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Cyclin-dependent kinases (CDKs) are critical to the cell cycle and many other biological processes, and as such, are
considered as one of the promising targets for therapy against cancer and other diseases. Most pan-CDK inhibitors bind to
the highly conserved catalytic ATP-binding pocket and therefore lack the specificity to prevent side effects. It is desirable
to develop drugs targeting non-catalytic pockets for specificity towards individual CDKs. Here we performed a systematic
analysis of non-catalytic pockets on CDKs and identified a region underneath the T-loop, which we term TL pocket, for
potential inhibitor development. Specifically, we compared the TL pockets of human CDK?2 and CDK7-homolog Pfmrk
of Plasmodium falciparum, a malaria-causing parasite. Molecular dynamics simulations of several short peptides revealed
that this less conserved TL pocket could be used to design potentially specific inhibitors against malaria disease.
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1. Introduction

Cyclin-dependent kinases (CDKs) are a family of protein
kinases that regulate the cell cycle and many other biologi-
cal processes.!!! For example, CDKI1, 2, 4, and 6 are directly
involved in regulating the cell cycle; CDKS is required for
proper development of the brain; CDK?7, 8, and 9 are part of
the elongation factor for RNA polymerase II transcription. [>~7]
Structurally, CDK proteins consist of an N-terminal lobe rich
in beta strands, C-helix, alpha helical, and C-terminal lobe.
ATP binds to CDKSs in a deep cleft between the two lobes. Cy-
clin binding to CDKSs tightly regulates their functions. Aber-
rant activity of various cell cycle proteins can result in un-
controlled tumor cell proliferation. Therefore, CDK proteins
are considered attractive drug targets.®~'?! For example, cur-
rent therapy against malaria becomes increasingly less effec-
tive due to drug resistance in the malaria-causing parasite; it is
thus highly desirable to develop new drugs targeting the para-
site’s CDK required for its life cycle.[!3-18]
CDK activation is a two-step process. In the inactive
state, T-loop arises from the C-terminal lobe to block the bind-
ing of a protein substrate at the entrance of the active site cleft.
So, the first step is the binding of the regulatory protein Cyclin
to decrease the T-loop flexibility. Second, the Cyclin protein
can also position several essential amino-acid side chains cor-
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rectly, so the phosphates of ATP can be ideally oriented for the
kinase reaction. Therefore, previous CDK drug development
focused on blocking ATP or breaking up the CDK/Cyclin in-
terface.

most of the CDK inhibitors are ATP-
competitive. Although with some slight differences, the cat-

Currently,

alytic ATP-binding pockets of CDK family proteins share
a similar structure, the pan-CDK inhibitors typically exhib-
ited little specificity towards individual CDKs. For example,
flavopiridol is a well-known pan-CDK inhibitor and can in-
hibit CDK1, 2, 4, and 9.1'%?2] Previous study and clinical
trials indicated that flavopiridol causes the cell cycle arrest
in G1 and G2 phases but also lead to tissue apoptosis or or-
gan atrophy. Another approach for drug design is to break
up the CDK/Cyclin complex. However, it is noted that the
buried surface at the interface of CDK/Cyclin is extensive
with hydrophobic interactions. It is difficult to design a small
compound to compete directly with or break up Cyclin pro-
tein at the interface. However, recent computational stud-
ies suggest that it is possible to design small compounds to
break up Cyclin protein at non-catalytic pocket via allosteric
interactions.?>2%! Stephane et al. identified one non-catalytic
pocket away from the ATP site that extends from the DFG
region above the C-helix.[?"! Crystal structures with ANS re-
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vealed that two ANS molecules were bound adjacent to each
other. Binding of ANS induced some structural changes in
the C-helix conformation that made Cyclin binding impossi-
ble. Giulio et al. further developed the allosteric inhibitors of
cyclin-dependent kinase 2 using this non-catalytic pocket. 3!l
Previously, we reported some small peptides targeting a non-
catalytic TL pocket located under the T-loop of CDK pro-
tein to break up the CDK2/Cyclin complex.*?! Computa-
tional dynamical network analysis revealed that these peptides
weaken the complex via allosteric interactions. Our experi-
ments showed that upon binding to the non-catalytic pocket,
these peptides break up the CDK2/Cyclin complex partially
and diminish its kinase activity in vitro. Yutong et al. fur-
ther developed the allosteric chemical small-molecule CDK?2
inhibitor based on this non-catalytic pocket.!**! These results
indicate that the non-catalytic pocket may be utilized as a po-
tential drug target for other CDK proteins. However, the speci-
ficity of the non-catalytic pocket towards individual CDKs re-
mains poorly understood.

In this paper, we present a systematic analysis of CDKs
to identify all potential non-catalytic pockets. Results on se-
quence evolution suggest that the non-catalytic TL pocket lo-
cated under the T-loop is much less conserved in both se-
quence and structure than the ATP-binding pocket. The case
study of the malaria-causing parasite kinase Pfmrk, a sequence
homolog of human CDK7, shows that the interface regions
of Pfmrk/Cyclin H complex would be weakened differently
from that of human CDK2/Cyclin E by certain peptide in-
hibitors. Taken together, we provide a scheme to identify
non-catalytic pockets and further demonstrate that the non-
catalytic TL pocket could be used to develop drugs with speci-
ficity towards the parasite and reduced side effects on host
cells.

2. Materials and methods
2.1. Pocket detection

Potential binding cavities were detected using active
site identification program DoGSiteScorer.!3*3> The program
identifies all cavities on the surface of a given protein struc-
ture and then calculates the global properties of the cavity in-
cluding its volume, surface, shape and chemical features (see
Refs. [34] and [35] for details). DoGSiteScorer>*3! has cor-
rectly classified druggable or undruggable cavities with an ac-
curacy of 90% in a non-redundant data set (NRDD) and ac-
curacy of 88% in a druggability data set (DD). Therefore,
this program could reliably discover potential cavities for drug
binding. PyMOL was used to visualize the protein structures
and their putative cavities (www.pymol.org). The phyloge-
netic trees were drawn using iTOL.[36-38]

2.2. Conservation analysis

The CDK2, CDK?7, and CDKO structures were extracted
from the PDB database (PDB codes: 1FIN, 1UA2, and

3MI9, respectively).[>**#!! The parasite CDK Pfmrk and hu-
man Cyclin H complex was built via homology modeling by
I-TASSER.[4243]

The homologous sequences of CDK2, CDK7, and CDK9
proteins were extracted from ConSurf-DB.[***] The CSI-
BLAST is used to search for the homologous sequences sim-
ilar to the selected structure. Then, the multiple sequence
alignment (MSA) of these homologous sequences is calcu-
lated by MAFFT.!*®! The position-specific conservation scores
of each amino acid position in the alignment were computed
using the Rate4Site program.[*”! This Rate4Site algorithm as-
signs a conservation level for each residue using an empirical
Bayesian inference. Visualization of the conservation patterns
on tertiary structure often provides insights on functionally im-
portant regions of the protein. Tertiary structural conservation
patterns were visualized using PyMOL (www.pymol.org).

2.3. Molecular dynamics simulation and inhibitor evalua-

tion

All molecular dynamics (MD) simulations were per-
formed using the GROMACS software package./*¥! We have
done a benchmark simulation test in our previous CDK2 study
with experimental validation.!*?! Here we used the tested MD
parameters in our current Pfmrk MD study. The peptide in-
hibitor structures were exactly the same as described in our
previous work. 321 For the MD simulations, the G53a6 force
field and SPC water were employed.[*°! The temperature was
set at 300 K. Before MD simulations, the entire systems were
first minimized by a 1000-step steepest descent calculation fol-
lowed by a 3000-step conjugate gradient optimization. We
performed 30-ns MD simulations for each different state. The
dynamical protein network is constructed as follows. A node
is defined as a single amino acid, and if the distance of any two
heavy atoms of a pair of different nodes is less than 4.5 A for
at least 75% of all snapshots sampled during MD simulations,
then this pair of nodes was said to form an edge.>*>!l The
neighboring nodes in the sequence were not considered to be
in contact and thus no edge between them. The final 20 ns of
the 30-ns trajectories, sampled every 100 ps, was used to con-
struct the protein network. Moreover, we define the pairwise
correlations

(Ari(e) - A, (1))

i = (a0 e P72 M

where,
Ar; (I) =17; (l‘)*<’l°,‘ (I)> (2)

and r; (1) is the position vector of the Cy atom of the i-th amino
acid. The value of C;; ranges from —1 to 1. For the interface
correlation analysis, we first identify the CDK/Cyclin interface
residues, then calculate the correlations for all pairs of such
residues with one on CDK and the other on Cyclin, and finally,
take the average of these pair correlations as the interface cor-
relation between CDK and Cyclin. A residue is identified as
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interface residue if it is solvent-exposed in either CDK or Cy-
clin alone but not in CDK/Cyclin complex. Solvent-exposed
residues were identified by using the solvent accessible surface
recognition program GETAREA.[>?]

3. Results
3.1. Potential drug pockets on CDK proteins

Accurate identification of pockets is important in the
study of computational drug design, therefore, we identified
all the potential drug binding pockets of CDK2, CDK7, and
CDKO9 using DoGSiteScorer program.3*33] There are puta-
tively 13, 9, and 15 pockets on CDK2, CDK7, and CDK9
structural surface, respectively. The approximate volumes and
surfaces of different pockets are given in Tables 1-3. To il-
lustrate the identified pockets in CDK proteins, we highlight
the top 5 pockets of CDK2 structure in Figure 1. Notably,
the largest pocket is mainly located around the ATP-binding
pocket (colored in red). The second largest one is located un-
der the ATP-binding pocket (colored in blue). The third one is
located under the T-loop region (colored in yellow), which is
far away from the ATP-binding pocket but near CDK/Cyclin
interface. The other two pockets (colored in magenta and or-
ange) are located in the back. There are two similar pockets
present in all CDKs: one is the ATP-binding pocket and the
other is the pocket underneath the T-loop, which we shall term
the TL pocket.

Pockets Volume/A® Surface/A?

Red 651.26 706.35
Blue 443.90 754.79
Yellow 330.69 593.57
Magenta 215.04 395.13
Orange 210.05 318.61

Fig. 1. (color online) The top five detected pockets (shown as surface rep-
resentation) together with a cartoon representation of CDK2 protein (PDB
code: 1FIN). The main shape descriptors (volume and surface) for the top 5
detected pockets are shown in the table on right.

Table 1. The shape descriptors (volume and surface) for all detected pockets
on CDK2 structural surface (PDB code: 1FIN). All the pockets are identified
using DoGSiteScorer®*3>! program.

Pocket Volume/A3 Surface/A? Pocket Volume/A3 Surface/A>

1 651.26 706.35 8 168.38 445.05
2 443.90 754.79 9 154.30 362.75
3 330.69 593.57 10 111.23 262.27
4 215.04 395.13 11 109.95 243.25
5 210.05 318.61 12 104.96 161.33
6 207.04 452.21 13 104.77 243.60
7 181.82 448.15

Table 2. The shape descriptors (volume and surface) for all detected
pockets on CDK?7 structural surface (PDB code: 1UA2). All the pock-
ets are identified using DoGSiteScorer®*33 program.

Pocket Volume/A3 Surface/A? Pocket Volume/A? Surface/A?

1 1733.70 2171.35 6 153.79 378.47
2 337.28 488.53 7 128.77 298.85
3 233.15 393.87 8 126.46 280.29
4 204.54 334.22 9 106.30 178.14
5 182.40 310.82

Table 3. The shape descriptors (volume and surface) for all detected
pockets on CDKO structural surface (PDB code: 3MI9). All the pock-
ets are identified using DoGSiteScorer3*3>! program.

Pocket Volume/A3 Surface/A? Pocket Volume/A3 Surface/A?

1 831.55 1160.48 9 183.44 369.74
2 513.66 671.42 10 181.95 392.95
3 285.71 477.63 11 176.08 451.33
4 250.70 370.25 12 160.32 297.65
5 227.36 271.56 13 117.06 282.35
6 224.98 528.44 14 102.49 86.49
7 222.60 281.99 15 101.97 223.66
8 191.91 345.43

3.2. Conservation analysis of pockets

Given that protein structures evolve,!33! we performed se-
quence conservation analysis to infer the structural or func-
tional important residues. The evolutionary conservation
scores were identified using the ConSurf-DB.[#4#3] The con-
tinuous conservation scores are divided into a discrete scale of
9 grades with grade 1 indicating the most variable positions
and grade 9 the most conserved positions. The highly con-
served residues (grades 7-9), variable residues (grades 1-3),
and pocket conservations of CDK proteins are listed in Ta-
bles 4-9.

We have projected the evolutionary conservation scores
of each amino acid onto the CDK tertiary structures (shown in
Fig. 2). For example, most of the beta strands show a pattern
of high conservation and form the parallel beta-sheets with 7
or § beta strands. Note that these beta strands form the ATP-
binding pocket. The high conservation of the beta strands in-
dicates that the ATP-binding pocket is highly conserved. The
alpha helix under beta strands located at the CDK/Cyclin in-
terface provides several interactions to stabilize the complex
structure. Therefore, the complex requires this helix to be
also conserved to form stable interactions. In addition, the
amino acids marked in red inside the CDK protein demon-
strated the high-level conservation of the protein core. These
highly conserved amino acids are important for maintaining
the protein tertiary structure. Overall, the biologically func-
tional ATP-binding pocket and CDK/Cyclin interface regions
are manifested with a remarkable degree of conservation by
the amino acids mostly from grade 7 to 9. On the other hand,
other surface residues located at a long distance away from
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the CDK/Cyclin interface are variable residues in grades 1-3,
especially the residues located under the T-loop.

Previously, we reported some short peptide inhibitors tar-
geting this non-catalytic TL pocket.3?) Molecular dynamics
simulations and detailed dynamical network analysis revealed
that these peptides weaken the complex formation via al-

(a)
ATP-pocket

(b)
ATP-pocket

losteric interactions. Our experiments also showed that upon
binding to the non-catalytic TL pocket, these peptides break
the CDK2/Cyclin complex partially and diminish its kinase
activity in vitro. Given that this non-catalytic TL pocket is less
conserved, the variation might be exploited to design specific
drugs for different CDK proteins.

(c)
ATP-pocket

HEN: - - EE=

Variable Average Conserved

Fig. 2. (color online) Ribbon and surface representation of (a) CDK2 (PDB code: 1FIN), (b) CDK7 (PDB code: 1UA2), and (c) CDK9
(PDB code: 3MI9). Color scheme follows the conservation scores. Variable residues (conservation score from 1 to 3), average
residues (conservation score from 4 to 6), and conserved residues (conservation score from 7 to 9) are colored in blue, green and
red, respectively. Both the ATP-binding pocket and protein structural core are highly conserved as marked in red. The non-catalytic
T-Loop pocket (TL pocket) has more sequence and structural variations.

Table 4. The conservation analysis of CDK2 structure (PDB code: 1FIN). The evolutionary conservation scores are identified
using the ConSurf-DB. #4431 The continuous conservation scores are divided into a discrete scale of 9 grades with grade 1
for the most variable positions while grade 9 the most conserved positions.

Conservation

Residues

GLN5(1), ARG22(1), LYS24(1), LEU25(1), GLY27(1), GLU28(1), VAL29(1), ASN59(1), LYS65(1),
LEU67(1), LEU96(1), THR97(1), GLY98(1), LEU101(1), PRO102(1), GLU224(1), VAL225(1),
GLY229(1), THR231(1), SER232(1), PRO238(1), SER239(1), LYS242(1), TRP243(1), ALA244(1),
ARG245(1), GLN246(1), ASP247(1), SER249(1), LYS250(1), VAL251(1), PRO254(1), GLU257(1),
ASP258(1), SER264(1), GLN265(1), HIS268(1), ASN272(1), LYS278(1), ALA279(1), ALA282(1),

1-3 GLN287(1), VAL289(1), LYS291(1), VAL293(1), PRO294(1), HIS295(1), LEU296(1), LEU298(1),
GLU2(2), THR39(2), GLU73(2), ALA95(2), PHE109(2), ALA140(2), GLY153(2), TYRI79(2),
ARG200(2), PHE213(2), ARG217(2), VAL226(2), PRO228(2), ASP235(2), LYS237(2), PHE248(2),
PRO253(2), ARG260(2), LYS273(2), PRO284(2), ASP288(2), LYS6(3), GLUS(3), PRO61(3), SER94(3),
THR137(3), ALA151(3), VAL156(3), ARG157(3), VAL197(3), ASP206(3), THR218(3), ASP223(3),
TYR236(3), PHE240(3), ASP256(3), ARG297(3)

ASN3(4), VAL7(4), TYR19(4), ASP38(4), THR41(4), ASN74(4), LYS75(4), ALA93(4), PRO100(4),
LEU103(4), ILE104(4), LEU108(4), ILE104(4), LEU108(4), ALA116(4) , SER120(4), GLU138(4),
PHE152(4), THR158(4), ILE186(4), THR198(4), ARG214(4), VAL252(4), LEU255(4), LYS9(5),
VALI7(5), ASN23(5), GLU40(5), GLY43(5), VAL44(5), GLU57(5), ILE70(5), HIS71(5), THR72(5),
PHES2(5), LYS88(5), LYS89(5), ASP92(5), ILE99(5), SER106(5), TYR107(5), GLN113(5), LEU115(5),

46

PHEI117(5), ARG122(5), VAL154(5), CYS177(5), LYS178(5), THR182(5), ALA183(5), PHE193(5),

ARG199(5), ILE209(5), LEU219(5), TRP227(5), VAL230(5), PRO241(5), SER261(5), TYR269(5),
ILE275(5), PHE285(5), THR290(5), THR26(6), LEU37(6), GLU42(6), SER46(6), LEU54(6), LYS56(6),
LEU58(6), LEU76(6), TYR77(6), PHE80(6), HIS84(6), GLN85(6), PHE90(6), MET91(6), LEU111(6),
LEUL12(6), CYS118(6), HIS121(6), LEU124(6), ILE135(6), PRO155(6), TYR159(6), HIS161(6),
LEU189(6), PRO204(6), ASP210(6), LEU212(6), PHE216(6), PRO234(6), GLY259(6), LEU263(6),

MET266(6), ASP270(6), SER276(6)

MET1(7), ILE10(7), GLU12(7), LYS20(7), LYS34(7), ARG36(7), PRO45(7), ILE49(7), ILE52(7),
SER53(7), ILE63(7), ASP68(7), VAL69(7), LE78(7), LEU83(7), LYS105(7), VAL123(7), ASN136(7),
GLY139(7), ILE141(7), LEU143(7), ILE173(7), LEU175(7), SER181(7), ALA194(7), MET196(7),
ALA201(7), LEU202(7), SER207(7), GLU208(7), THR221(7), MET233(7), LEU281(7), PRO292(7),
PHE4(8), THR14(8), TYR15(8), ALA21(8), VAL30(8), LEU32(8), ILE35(8), THR47(8), ALA48(8),
VAL64(8), LEU66(8), VAL79(8), GLUS1(8), LEU87(8), GLY114(8), LEU128(8), GLNI31(8),
LEU133(8), ALA144(8), GLU162(8), VAL164(8), TRP167(8), ALA170(8), LEU174(8), GLY176(8),
7-9 VAL184(8), PHE203(8), LEU262(8), LEU267(8), PRO271(8), ALA277(8), ALA280(8), HIS283(8),
PHE286(8), GLY11(9), GLY13(9), GLY16(9), VAL18(9), ALA31(9), LYS33(9), ARG50(9), GLU51(9),
LEUS55(9), HIS60(9), ASN62(9), ASP86(9), GLN110(9), HIS119(9), HIS125(9), ARG126(9), ASP127(9),
LYS129(9), PRO130(9), ASN132(9), LEU134(9), LYS142(9), ASP145(9), PHE146(9), GLY147(9),
LEU148(9), ALA149(9), ARG150(9), THR160(9), VAL163(9), THR165(9), LEU166(9), TYR168(9),
ARG169(9), PRO171(9), GLU172(9), TYR180(9), ASP185(9), TRP187(9), SER188(9), GLY190(9),
CYS191(9), ILE192(9), GLU195(9), GLY205(9), GLN211(9), ILE215(9), GLY220(9), PRO222(9),

ARG274(9)
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Table 5. The conservation analysis of CDK7 structure (PDB code: 1UA2). The evolutionary conservation scores are identified using the ConSurf-
DB.[#+*3] The continuous conservation scores are divided into a discrete scale of 9 grades with grade 1 for the most variable positions while grade 9 the
most conserved positions.

Conservation Residues

ARG30(1), ASN33(1), LEU107(1), VAL108(1), PROI11(1), GLU235(1), CYS241(1), THR248(1), SER251(1), PHE252(1),
PRO253(1), PRO256(1), HIS258(1), HIS259(1), ILE260(1), ASP266(1), ASP267(1), CYS281(1), THR287(1), LYS291(1),
SER296(1), GLN306(1), ARG309(1), ASN311(1), GLU13(2), LYS32(2), ASN35(2), GLN36(2), ILE37(2), SER70(2), GLY76(2),
LEU78(2), LYS84(2), SER106(2), SER112(2), MET189(2), THR223(2), GLU234(2), GLN236(2), SER242(2), ASP245(2),
TYR246(2), VAL247(2), GLY254(2), ILE255(2), SER262(2), ALA263(2), GLY265(2), LEU269(2), GLN273(2), GLY274(2),
LEU277(2), ALA282(2), GLN288(2), ASN297(2), ARG298(2), GLY300(2), PRO303(2), PRO72(3), LEU119(3), GLU147(3),
ASNI148(3), VAL150(3), ASP216(3), GLU227(3), THR228(3), ASP239(3), PHE249(3), ALA264(3), LYS293(3), THR302(3),
CYS305(3)

LYS14(4), LEUI5(4), ASP16(4), GLY82(4), HIS83(4), SER85(4), ASN86(4), ASN105(4), THR110(4), GLU126(4), SER161(4),
GLY163(4), ASN166(4), ALA168(4), LEU207(4), VAL210(4), ARG224(4), THR233(4), LYS250(4), LEU257(4), PRO308(4),
PRO310(4), TYR27(5), ASP31(5), PHE81(5), LYS103(5), ASP104(5), HIS113(5), ILE114(5), ALA116(5), MET118(5), GLN123(5),
TYR127(5), GLN130(5), TRP132(5), PHE162(5), SER164(5), ARG188(5), VAL192(5), MET196(5), LEU208(5), LEU219(5),
PHE261(5), ILE284(5), LEU307(5), PHE17(6), THR25(6), THR34(6), LEU65(6), GLN67(6), GLU68(6), LEU69(6), PHE93(6),
GLU99(6), VAL100(6), ILE101(6), LEU109(6), TYR117(6), THR121(6), LEU125(6), LEU128(6), HIS131(6), PRO165(6),
ARG167(6), ALA187(6), GLY193(6), VAL199(6), LEU203(6), ARG209(6), PRO214(6), ASP220(6), PHE226(6), LEU229(6),
MET240(6), ASP270(6), ILE272(6), PHE278(6), THR285(6), TYR294(6), PRO299(6), GLY304(6)

4-6

LEU18(7), GLU20(7), LYS28(7), ARG57(7), LEU60(7), LYS64(7), ILE74(7), ASP79(7), ALAS80(7), ILE87(7), SER88(7),
LEUS89(7), PHE91(7), MET94(7), GLU95(7), THR96(7), ILE102(7), LYS115(7), LEU122(7), ILE133(7), LEU134(7), LEU145(7),
ASP146(7), GLY149(7), LEU151(7), TYR169(7), HIS171(7), GLY191(7), LEU206(7), PHE212(7), SER217(7), ASP218(7),
LEU222(7), THR231(7), PRO238(7), LEU243(7), PRO244(7), LEU268(7), LEU275(7), ASN279(7), LEU290(7), PRO301(7),
PHE23(8), ALA29(8), ILE40(8), LYS42(8), ILE43(8), ASN56(8), THR58(8), ALA59(8), ILE63(8), ILE75(8), LEU77(8), VAL90(S),
ASP92(8), LEU98(8), GLY124(8), LEU138(8), ASN141(8), LEU143(8), LEU153(8), ALA154(8), GLN172(8), TRP177(8),

7-9 LEU183(8), LEU184(8), PHE185(8), GLY186(8), VAL194(8), ALA204(8), PRO211(8), LEU213(8), TRP237(8), LEU271(8),
PHE276(8), ALA286(8), ALA289(8), MET292(8), PHE295(8), GLY19(9), GLY21(9), GLN22(9), ALA24(9), VAL26(9), VAL38(9),
ALA39(9), LYS41(9), ARG61(9), GLU62(9), LEU66(9), HIS71(9), ASN73(9), ASP97(9), MET120(9), HIS129(9), HIS135(9),
ARGI136(9), ASP137(9), LYS139(9), PRO140(9), ASN142(9), LEU144(9), LYS152(9), ASP155(9), PHEI56(9), GLY157(9),
LEU158(9), ALA159(9), LYS160(9), TPO170(9), VAL173(9), VAL174(9), THR175(9), ARG176(9), TYR178(9), ARG179(9),
ALA180(9), PRO181(9), GLU182(9), TYR190(9), ASP195(9), TRP197(9), ALA198(9), GLY200(9), CYS201(9), ILE202(9),
GLU205(9), GLY215(9), GLN221(9), ILE225(9), GLY230(9), PRO232(9), PRO280(9), ARG283(9)

Table 6. The conservation analysis of CDK9 structure (PDB code: 3MI9). The evolutionary conservation scores are identified using the ConSurf-
DB.[*+*3] The continuous conservation scores are divided into a discrete scale of 9 grades with grade 1 for the most variable positions while grade 9 the
most conserved positions.

Conservation Residues

ARG37(1), LYS40(1), GLY42(1), LEU118(1), LYSI20(1), ASN179(1), GLU251(1), ASP257(1), LEU261(1), LEU265(1),
GLU266(1), LEU267(1), VAL268(1), LYS269(1), GLY270(1), GLN271(1), LYS276(1), ASP277(1), LYS280(1), ALA281(1),
TYR282(1), ALA301(1), ASP307(1), ASN311(1), TRP316(1), ASP323(1), LEU324(1), LYS325(1), GLY326(1), MET327(1),
LEU328(1), SER329(1), THR330(1), HIS331(1), LEU332(1), MET335(1), PHE12(2), SER17(2), LYS18(2), GLU20(2), ARG39(2),
GLN43(2), LYS44(2), LYS74(2), ASN8SOV, ILE82(2), VAL119(2), LEU123(2), SER124(2), GLN131(2), ALA173(2), ASP205(2),
SER226(2), ALA239(2), GLN243(2), PRO250(2), VAL252(2), ASN255(2), ASN258(2), TYR262(2), GLU263(2), LYS264(2),
VAL275(2), ARG278(2), ASP285(2), TYR287(2), LEU289(2), ASP293(2), LYS294(2), VAL297(2), GLN302(2), ASP308(2),
ASP313(2), SER317(2), ASP318(2), MET320(2), PRO342(2), GLU9(3), CYS10(3), GLU15(3), LYS21(3), GLU76(3), THR87(3),
GLY97(3), VAL162(3), SER175(3), LYS178(3), PRO182(3), ASN183(3), ARG184(3), ASN232(3), LEU244(3), THR249(3),
ARG273(3), LYS274(3), LEU279(3), VAL283(3), PRO286(3), GLU337(3), TYR338(3), PRO341(3)

1-3

VALS(4), LEU22(4), ALA23(4), ASN54(4), GLY58(4), ARG86(4), SER98(4), VAL117(4), THR122(4), ILE126(4), TYR138(4),
ARG159(4), ASP160(4), PHE174(4), LEU176(4), TRP223(4), THR224(4), LEU240(4), ARG284(4), SER322(4), PHE336(4),
ALA340(4), PRO11(5), LYS24(5), PHE34(5), HIS38(5), MET52(5), GLUS3(5), LYS56(5), PHE59(5), ALA111(5), SER115(5),
ASN116(5), GLU125(5), ARG128(5), MET130(5), ASN135(5), ARG142(5), LYS144(5), ALA177(5), GLN181(5), ARG204(5),
PRO208(5), LEU212(5), ARG225(5), GLN235(5), LYS272(5), ASP290(5), LEU298(5), THR333(5), SER334(5), LEU339(5),
ASP14(6), VAL16(6), GLU32(6), THR41(6), LEU51(6), LEU64(6), ILE69(6), GLN71(6), LEU72(6), LEU73(6), CYS85(6),
ILE99(6), LEU101(6), PHE105(6), GLU107(6), HIS108(6), GLY112(6), LEU113(6), PHEI21(6), VAL129(6), LEU133(6),
LEU137(6), TYR139(6), ILE140(6), ILE157(6), SER180(6), ASN187(6), GLU203(6), GLY207(6), PRO209(6), ALA215(6),
MET219(6), MET222(6), GLN230(6), HIS236(6), SER242(6), CYS245(6), VAL256(6), ILE292(6), ILE304(6), ASP305(6),
PHE314(6), PRO319(6), ARG344(6)

46

CYS13(7), ILE25(7), GLN27(7), PHE30(7), LYS35(7), GLU55(7), GLU57(7), ILE61(7), LYS68(7), VAL78(7), GLUS3(7),
ILES4(7), LYS88(7), TYR100(7), PHE103(7), CYS106(7), LEU114(7), LYS127(7), LEU134(7), ASN143(7), ILE145(7),
LEU146(7), THR158(7), GLY161(7), LEU163(7), TYR185(7), LEU199(7), LEU201(7), PRO227(7), ILE228(7), THR233(7),
GLU234(7), LEU238(7), SER247(7), TRP253(7), PRO254(7), TYR259(7), GLU260(7), ALA288(7), LEU295(7), ASP299(7),
LEU310(7), PHE315(7), PRO321(7), ARG343(7), TYR19(8), ALA36(8), LEU47(8), LYS49(8), VAL50(8), PRO60(8), THR62(8),
ALA63(8), ILE67(8), VAL79(8), LEU81(8), VAL102(8), ASP104(8), GLY 136(8), MET150(8), ALA153(8), VAL155(8), LEU165(8),

7-9 ALA166(8), ARG188(8), VAL190(8), TRP193(8), PRO196(8), LEU200(8), GLY202(8), ILE210(8), CYS217(8), ALA220(8),
MET229(8), LEU291(8), PRO300(8), SER306(8), ALA309(8), HIS312(8), GLY26(9), GLY28(9), THR29(9), GLY31(9), VAL33(9),
VAL45(9), ALA46(9), LYS48(9), ARG65(9), GLU66(9), LEU70(9), HIS75(9), ASN77(9), ASP109(9), LEU110(9), MET132(9),
HIS141(9), HIS147(9), ARG148(9), ASP149(9), LYS151(9), ALA152(9), ASN154(9), LEU156(9), LYS164(9), ASP167(9),
PHE168(9), GLY169(9), LEU170(9), ALA171(9), ARG172(9), TPO186(9), VAL189(9), THR191(9), LEU192(9), TYR194(9),
ARG195(9), PRO197(9), GLU198(9), TYR206(9), ASP211(9), TRP213(9), GLY214(9), GLY216(9), ILE218(9), GLU221(9),
GLY231(9), GLN237(9), ILE241(9), GLY246(9), ILE248(9), LEU296(9), ARG303(9)
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Table 7. The pocket conservation score of CDK2 structure (PDB code: 1FIN). The first and second columns represent the average conservation score
of the pocket and all residues in the pocket.

Pocket Residues

ILE10(7), GLU12(7), GLY13(9), THR14(8), TYR15(8), GLY16(9), VAL17(5), VAL18(9), ALA31(9), LEU32(8), LYS33(9),
1(79£1.2) LYS34(7), ILE35(8), THR47(8), GLU51(9), LEUS55(9), ILE63(7), VAL64(8), PHE80(6), GLUS81(8), PHES2(5), LEU83(7),
HIS84(6), GLN85(6), GLN131(8), ASN132(9), LEU134(9), ALA144(8), ASP145(9), PHE146(9), GLY 147(9), LEU148(9)

LEU67(1), LYS88(5), MET91(6), ASP92(5), SER94(3), ALA95(2), THR97(1), GLY98(1), ILE99(5), PRU100(4), LEU101(1),
2(49+29) ILE104(4), LYS129(9), PRO130(9), GLN131(8), THR165(9), TRP167(8), TYR168(9), GLU195(9), MET196(7), VAL197(3),
THR198(4), ARG199(5), ARG200(2), ALA201(7), PRO254(1)

THR158(4), TYR159(6), THR160(9), GLU162(8), VAL163(9), ARG169(9), ILE173(7), LEU174(8), LEU175(7), GLY176(8),

36329 y§177(5), TYRI80(9), GLU208(7), ILE209(5), LEU212(6), ASP235(2), LYS237(2), PHE240(3)

445432 LEU21905), GLY22009), THR221(7), PRO222(9), ASP223(3), VAL226(2), TRP243(1), ARG245(1), SER264(1), LEU267(8),
HIS268(1), TYR269(5), ASP270(6)

S@9+26 ALAIST), GLUIOSO), THRI9SM), ARG2002), ALA201(7), LEU202(7), PHE203(8), PRO204(6), ARG214(4), ARG217(2),
THR218(3), VAL251(1), VAL252(4)

6(53+26 LEULISG), ALATI6M), HISIIOO), SERI204), THRIS2(S), ALAIS(S), ILEIS6(), PRO27I(), ASN272(I), ARG274(9),
ILE275(5), SER276(6), ALA277(8), LYS278(1)

7(3.9420, LEUI0I(D), PRO102(D), TLEIO4(4), LYS105(7), SERI06(5), LEUI0S(4), PHEI93(5), VALI97(3), LEU255(4), ASP256(3),
GLY259(6), PHE285(5), ASP288(2), VAL289(1), THR290(5), PRO292(7)

§(5.0429) ES2(7),LEUS5(9), LYS56(6), GLUST(5), LEUSS(6), ASNS9(1), HIS60(9), ILE63(7), VALGA(S), LYS65(1), LEU66(8), LEU67(1),
ASP68(7), VAL69(7)
GLU12(7), TYRIS5(8), GLY16(9), VAL17(5), LYS34(7), ILE35(8), ARG36(7), LEU37(6), ASP38(4), GLU42(6), GLY43(5),

96614 peoustr)
PHE90(6), ALA93(4), SER94(3), THR97(1), GLY98(1), ILE99(5), PRO100(4), LEU103(4), VAL293(1), PRO294(1), HIS295(1),

1028+1.8) 2073

11 (5.6+£1.8) LEUI124(6), PHE152(4), VAL154(5), PRO155(6), VAL156(3), TYR180(9), SER181(7), THR182(5)

12 (6.6+2.4) GLU172(9), CYS177(5), TYR179(2), TYR180(9), SER181(7), ALA183(5), VAL184(8), PRO271(8)

13(6.1£2.0)0 METI1(7), PHE4(8), LYS6(3), TYR19(4), LEU32(8), LYS34(7), TYR77(6)

Table 8. The pocket conservation of CDK?7 structure (PDB code: 1UA2). The first and second columns represent the average conservation score of the
pocket and all residues in the pocket.

Pocket Residues

LEU18(7), GLU20(7), GLY21(9), GLN22(9), PHE23(8), ALA24(9), VAL26(9), ALA39(9), LYS41(9), GLU62(9), LEU65(6),
ILE75(8), PHE91(7), ASP92(8), PHE93(6), MET94(7), GLU95(7), THR96(7), ASP97(9), GLU99(6), ILE102(7), LYS103(5),
ASP104(5), TRP132(5), ILE133(7), LEU134(7), HIS135(9), ARGI136(9), ASP137(9), LEU138(8), LYS139(9), PRO140(9),

1(7.84+1.5) ASN141(8), ASN142(9), LEU144(9), ALA154(8), ASP155(9), PHE156(9), GLY157(9), LEU158(9), LYS160(9), SER161(4),
PHE162(5), ARG167(6), ALA168(4), TYR169(7), HIS171(7), GLN172(8), VAL173(9), VAL174(9), THR175(9), ARG176(9),
TRP177(8), TYR178(9), ARG179(9), ALA180(9), LEU183(8), VAL194(8), ASP195(9), TRP197(9), ALA198(9), CYS201(9),
GLU205(9), ARG209(6), VAL210(4), PRO211(8), PHE212(7), LEU213(8), PRO214(6), GLN221(9), ILE225(9)

THR223(2), LEU229(6), GLN236(2), TRP237(8), GLY254(2), ILE255(2), PRO256(1), LEU257(4), HIS258(1), LEU269(2),

2G8£25  ASP270(6). ILE272(6), GLN273(2), PHE276(8), LEU277(2), PHE278(6), ASN279(7), ALA282(2)

GLU182(9), ALA187(6), ARG188(5), MET189(2), TRP237(8), PRO238(7), ASP239(3), MET240(6), SER242(2), LEU243(7),

3(5.6+2.6) PRO244(7), ASN279(7), PRO280(9), CYS281(1)

PRO111(1), SER112(2), ILE114(5), LYS115(7), LEU207(4), ALA263(2), ALA264(3), GLY265(2), ASP267(1), LEU268(7),

4BTE23) 1yRo94(6), ASN297(2), PRO299(6)

5(5.5+£2.3) GLU13(2), LYS14(4), TYR27(5), LYS28(7), ALA29(8), ASP31(5), LYS32(2), ILE40(8), LYS42(8), PHE81(5), SER88(7)

6(5.74£2.3) GLUL26(4), HIS129(9), GLN130(5), TRP132(5), ILE133(7), LEU134(7), VAL192(5), THR285(6), ALA286(8), THR287(1)

PHE185(8), PHE226(6), THR231(7), PRO232(9), THR233(4), GLU234(2), TRP237(8), MET240(6), CYS241(1), TYR246(2),

7(4:5+2.9) VAL247(2), THR248(1), PHE249(3)

GLU95(7), THR96(7), ASP97(9), ILE101(6), TYR117(6), LEU145(7), ASP146(7), GLU147(3), ASP148(3), GLY149(7),

8(5:3+2.1) GLY304(6), CYS305(3), LEU307(5), PRO308(4), ARG309(1), PRO310(4)

9(5.2+£2.3) ALA116(5), LEU119(3), MET120(9), GLY 149(7), PRO301(7), THR302(3), PRO303(2), GLY304(6), LEU307(5)

Table 9. The pocket conservation of CDK9 structure (PDB code: 3MI9). The first and second columns represent the average conservation score of the
pocket and all residues in the pocket.

Pocket Residues

LYS24(5), ILE25(7), VAL33(9), LYS35(7), VAL45(9), ALA46(9), LEU47(8), LYS48(9), GLU66(9), ILE69(6), LEU70(9),
GLN71(6), LEU73(6), LYS74(2), HIS75(9), GLU76(3), VAL78(7), VAL79(8), ASN80(2), LEUS1(8), ILE82(2), GLUS3(7),

1(6.94+2.2) ILES4(7), LEU101(6), PHE103(7), ASP104(8), PHEL05(6), CYS106(7), GLU107(6), HIS108(6), ASP109(9), GLY112(6),
LEU113(6), ASN116(5), ALA153(8), ASN154(9), LEU156(9), THR158(7), LYS164(9), ALA166(8), ASP167(9), PHE168(9),
GLY169(9), HIS331(1)

PHE174(4), SER175(3), LEU176(4), ALA177(5), LYS178(4), GLN181(5), PRO182(3), ASN183(3), TYR185(7), GLU198(9),
2(5.3£2.4) GLU203(6), ASP205(2), TYR206(9), GLY207(6), PRO208(5), PRO209(6), ILE210(8), TRP253(7), PRO254(7), ASN255(2),
VAL256(6), ASN258(2), TYR259(7), ASP299(7), PRO300(8), ALA301(1)

LEU137(6), TYR138(4), HIS141(9), ARG142(5), PHE174(4), LEU176(4), PRO208(5), PRO209(6), LEU212(5), PRO300(8),

3G4x24) ALA301(1), ARG303(9), ILE304(6), ASP305(6), SER306(8), ASP307(1)
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Table 9. Continued.

Pocket Residues

478411 GLU32(6), VAL33(9), LYS48(9), LYS49(8), VAL50(8), LEUS51(6), PRO60(8), THR62(8), ALA63(8), GLU66(9), ILE67(8),
’ ' LEU101(6), GLY169(9)

5(4.44209) CYS245(6), GLY246(9), SER247(7), THR249(3), GLU251(1), VAL252(2), LYS269(1), GLN271(1), LYS272(5), ARG273(3),
: ’ LEU296(9), VAL297(2), LEU298(5), ASP299(7)

6(3.842.7) GLU107(6), HIS108(6), ARG128(5), MET132(9), ARG159(4), ASP160(4), GLY161(7), VAL162(3), ASP323(1), LEU324(1),
: ’ LYS325(1), LEU328(1), HIS331(1)

7(3.6+1.9) LEU114(7), VAL119(2), LYS120(1), PHE121(6), THR122(4), LEU123(2), ILE126(4), MET222(6), TRP223(4), ARG225(5),

. ’ TYR282(1), VAL283(3), ARG284(4), ASP285(2)

8(7.242.2) LEU110(9), ALA111(5), LEU114(7), SER115(5), LYS151(9), ALA152(9), ALA153(8), THR191(9), TRP193(8), TYR194(9),
’ ' GLU221(9), ARG225(5), SER226(2), PRO227(7)

9(4.742.9) ALA220(8), THR224(4), SER226(2), PRO227(7), ILE228(7), MET229(8), LEU244(3), VAL275(2), ARG278(2), LEU279(3),
’ ' TYR282(1), LEU296(9)

10 (6.6+2.4) ARG65(9), LYS68(7), ILE69(6), LEU72(6), ILE145(7), ARG172(9), ALA173(2)

11(82413) ILE61(7), THR62(8), ARG65(9), GLU66(9), ARGI148(9), PHE168(9), GLY169(9), LEU170(9), ALA171(9), ARG172(9),
’ ' TYRI185(7), ASN187(6), ARG188(8), VAL189(9), ARG204(5), TYR206(9)

12 (5.44+1.8) LYS35(7), LYS44(2), PHE105(6), CYS106(7), GLU107(6), THR158(7), ARG159(4), ASP160(4)

13(2.9+2.8) SER247(7), ILE248(9), THR249(3), PRO250(2), TYR262(2), GLU263(2), LEU265(1), LEU267(1), VAL268(1), LYS269(1)

1484407 LEU192(9), TRP193(8), TYR194(9), ARG195(9), PRO196(8), LEU200(8), TRP213(9), CYS217(8), ILE218(9), GLU221(9),
: ’ PRO227(7), ILE228(7), MET229(8), GLN237(9), ILE241(9)

15(7.0£2.4) ASNI87(6), ARG188(8), VAL189(9), ARG195(9), LEU199(7), LEU200(8), GLY202(8), GLU234(7), LEU261(1)

3.3. Specific peptide inhibitors for the non-catalytic TL
pocket on Pfmrk for potential malaria therapy

We can explore the variability of non-catalytic binding
pockets of CDKs to not only reduce cross interactions for in-
hibitors against different CDKs of the same organism but also
potentially design inhibitors against a specific parasitic organ-
ism while leaving the host organism intact. To this end, we fo-
cus on CDK7-homolog Pfmrk from Plasmodium falciparum, a
malaria-causing parasite that kills a significant number of lives
in the world, especially in the developing countries.>*! Given
the emergence and spread of drug-resistant malaria, new drugs
against malaria are urgently needed. Pfmrk is an attractive
drug target due to its role in regulating the parasite’s cellular
proliferation. It was reported that Pfmrk forms a stable com-
plex with human Cyclin H and stimulates kinase activity.[>!
We thus aim to design inhibitors targeting the non-catalytic TL
pocket that can break Pfmrk/Cyclin H complex while leaving
CDK2/Cyclin E of the host human cell unaffected.

To visualize the variability of the ATP-binding pocket and
the non-catalytic TL pocket between human and parasite Plas-
modium, we constructed the phylogenetic tree of these two
pockets as shown in Fig. 3 with human CDK2 and Pfmrk of
Plasmodium falciparum highlighted in red and blue, respec-
tively. Indeed, the separation displayed in Fig. 3 indicates
that the non-catalytic TL pocket possesses more variability be-
tween CDK?2 and Pfmrk.

It is known that Cyclin binding to CDK modulates the
enzymatic kinase activity of CDK. A stable interface of
CDK/Cyclin is thus required. Weakening the interface could
be a strategy for inhibitor design. Indeed, it was the approach
used in our previous studies*?! where MD simulations were
performed to monitor the interface motion caused by peptide
inhibitors placed in the TL pocket. The interface stability is

measured by the interface correlation via dynamical network
analysis (see Methods for details). Larger interface correla-
tion indicates stronger interface coupling and thus more stable
complex. As shown on the top panel of Fig. 5, the interface
correlation of CDK2/Cyclin E was considerably weakened by
peptides DAALT and YAALQ. These computational results
were indeed consistent with the experimental observation that
DAALT and YAALQ partially disrupted the CDK2/Cyclin E
complex formation and reduced the kinase activity. 3%}

(@) (b)

Fig. 3. (color online) Phylogenetic tree of the ATP-binding pocket (a) and
the non-catalytic T-loop (TL) pocket (b). Human CDK2 and parasite CDK
Pfmrk are highlighted in red and blue. The non-catalytic TL pocket is much
less conserved in both sequence and structure than ATP-binding pocket.

Previous research showed that highly coupled residues
with common secondary structure elements will produce a
correlation value great than 0.7, while some other secondary
structure elements with strong interactions can also achieve
correlation value around 0.5 ~ 0.6. Residues across an inter-
face typically result in correlations ranging from 0.3 to 0.4.13?]
With the experimental validation of our computational studies
on the interface stability of human CDK2/Cyclin E complex,
which showed that a decreased interface correlation corre-
sponds to weakened interface stability,*?! we further probed
how these same peptide inhibitors might impact the interface
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stability of Plasmodium Pfmrk/Cyclin H complex. To this
end, we first built the Pfmrk/Cyclin H complex via homology
modeling as shown in Fig. 4 (see Methods). We then car-
ried out MD simulations and dynamical network analysis on
Pfmrk/Cyclin H complex. Changes in the interface correla-
tion due to the peptide inhibitors located at the TL pocket are
shown on the bottom panel of Fig. 5. The average correlation
value of the interface residues in the absence of peptide is 0.36,
compared with values of 0.34, 0.32, 0.34, 0.31, 0.34, 0.31 in

Fig. 4. (color online) Ribbon representation of the parasite CDK Pfmrk
and human Cyclin H complex. The structure was built via homology
modeling by I-TASSER using human CDK?7 and Cyclin H complex.
Pfmrk is colored in green. Cyclin H is colored in light blue.
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Fig. 5. (color online) Correlation strength of CDK/Cyclin interface with
and without Smer peptides located at the TL pocket of CDK2/Cyclin E (a)
and Pfmark/Cyclin H (b). The correlation was computed by the dynam-
ical network analysis of MD simulations. The most decreased interface
correlations were produced by DAALT and YAALQ on CDK2/Cyclin but
FAALA and RAALW on Pfmrk/Cyclin showing specificity to some de-
gree. The computational results for CDK2/Cyclin E are consistent with
previous experiments (refer to the main text).

the presence of peptides DAALT, YAALQ, RAALG, FAALA,
KAALE, and RAALW, respectively. The interface correla-
tion in the presence of RAALG, FAALA, and RAALW pep-
tides were higher than control in CDK2/Cyclin but lower
than control in Pfmrk/Cyclin. These results suggest that
RAALG, FAALA, and RAALW should disrupt Pfmrk/Cyclin
interface while keeping CDK2/Cyclin intact and thus become
specific towards inhibiting malaria Pfmark. Since FAALA
and RAALW achieved the lowest interface correlations in
Pfmrk simulations, they are therefore the best candidates
among the five peptides studied to partially disrupt the malar-
ial Pfmrk/Cyclin complex formation and reduce its kinase ac-
tivity. Therefore, taken together with the previous results on
CDK2/Cyclin E complex,3?! these computational results ap-
pear to suggest that peptides FAALA or RAALW could be
inhibitors more specific towards the parasitic Pfmrk.

4. Discussion

Cross-interaction due to the lack of specificity is a com-
mon problem in drug design. Targeting less-conserved non-
catalytic residues offers a further opportunity to design drugs
with desired specificity to reduce the risk of side effects. This
approach could be applied to other kinase proteins. Some stud-
ies have extended this approach to non-kinase proteins. For
example, Hagel er al. developed non-catalytic initiators for
Hepatitis C virus (HCV) protease.[*°! In this study, we per-
formed a systematic analysis of CDK sequences and identi-
fied all potential binding pockets with a particular focus on
the non-catalytic TL pocket and its potential for designing
a new class of inhibitors distinct from the traditional APT-
competitive inhibitors. We demonstrated, as an example, that
this variable TL pocket could indeed be explored to design
specific peptide inhibitors against kinase Pfmrk from malaria-
causing parasite Plasmodium falciparum with minimal impact
on human CDKs of the host cell. While our predictions on
Pfmrk are only computational so far, which must be further
verified experimentally, the results are tantalizing enough to
merit further optimization on the peptide inhibitors based on
the subtle difference of the TL pocket of CDKs among differ-
ent organisms.

In summary, focusing only on the CDK branch of an en-
tire kinome for different organisms, we provided a compu-
tational approach that combines structure modeling, pocket
detection, and evolutionary conservation analysis to identify
non-catalytic pockets for designing inhibitors of the desired
specificity. It could be useful to extend this approach to the
entire kinome.

Author contributions

Huiwen Wang and Kaili Wang performed most com-
putational analysis under the supervision of Ya Jia. Fatah
Kashanchi helped with the research design; Yunjie Zhao per-
formed MD simulations; Zeyu Guan and Yiren Jian helped

128702-8



Chin. Phys. B Vol. 26, No.

12 (2017) 128702

with the conservation analysis; Yunjie Zhao and Chen Zeng
supervised the overall study and wrote the paper.

References

(1]
(2]
(3]

(4]
(51

(6]
(71

(8]
[9]

[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]

[27]
[28]

Endicott J A and Noble M E 1998 Structure 6 535

Enserink J M and Kolodner R D 2010 Cell. Div. 511

Ubersax J A, Woodbury E L, Quang P N, Paraz M, Blethrow J D, Shah
K, Shokat K M and Morgan D O 2003 Nature 425 859

Loog M and Morgan D O 2005 Nature 434 104

Holt L J, Tuch B B, Villen J, Johnson A D, Gygi S P and Morgan D O
2009 Science 325 1682

Paglini G and Caceres A 2001 Eur. J. Biochem. 268 1528

Demetrick D J, Zhang H and Beach D H 1994 Cytogenet. Cell Genet.
66 72

Otto T and Sicinski P 2017 Nat. Rev. Cancer 17 93

Dachineni R, Ai G, Kumar D R, Sadhu S S, Tummala H and Bhat G J
2016 Mol. Cancer Res. 14 241

Shukla D, Meng Y, Roux B and Pande V S 2014 Nat. Commun. 5 3397
Liu H, Liu K, Huang Z, Park C M, Thimmegowda N R, Jang J H, Ryoo
I1J,He L, Kim S O, Oi N, Lee K W, Soung N K, Bode A M, Yang Y,
Zhou X, Erikson R L, Ahn J S, Hwang J, Kim K E, Dong Z and Kim B
Y 2013 J. Biol. Chem. 288 25924

Martin M P, Alam R, Betzi S, Ingles D J, Zhu J Y and Schonbrunn E
2012 Chembiochem 13 2128

Doerig C, Abdi A, Bland N, Eschenlauer S, Dorin-Semblat D, Fen-
nell C, Halbert J, Holland Z, Nivez M P, Semblat J P, Sicard A and
Reininger L 2010 Biochim. Biophys. Acta 1804 604

Peng Y, Keenan S M and Welsh W J 2005 J. Mol. Graph. Model 24 72
Leete T H and Rubin H 1996 Parasitol. Today 12 442

Wei Y and Lu-Hua L 2016 Chin. Phys. B 25 018702

Zhang Y H, Peng J H and Zhang Z 'Y 2015 Chin. Phys. B 24 126101
Sun Z H and Jiang F 2010 Chin. Phys. B 19 110502

Kaur G, Stetler-Stevenson M, Sebers S, Worland P, Sedlacek H, Myers
C, Czech J, Naik R and Sausville E 1992 J. Natl. Cancer Inst. 84 1736
Arguello F, Alexander M, Sterry J A, Tudor G, Smith E M, Kalavar N
T, Greene Jr J F, Koss W, Morgan C D, Stinson S F, Siford T J, Alvord
W G, Klabansky R L and Sausville E A 1998 Blood 91 2482

Chao S H, Fujinaga K, Marion J E, Taube R, Sausville E A, Senderow-
icz A M, Peterlin B M and Price D H 2000 J. Biol. Chem. 275 28345
Lanasa M C, Andritsos L, Brown J R, Gabrilove J, Caligaris-Cappio F,
Ghia P, Larson R A, Kipps T J, Leblond V, Milligan D W, Janssens A,
Johnson A J, Heerema N A, Buhler A, Stilgenbauer S, Devin J, Hallek
M, Byrd J C and Grever M R 2015 Leuk. Res. 39 495

Xing S, Li F, Zeng Z, Zhao Y, Yu S, Shan Q, Li Y, Phillips F C, Maina
P K, Qi HH, Liu C, Zhu J, Pope R M, Musselman C A, Zeng C, Peng
W and Xue H H 2016 Nat. Immunol. 17 695

Zhao Y, Zeng C and Massiah M A 2015 Plos One 10

Zhao Y, Zeng C, Tarasova N I, Chasovskikh S, Dritschilo A and Timo-
feeva O A 2013 Transcription 4 227

Zhao Y, Huang Y, Gong Z, Wang Y, Man J and Xiao Y 2012 Sci. Rep.
2734

Zhao Y, Gong Z and Xiao Y 2011 J. Biomol. Struct. Dyn. 28 815
Wang J, Zhao Y, Zhu C and Xiao Y 2015 Nucleic. Acids. Res. 43 63

[29]
(30]
[31]
[32]
(33]
[34]
[35]
[36]
[37]
[38]
(391
[40]
[41]
[42]

[43]
[44]

[45]

[46]
[47]

[48]

[49]
[50]
[51]
[52]
[53]

[54]

[55]

[56]

128702-9

Liu Q, Chen W, Chen C, Zhao Y and Zeng C 2017 Chemical Journal
of Chinese Universities 38 1185

Betzi S, Alam R, Martin M, Lubbers D J, Han H, Jakkaraj S R, Georg
G I and Schonbrunn E 2011 ACS Chem. Biol. 6 492

Rastelli G, Anighoro A, Chripkova M, Carrassa L and Broggini M 2014
Cell. Cycle. 13 2296

Chen H, Zhao Y, Li H, Zhang D, Huang Y, Shen Q, Van Duyne R,
Kashanchi F, Zeng C and Liu S 2014 PLoS One 9 109154

Hu Y, Li S, Liu F, Geng L, Shu X and Zhang J 2015 Bioorg. Med.
Chem. Lett. 25 4069

Volkamer A, Kuhn D, Grombacher T, Rippmann F and Rarey M 2012
J. Chem. Inf. Model. 52 360

Volkamer A, Griewel A, Grombacher T and Rarey M 2010 J. Chem.
Inf. Model. 50 2041

Letunic I and Bork P 2011 Nucleic. Acids. Res. 39 W475

Letunic I and Bork P 2007 Bioinformatics 23 127

Letunic I and Bork P 2016 Nucleic. Acids. Res. 44 W242

Jeffrey P D, Russo A A, Polyak K, Gibbs E, Hurwitz J, Massague J and
Pavletich N P 1995 Nature 376 313

Lolli G, Lowe E D, Brown N R and Johnson L N 2004 Structure 12
2067

Tahirov T H, Babayeva N D, Varzavand K, Cooper J J, Sedore S C and
Price D H 2010 Nature 465 747

Yang J, Yan R, Roy A, Xu D, Poisson J and Zhang Y 2015 Nature
Methods 127

Roy A, Kucukural A and Zhang Y 2010 Nature Protocols 5 725
Goldenberg O, Erez E, Nimrod G and Ben-Tal N 2009 Nucleic. Acids.
Res. 37 D323

Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose I, Pupko T and
Ben-Tal N 2016 Nucleic. Acids. Res. 44 W344

Katoh K and Standley D M 2014 Methods. Mol. Biol. 1079 131

Pupko T, Bell R E, Mayrose I, Glaser F and Ben-Tal N 2002 Bioinfor-
matics 18 S71

Pronk S, Pall S, Schulz R, Larsson P, Bjelkmar P, Apostolov R, Shirts
M R, Smith J C, Kasson P M, van der Spoel D, Hess B and Lindahl E
2013 Bioinformatics 29 845

Oostenbrink C, Villa A, Mark A E and van Gunsteren W F 2004 J.
Comput. Chem. 25 1656

Sethi A, Eargle J, Black A A and Luthey-Schulten Z 2009 Proc. Natl.
Acad. Sci. USA 106 6620

Zhao Y, Jian Y, Liu Z, Liu H, Liu Q, Chen C, Li Z, Wang L, Huang H
H and Zeng C 2017 Sci. Rep. 7 2876

Fraczkiewicz R and Braun W 1998 J. Comput. Chem. 19 319
Ingles-Prieto A, Ibarra-Molero B, Delgado-Delgado A, Perez-Jimenez
R, Fernandez J M, Gaucher E A, Sanchez-Ruiz J M and Gavira J A
2013 Structure 21 1690

Crompton P D, Moebius J, Portugal S, Waisberg M, Hart G, Garver
L S, Miller L H, Barillas-Mury C and Pierce S K 2014 Ann. Rev. Im-
munology 32 157

Waters N C, Woodard C L and Prigge S T 2000 Molecular and Bio-
chemical Parasitology 107 45

Hagel M, Niu D, Martin T St, Sheets M P, Qiao L, Bernard H, Karp R
M, Zhu Z, Labenski M T, Chaturvedi P, Nacht M, Westlin W F, Petter
R C and Singh J 2011 Nat. Chem. Biol. T 22


http://dx.doi.org/10.1016/S0969-2126(98)00055-0
http://dx.doi.org/10.1186/1747-1028-5-11
http://dx.doi.org/10.1038/nature02062
http://dx.doi.org/10.1038/nature03329
http://dx.doi.org/10.1126/science.1172867
http://dx.doi.org/10.1046/j.1432-1327.2001.02023.x
http://dx.doi.org/10.1159/000133669
http://dx.doi.org/10.1159/000133669
http://dx.doi.org/10.1038/nrc.2016.138
http://dx.doi.org/10.1158/1541-7786.MCR-15-0360
http://dx.doi.org/10.1038/ncomms4397
http://dx.doi.org/10.1074/jbc.M113.464669
http://dx.doi.org/10.1002/cbic.v13.14
http://dx.doi.org/10.1016/j.bbapap.2009.10.009
http://dx.doi.org/10.1016/j.jmgm.2005.06.002
http://dx.doi.org/10.1016/0169-4758(96)10068-5
http://dx.doi.org/10.1088/1674-1056/25/1/018702
http://dx.doi.org/10.1088/1674-1056/24/12/126101
http://dx.doi.org/10.1088/1674-1056/19/11/110502
http://dx.doi.org/10.1093/jnci/84.22.1736
http://www.bloodjournal.org/content/91/7/2482
http://dx.doi.org/10.1074/jbc.C000446200
http://dx.doi.org/10.1016/j.leukres.2015.02.001
http://dx.doi.org/10.1038/ni.3456
http://dx.doi.org/10.1371/journal.pone.0124377
http://dx.doi.org/10.4161/trns.27368
http://dx.doi.org/10.1038/srep00734
http://dx.doi.org/10.1038/srep00734
http://dx.doi.org/10.1080/07391102.2011.10508609
http://dx.doi.org/10.1093/nar/gkv141
http://dx.doi.org/10.7503/cjcu20170064
http://dx.doi.org/10.7503/cjcu20170064
http://dx.doi.org/10.1021/cb100410m
http://dx.doi.org/10.4161/cc.29295
http://dx.doi.org/10.4161/cc.29295
http://dx.doi.org/10.1371/journal.pone.0109154
http://dx.doi.org/10.1016/j.bmcl.2015.08.050
http://dx.doi.org/10.1016/j.bmcl.2015.08.050
http://dx.doi.org/10.1021/ci200454v
http://dx.doi.org/10.1021/ci200454v
http://dx.doi.org/10.1021/ci100241y
http://dx.doi.org/10.1021/ci100241y
http://dx.doi.org/10.1093/nar/gkr201
http://dx.doi.org/10.1093/bioinformatics/btl529
http://dx.doi.org/10.1093/nar/gkw290
http://dx.doi.org/10.1038/376313a0
http://dx.doi.org/10.1016/j.str.2004.08.013
http://dx.doi.org/10.1016/j.str.2004.08.013
http://dx.doi.org/10.1038/nature09131
http://dx.doi.org/10.1038/nmeth.3213
http://dx.doi.org/10.1038/nmeth.3213
http://dx.doi.org/10.1038/nprot.2010.5
http://dx.doi.org/10.1093/nar/gkn822
http://dx.doi.org/10.1093/nar/gkn822
http://dx.doi.org/10.1093/nar/gkw408
http://dx.doi.org/10.1007/978-1-62703-646-7
http://dx.doi.org/10.1093/bioinformatics/18.suppl_1.S71
http://dx.doi.org/10.1093/bioinformatics/18.suppl_1.S71
http://dx.doi.org/10.1093/bioinformatics/btt055
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1073/pnas.0810961106
http://dx.doi.org/10.1073/pnas.0810961106
http://dx.doi.org/10.1038/s41598-017-03003-5
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1016/j.str.2013.06.020
http://dx.doi.org/10.1146/annurev-immunol-032713-120220
http://dx.doi.org/10.1146/annurev-immunol-032713-120220
http://dx.doi.org/10.1016/S0166-6851(99)00229-7
http://dx.doi.org/10.1016/S0166-6851(99)00229-7
http://dx.doi.org/10.1038/nchembio.492

	1. Introduction
	2. Materials and methods
	2.1. Pocket detection
	2.2. Conservation analysis
	2.3. Molecular dynamics simulation and inhibitor evaluation

	3. Results
	3.1. Potential drug pockets on CDK proteins
	3.2. Conservation analysis of pockets
	3.3. Specific peptide inhibitors for the non-catalytic TL pocket on Pfmrk for potential malaria therapy

	4. Discussion
	References

