa-
tional algorithm did not reveal any hydrophobic pockets
suitable for the direct design of small molecule inhibitors.
To establish which residues of the protein complex interface
contributed mostly to the free energy of binding, as hot spot
residues, we performed a computational analysis of the
interface using four different algorithms. Results of the
interface analysis are shown in Table 1, which also numbers
the individual interactions of the residues.

We extended our interface analysis to the interactions be-
tween Tat protein and CDK9 in the P-TEFb/Tat complex and
found that a tryptophane residue in Tat protein, Trp 11, inter-
acting with CDK9’s T loop, is also a hot spot residue (con-
tributes 3.82 kcal mol–1 to the complex binding energy).

Design of peptides

Due to the different appearance of the binding surface in the
bound and “free” CDK9 structures (Fig. 1), design of po-
tential peptide inhibitors was attempted on both CDK9
conformations. While the use of a fully flexible protein
structure in the design could likely improve its predictive
power, the approach used in this work does provide a degree
of insight on the possible conformational changes of the
binding surface, at a fraction of the computational cost.
The flexibility of CDK9 is explicitly accounted for in the
subsequent MD simulations of peptide-protein complexes
during the binding energy evaluation stage.

Two distinct approaches were utilized in the design of the
compounds listed in Table 2. In the first, 5–8 amino acid
peptide sequences corresponding to the fractions of cyclin
T1 primary sequence carrying the identified hot-spots were
used as potential inhibitor candidates. All the hot-spot
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residues chosen for the design are conserved between different
cyclins interacting with CDK9 (see Fig. 5 in Online resource 1
for the sequence alignment of cyclins T1, T2 and K with
marked chosen hotspots and sequence fragments used in the
design). Four sequence fragments were chosen from the cyclin
T1 structure in PDB ID:3BLH: residues 141–148, 89–94,
137–142, 141–146 (peptides 1–4, Table 2). Peptide 4
(LQTLGF) is a truncated version of octapeptide 1
(LQTLGFEL), containing the Phe 146 hot spot residue. Both
peptides were included in our study, as one of the computa-
tional algorithms used to select hot spots (HotPoint) also
identified the C-terminal leucin (Leu 148) from peptide 1 as
a hot spot and this amino acid interacts with the same amino
acid cluster as the hot spot Phe 146. In the second approach,
the binding surfaces of the two CDK9 structures were sub-
jected to unbiased de novo peptide ligand design as detailed in
SEED/GANDI fragment based design. The three top scoring
peptide sequences from each design run were considered for
further selection (peptides 5–10, Table 2). In the fragment
linking part of the fragment based design procedure on the
structure of CDK9 obtained from the CDK9 alone MD sim-
ulation (“free” CDK9, in Table 2) only tetrapeptides were
successfully built (peptides 5–7, Table 2).

As a negative control, four pentapeptides were also built by
randomly selecting amino acids (peptides 11–14, Table 2).

The goal of our peptide design was to obtain short
peptides (5–6 resides long) that would be suitable for

potential subsequent transformation into non-peptide
structures. Due to the small size of the peptides, in order
to obtain the strongest interactions possible with the
given limited molecular surface, our design considered
all types of interactions equally.

Docking studies

The docking procedure is described in Docking. AutoDock-
Vina software was used to perform the docking. While
AutoDock itself is designed solely for the docking of small
molecules, there are reports in the literature of AutoDock
Vina being used to dock peptides to proteins, namely to
amyloid peptides [51] and protein kinases [52]. The pre-
dicted binding energies of the top scoring peptide confor-
mations from the docking studies are shown in Table 3.

MM-PBSA results

As scoring functions used in docking provide an approximate
estimate of binding affinities, free energies of binding of
peptide inhibitor candidates were more accurately determined
through the MM-PBSA and molecular mechanics generalized
Born surface area (MM-GBSA) approach. The procedure is
detailed in MM-PBSA. and the results are shown in Table 4.

Due to high computational cost, binding entropy was
estimated only for four of the peptide-CDK9 complexes,

Fig. 1 a Alignment of CDK9
structures: crystal structure,
PDB ID: 3BLH (grey), 4 ns MD
simulation of P-TEFb (blue)
and 4 ns MD simulation of
«free» CDK9 (red). b the same
alignment viewed from a dif-
ferent angle (90o rotation of 1a).
c binding surface residues (lic-
orice representation), reoriented
Phe residues on the binding
surface (yellow)

Table 1 Excerpt from the hot spot amino acid analysis of the CDK9/cyclin T1 interface

Aminoacids Robetta ΔΔG kcal mol–1 KFC2 hot
spot +/−

HotPoint
hot spot +/−

ANCHOR
ΔSASA Å2 ΔSASA %

SCOWLP residue
interacts with:

aA12 – PHE 2.21 – – 125.8 76.7 aB72, 142, 143, 145, 12, 11

B73 – GLN 2.4 – + 50 35.5 A8, A9

B93 – LYS 3.7 + – 65.9 40.3 A61, 64, 59, 57

B137 – GLU 2.84 – + 17.2 12.8 A59

B142 – GLN 0.75 – + 81.5 57.8 A10, 11, 12, 13, 86, 99

B146 – PHE 2.87 + + 91.8 55.9 A59, 67, 71, 84, 99

a A – CDK9 protein chain; B – cyclin T1 chain
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using just five frames from the MD simulations. At 310 K,
TΔS values obtained average at −20 to −25±10 kcal mol–1.
TΔS for the best binding peptides 3 and 4 to “free” and
“bound” CDK9 conformations respectively, at 310 K, are
−21.6±6.0 kcal mol–1 and −27.8±13.8 kcal mol–1, resulting
in the total free energy of binding of −19.3±11.6 kcal mol–1

and 4.4±18.2 kcal mol–1, calculated according to the

MMPBSA procedure [48]. For peptide 8 (PRWPE) binding
to the “free” CDK9, TΔS is −29.3±15.7, bringing its total
free energy of binding to −4.6±23.2. TΔS values of the
negative control pentapeptide 13 (VRPHL) binding to these
CDK9 conformations are −27.8±14.4 kcal mol–1 for bound
and −26.5±14.3 kcal mol–1 for free CDK9, bringing its total
free energies of binding to 9.0±18.2 kcal mol–1 and 2.4±
21.7 kcal mol–1, respectively. The reported errors for the
total free energies of binding are the sums of absolute errors
of their individual components (MM-PBSA energies from
Table 4 and TΔS values).

SMD results

As an additional estimate of binding affinity, constant ve-
locity pulling steered molecular dynamics (SMD) runs were
performed on the peptide-protein complexes, starting from
their initial docked conformations.

Peptides were pulled from the binding surface with con-
stant velocity and force profiles were recorded, as detailed in
SMD. The final protocol selected was the “barrel back” se-
lection of fixed atoms, pulling speed of 10 Å ns-1 and spring
constant of 1.5 kcal mol–1·Å. The “barrel back” atom fixing
scheme was chosen as it provided the best compromise be-
tween artificially constraining the protein movement and pre-
venting excessive deformation of the binding area, as the
flexible N-terminus and loops kept interacting with the pep-
tides long after they vacated the binding surface. The 10Å ns-1

speed was chosen as a compromise between minimizing pull-
ing speed and keeping the computational time reasonable. The
1.5 kcal mol–1·Å spring constant results in an elastic spring
and was chosen in order to allow the flexible peptides to adjust
as much as possible to the pulling. Use of such a soft spring
lowered the level of detail for molecular events obtained from
the force profiles, but the shape of the overall force profile
investigated was retained. As the surface from which the
peptides are pulled away is relatively flat, the choice of pulling
direction, as long as it was comparable between peptides, is
not as important as in pulling ligands out of pockets on protein
surface, but a random acceleration molecular dynamics
(RAMD) [53] run of 100 trajectories was conducted on a
peptide to test the distribution of trajectories of a peptide
leaving the surface. A clustering of RAMD trajectories around
a specific direction in space would have indicated the exis-
tence of a preferred direction of movement for peptides leav-
ing the CDK9 surface, which should be chosen as the pulling
direction during the SMD runs. However, as expected from
the relative flatness of the binding surface on CDK9, the
obtained 100 RAMD trajectories for a peptide leaving the
CDK9 surface were randomly distributed in space, favoring
no single direction of movement and implying that the results
obtained from SMDwoud not be critically biased by choice of
pulling direction.

Table 2 Sequences of designed peptides

Peptides Sequence Source

1 LQTLGFEL cyclin T1 residues 141–148

2 FLAAKV cyclin T1 residues 89–94

3 ESIILQ cyclin T1 residues 137–142

4 LQTLGF cyclin T1 residues 141–146

5 FWGH SEED/GANDI, freea

6 KPEQ SEED/GANDI, free

7 KPPQ SEED/GANDI, freeb

8 PRWPE SEED/GANDI, bounda,b

9 PWKE SEED/GANDI, bound

10 PRWKE SEED/GANDI, bound

11 AFLIV negative control, random

12 KIIAT negative control, random

13 VRPHL negative control, random

14 AAAAA negative control, random

a bound and free refer to the structures of CDK9 obtained from the P-
TEFb (bound) and CDK9 alone (free) simulations
b the top-ranked peptide sequence in the fragment-based design on the
corresponding (bound, free) conformation of CDK9

Table 3 Docking results

Peptides Sequence Energies [kcal mol–1]a, b

1 LQTLGFEL 6.9/7.2

2 FLAAKV 6.9/−

3 ESIILQ −/5.9

4 LQTLGF 6.4/−

5 FWGH −/−

6 KPEQ −/5.7

7 KPPQ 5.8/5.8

8 PRWPE 6.7/7

9 PWKE 6.4/6.6

10 PRWKE −/−

11 AFLIV −/−

12 KIIAT −/−

13 VRPHL 6.7/7

14 AAAAA −/−

a on the left are energies obtained from docking the peptide to the
structure of CDK9 obtained from the P-TEFb MD simulation and on
the right energies from docking to the CDK9 structure from CDK9
alone MD simulation. b - indicates that no docking poses were found
on the CDK9-cyclin T1 binding surface
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The fixed atom scheme selected for the final SMD runs
and the results of the RAMD run are shown in Fig. 2a and b,
respectively. Obtained force profiles for the SMD runs are
shown in Figs. 3 and 4 (for force profiles of individual
peptides see Online resource 1, Figs. 6 and 7).

Discussion

Interface analysis

As the main contributions to the binding energy in protein-
protein interactions originate from interactions of a few
significant hot-spot amino acids [54], those hot-spot resi-
dues are a promising starting point for inhibitor design. The
common method to determine which amino acids of the
protein-protein interface form hot spots is to systematically
mutate them to alanine, whether experimentally or in silico
[35]. Two experimental mutagenesis studies exploring the

binding between CDK9 and cyclin T1 have been reported
[55, 56]. In both of them the binding of cyclin T1 to CDK9
was blocked by introducing two simultaneous point muta-
tions in the cyclin T1 sequence: Lys 93 to Leu and Glu 96 to
Lys. However, to the best of our knowledge, no experimen-
tal alanine scanning mutagenesis study has been conducted
on the entire CDK9/cyclin T1 interaction interface, so we
have explored all of the interface residues using computa-
tional methods. As it is less expensive and faster, computa-
tional alanine scanning is routinely performed, but it is not
as accurate as the experiments. To counter this, we used
three computational algorithms to investigate hot spot resi-
dues of the CDK9/cyclin T1 interace, and used the consen-
sus of their results (Table 1) to guide our study.

In addition to hot spot residues identified with Robetta
method (those with a ΔΔG >2 kcal mol–1 upon their muta-
tion to alanine), we included Gln 142 from the cyclin T1
chain in our analysis. While this amino acid is only selected
as a hot spot in the HotPoint prediction test out of the three

Table 4 Calculated MM-GBSA
and MM-PBSA energies for
peptides, without the changes in
conformational entropy upon
binding (TΔS) accounted for

abound and free refer to the
structure of CDK9 from P-TEFb
and itself alone MD simulations,
respectively

Peptides Sequence MM-GBSA energies [kcal mol–1] MM-PBSA energies [kcal mol–1]

bounda freea bounda freea

1 LQTLGFEL −23.1±5.9 −14.1±7.5 −22.2±5.7 −15.5±6.8

2 FLAAKV −19.1±4.2 / −21.8±5.8 /

3 ESIILQ / −37.6±4.6 / −40.9±5.6

4 LQTLGF −20.0±3.8 / −23.4 +/− 4.4 /

5 FWGH / / / /

6 KPEQ / −24.0±4.1 / −26.5±5.5

7 KPPQ −8.3±2.4 −13.2±3.2 −9.8±3.2 −12.1±4.5

8 PRWPE −13.8±4.0 −34.8±5.7 −14.8±3.8 −33.9±7.5

9 PWKE −14.9±3.2 −17.7±5.0 −14.9±4.7 −17.7±5.1

10 PRWKE / / / /

11 AFLIV / / / /

12 KIIAT / / / /

13 VRPHL −14.4±2.8 −27.7±4.8 −18.8±3.8 −24.1±7.0

14 AAAAA / / / /

Fig. 2 SMD preparation. a
«barrel back» choice of fixed
atoms (yellow), binding surface
residues (blue) of CDK9 (black)
and bound PRWPE peptide
(red). b 100 RAMD trajectories
of the test RAMD simulation
for verifying the validity of the
chosen peptide pulling direction
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conducted, it buries a large surface area upon complex
formation (81.5 Å2), forms contacts with six amino acids
from the surface of CDK9, including one direct and one
water bridged H-bond and is close to the Phe 146 hot spot in
the primary sequence, so it was retained as a promising
residue for inhibitor design. On the other hand, Gln 73 from
the cyclin T1 sequence was excluded from further consid-
eration in inhibitor design, even though it is identified as a
hot spot (ΔΔG=2.4 kcal mol–1) in two out of three predic-
tion tests, as it only interacts with the flexible N-terminus of
CDK9. While favorable in the P-TEFb complex, this pattern
of interaction would likely come with a high entropic cost if
it were mimicked in a peptide inhibitor - CDK9 complex.
The residues responsible for the majority of binding energy
of the CDK9/cyclin T1 interaction are Lys 93, Glu 137 and
Phe 146 from the cyclin T1, and Phe 12 from the surface of

CDK9. Phe 12 can interact with cyclin T1 in part through its
backbone atoms, forming two hydrogen bonds to a water
molecule bridging the interface gap.

In light of the above analysis, computational design of
potential peptide inhibitors of the CDK9 - cyclin T1 interac-
tion was attempted, focusing on Lys 93, Glu 137 and Phe 146
as main interaction sites. These residues were chosen as they
were identified as hot spots in at least two out of the three
prediction tests conducted (all three in the case of Phe 146)
and about 40–58 % of their surface is buried upon complex
formation. The choice of Lys 93 as an important hot-spot
residue is in agreement with the experimental mutagenesis
studies in which its mutation, alongside the mutation of Glu96
was shown to inhibit P-TEFb complex formation. Glu96 was
not considered in our interface analysis, as this position is
mutated to Gly in the crystallographic structure of P-TEFb
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used in our design. This mutation is natively present in some
species [20] and does not disturb the structure significantly,
nor does it alter ATP-binding [57].

The decision to focus on the cyclin T1 sequence region
137–148 (hot spot residues Glu 137 and Phe 146 in our
design) is supported by an experimental observation that
cyclin T1 segment consisting of residues 1–188 but not 1–
133 was found necessary and sufficient for CDK9 binding
[55]. The only residues from the 134–188 cyclin T1 se-
quence directy involved in the CDK9/cyclin T1 interaction
interface are 134, 137, 139, 141–146, 148, 149, of which
most are included in our designed peptides.

As the hot-spot residues chosen for our peptide design are
conserved between cyclins T1, T2 and K (see Online re-
source, Fig. 5), cyclin-specific inhibition of the P-TEFb
complex formation by the designed peptides is highly un-
likely. However, known CDK9 inhibitors that bind to the
ATP-binding pocket of CDK9 also lack this cyclin-based
specificity in their action and have reached clinical trials [4].

Aside from the native hot spots originating from the
surface of cyclin T1, amino acids from the surface of the
Tat protein were also investigated as anchor spots for po-
tential inhibitors, as Tat protein interacts with CDK9 in the
P-TEFb/Tat complex. While most of the Tat-P-TEFb inter-
action is mediated through the cyclin T1 - Tat contacts, Tat
does interact with the T loop of CDK9 and computational
alanine scanning of this interaction indicated that trypto-
phane, Trp 11, from Tat contributes 3.82 kcal mol–1 of
binding energy, which classifies it as a hot spot amino acid.
Trp 11 interacts with the surroundings of the flexible T loop
on the CDK9 surface, but its binding groove remains pre-
served in the MD simulations of the complex and the “free”
CDK9 (Fig. 5), which makes it a potentially promising
residue to include in the design of molecules binding to
CDK9.

The Cα distance between Lys 93 hot spot from cyclin T1
and the Trp 11 from Tat is only 10.19 Å, allowing for the

two residues to be linked with the addition of just three
more amino acids. As a result, peptide inhibitors designed
to imitate the interactions of these two residues could
potentially be promising in P-TEFb inhibition. Design of
such potential pentapeptide inhibitors is planned in our
future studies.

Docking

Once the desired peptide candidate structures were assem-
bled, it became necessary to generate initial peptide-protein
complexes for further simulations and evaluations of the
free energy of binding. For the peptides extracted from the
surface of cyclin T1 (Table 2, peptides 1–4), this meant
docking them to the binding surface of CDK9, while the
peptides obtained through fragment based design (Table 2,
peptides 5–10) already had initial conformations at the
active site. These peptides were still redocked to maintain
consistency. Docking of all the candidates was also needed
to obtain unified preliminary values of binding energies as
all the previously used programs had scored the candidates
using their own scoring functions which were not directly
comparable.

When presented with both the desired binding surface of
the CDK9/cyclin T1 interface and the ATP binding pocket,
some of the peptides docked exclusively in the ATP pocket,
meaning that, in the top 10 and often even 20 docking poses,
across all runs, no binding was detected on the desired
interface surface. Such is the case for three out of four
peptides forming the negative control (Table 3, peptides
11, 12, 14) as well as for peptides 5 (FWGH) and 10
(PRWKE) obtained by fragment based design. Peptides
derived from the cyclin T1 surface (Table 3, peptides 1–4)
generally interact better with the “bound” CDK9 conforma-
tion, than with its “free” one, while those obtained through
fragment based design (Table 3, peptides 6–9) docked to
both structures with slight preferences to the “free” CDK9

Fig. 5 CDK9/Tat interactions in P-TEFb/Tat complex. a Structure of
P-TEFb/Tat complex (PDB ID: 3MI9) (yellow) superimposed to the
cyclin T1 bound (cyan) and «free» (blue) CDK9 structures from our
MD simulations. b close up of the hot spot Trp 11 residue (black) from

Tat interacting with CDK9 (yellow, stick representation), cyclin T1
bound (cyan) and «free» (blue) CDK9 structures from our MD
simulations
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conformation. Peptide 13 (VRPHL) from the randomly as-
sembled negative control group (peptides 11–14, Table 3)
docked to both CDK9 conformations with affinities compa-
rable to those of our designed peptides, but further energy
evaluations using MM-PBSA method opposed this obser-
vation (see MM-PBSA). In all cases with successful dock-
ing, the structures were used as initial conformations for
further analysis using MM-PBSA approach.

MM-PBSA

MM-GBSA and MM-PBSA binding energies obtained for
the binding of the designed peptides to CDK9 are in good
agreement. As MM-PBSA generally gives more accurate
energies, this discussion is focused on MMPBSA results,
but MM-GBSA calculations were conducted to obtain ad-
ditional information and to test agreement between the two.

Due to the fact that only five frames from MD simulations
were used to estimate the binding entropy of the peptides, the
numerical values obtained for the changes in conformational
entropy upon binding (TΔS) are not reliable, which prohibits
the direct comparison of free energies of binding between the
peptides. Nevertheless, the calculated changes in conforma-
tional entropy upon binding between different peptides are
comparable and in the range of −20 to −28 kcal mol–1 (±10–
15 kcal mol–1), allowing us to rank the peptides according to
their calculated MM-PBSA energies without the entropic
contribution. Direct inclusion of numerically unreliable
TΔS values into the evaluation of binding affinities and
ranking of the peptides was avoided as it would introduce
significant errors in the prediction. Therefore, Table 4 and the
following discussion refer to MM-PBSA calculated energies
without the changes in conformational entropy upon binding
(TΔS values) accounted for.

Among the peptides predicted to bind to the surface of
the CDK9 obtained from the 4 ns P-TEFb MD simulation,
peptides derived from the cyclin T1 surface (Table 4, pep-
tides 1–4) were shown to bind better than those obtained
with fragment based design (Table 4, peptides 5–10). The
only peptide from the randomly built negative control group
to bind to the CDK9 was peptide 13 (VRPHL), with the
binding energy of −18.8±3.8 kcal mol–1. Peptide 4
(LQTLGF) showed the most favorable binding energy of
−23.4±4.4 kcal mol–1, reproducing the binding mode of the
Phe 146 hot spot from the cyclin T1 surface, with an
additional hydrogen bond formed by the free carboxylate
of its Phe residue. Interactions of peptide 4 and CDK9
residues are shown in Fig. 6. Peptide 4’s glutamine residue
(L-Q-TLGF), corresponding to residue 142 in the cyclin T1
sequence, forms three hydrogen bonds to CDK9 residues
Glu 83 and Ile 84, further stabilizing the binding (Fig. 6).
This justifies our decision to include cyclin T1’s Gln 142
residue in peptide design, despite it not being a hot spot.

De novo designed peptides (Table 4, peptides 5–10)
performed somewhat better when binding to the surface of
the “free” CDK9, but the best binding energy of −40.9±
5.6 kcal mol–1 was obtained with peptide 3 (ESIILQ), a
cyclin-T1 surface derived peptide. Figure 7 shows the inter-
actions between peptide 3 and the surrounding CDK9 resi-
dues. The majority of peptide 3’s predicted interactions with
the surface of CDK9 are localized around peptide 3’s C-
terminus, where its free carboxylate forms a network of
hydrogen bonds with CDK9 residues Phe 12, Cys 13 and
Arg 86 (Fig. 7b).

The most promising inhibitor candidate obtained through
fragment based design was peptide 8 (PRWPE) which is

Fig. 6 Peptide 4 (LQTLGF) bound to the CDK9 structure from P-
TEFb simulation. a binding conformation. b peptide 4 - CDK9 inter-
action diagram mapped out by LigPlot+, hydrogen bonds in green
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amongst the highest ranking candidates when binding to the
free CDK9 structure (calculated binding energy of −33.9±
7.5 kcal mol–1). Interactions of peptide 8 and CDK9 resi-
dues are presented in Fig. 8. Two arginine residues figure
prominently in the predicted interactions between peptide
8 and CDK9 surface: peptide 8’s arginine residue (forming a
hydrogen bond network with CDK9 residues Glu 9 and Glu
57) and CDK9 residue Arg 86, which interacts with peptide
8’s C-terminus (Fig. 8b).

The differences in binding surfaces of CDK9 structures
from the P-TEFb MD simulation and CDK9 alone MD
simulation have influenced the binding of the designed
peptides. As a result, peptide 4 (LQTLGF) was the best
potential inhibitor candidate when the binding was per-
formed on the structure of CDK9 from the P-TEFb simula-
tion, but it failed to bind to the free CDK9 structure. On the
other hand, peptide 3 (ESIILQ), interacted with the free
CDK9 better than any of the other peptides tested, but failed

to bind to the CDK9 structure in P-TEFb bound conforma-
tion. Of the peptides predicted to bind to both conformations
of CDK9, peptide 8 (PRWPE) was the most promising
potential inhibitor candidate, preferentially binding to the
free form of CDK9.

SMD

In the literature, steered molecular dynamics (SMD) [58]
has been used to estimate the order of relative binding
affinity of small molecule ligands [59] and proteins [60].
Coupled with the Jarzynsky’s equality, it can be used for
more precise estimates of free energy [58], but we have only

Fig. 7 Peptide 3 (ESIILQ) bound to the “free” CDK9. a binding
conformation. b peptide 3 - CDK9 interaction diagram mapped out
by LigPlot+, hydrogen bonds in green

Fig. 8 Peptide 8 (PRWPE) bound to the “free” CDK9. a binding
conformation. b peptide - CDK9 interaction diagram mapped out by
LigPlot+, hydrogen bonds in green
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used the method for approximate estimates of relative bind-
ing affinity of our designed peptides.

Binding energies obtained using MM-PBSA are not di-
rectly comparable with the force profiles of SMD simula-
tions. Different force fields were used for the two methods
in this study and in addition, the molecular events described
in both can differ significantly, depending on the evolution
of the SMD trajectories. During the 4th and final nanosec-
ond of classical MD simulations from which data was
obtained for the MM-PBSA runs, the peptides had remained
bound to the CDK9 surface, while in SMD runs, due to the
highly flexible N-terminus of the CDK9 in the vicinity of
the binding surface, additional interactions of the peptides
and CDK9 could form during the pulling process. This is
most visible in the interaction of peptide 7 (KPPQ) and the
“free” CDK9 structure. In the MM-PBSA run, the binding
energy of this peptide-protein pair is evaluated to just −12.1
±4.5 kcal mol–1, but its force profile shows the highest peak
of all the designed peptides (Fig. 3), indicating that it pos-
sesses the highest binding affinity. However, the peak on the
force profile corresponds to a later event during the pulling,
in which the peptide has left the binding surface and inter-
acts with the N-terminus and a flexible loop of the CDK9
(Fig. 9). Therefore, the force needed to pull peptide 7
(KPPQ) directly from its binding surface is only described
in the initial segment of the SMD force profile graph, and is
in agreement with the low MM-PBSA predicted binding
energy. The same behavior is observed with peptide 2
(FLAAKV) while binding to the CDK9 structure from the
P-TEFb simulation, and to one degree or another, presents a
common feature in our runs, due to the flexible N-terminus
of the protein in the vicinity of the binding surface. While
keeping this terminus fixed would eliminate this behavior, it
would, at the same time, interfere with the interactions
studied, as it would artificially constrain a region of the
protein directly involved in the interaction.

As a result of these additional interactions forming be-
tween the peptides and CDK9, and perhaps due to the fact
that the binding surfaces with which the peptides initially
interacted were lacking sufficient overlap, the SMD force
profiles obtained for the peptides could not be adequately
used to estimate the differences in binding affinities between
the peptides. Due to their flexibility, while being pulled, the
peptides easily formed additional interactions with the pro-
tein surface, differing from case to case. This influenced the
obtained force profiles, as the force peaks corresponding to
these additional interactions altered the force profiles and
masked the peaks expected from the initial interactions
existing at the binding surface. We have, therefore, relied
on the MM-PBSA predicted energies of binding as our main
selection criterion for the peptide sequences that could be
useful in the design of potential direct peptide inhibitors of
CDK9/cyclin T1 interaction.

Conclusions

We have performed a computational study of the CDK9/
cyclin T1 protein-protein interaction and identified two pep-
tide sequences LQTLGF and ESIILQ, both derived from the
surface of cyclin T1 as potential inhibitors of the interaction,
predicted to bind to the surface of CDK9. In addition,
peptide sequence PRWPE, obtained via fragment based
design has also shown promising binding to CDK9 surface.
While both MM-PBSA and SMD studies were conducted
on the designed peptides – CDK9 complexes, the peptide
sequences were selected based on their predicted binding
energy calculated through the MM-PBSA approach only, as
the inherent flexibility of the peptides and the N-terminus
region bordering the binding surface have imposed limita-
tions on the reliability of our SMD results. The results
obtained would serve as the guidance for synthesis and
biological evaluation of potential inhibitors of CDK9/cyclin
T1 interaction and, along with additional computational
studies, could contribute to the further exploration of P-
TEFb/Tat complex as target for inhibitor design.
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