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ABSTRACT: Cell cycle regulating enzymes, CDKs, become
activated upon association with their regulatory proteins, cyclins.
The GI cyclin, cyclin E, is overexpressed and present in low
molecular weight (LMW) isoforms in breast cancer cells and
tumor tissues. In vivo and in vitro studies have shown that these
LMW isoforms of cyclin E hyperactivate CDK2 and accelerate
the GI-S phase of cell division. The molecular basis of CDK2
hyperactivation due to LMW cyclin E isoforms in cancer cells is,
however, unknown. Here, we employ a computational approach,
combining homology modeling, bioinformatics analyses, molec-
ular dynamics (MD) simulations, and principal component
analyses to unravel the key structural features of CDK2-bound
full-length and LMW isoforms of cyclin E1 and correlate those
features to their differential activity. Results suggest that the
missing N- and C-terminal regions of the cyclin E LMW isoforms
constitute the Nuclear Localization Sequence (NLS) and PEST
domains and are intrinsically disordered. These regions, when
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present in the full-length cyclin E/CDK2 complex, weaken the cyclin-CDK interface packing due to the loss of a large number of
key interface interactions. Such weakening is manifested in the decreased contact area and increased solvent accessibility at the
interface and also by the absence of concerted motions between the two partner proteins in the full-length complex. More
effective packing and interactions between CDK2 and LMW cyclin E isoforms, however, produce more efficient protein—protein
complexes that accelerate the cell division processes in cancer cells, where these cyclin E isoforms are overexpressed.

Cyclin dependent kinase 2 (CDK2) is a member of the
eukaryotic serine/threonine protein kinase family that
assists the phosphoryl transfer of ATP y-phosphate to peptide
substrates belonging to downstream targets.”” CDK2 partic-
ipates in cell cycle regulation at the G1/S boundary."” Its
deregulation has been reported to associate with several human
tumors, evoking strong interest to understand the molecular
mechanism of CDK2 activation.>* The recent structural and
mutational studies have suggested that the full activation of
CDK2 requires both binding of cyclin A/cyclin E and
phosphorylation of residue T160 in the activation
segment.s_7 In the absence of these features, it has negligible
activity because the residues that form the catalytic and
substrate-recognition sites are disordered.>®

CDK2 contains 298 residues with a small N-terminal domain
(residues 1—82), a large C-terminal domain (residues 88—298),
and a short hinge region (residues 83—87) connecting the N-
and C-terminal domains.® The N-terminal domain is primarily
composed of a fJ-sheet, containing five antiparallel f-strands,
and one a-helix. This helix with the “PSTAIRE” sequence
(residues 45—56) is a signature of this class of proteins and
constitutes the main point of interaction with cyclins.*” The
loop which precedes the PSTAIRE helix, known as the 40s loop
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(residues 33—41), also interacts with cyclins. The C-terminal
domain is predominantly a-helical and contains the activation
segment, the so-called T-loop (residues 145—172). The specific
residue Thr160 in the T-loop undergoes phosphorylation by
cyclin activating kinase (CAK) for complete CDK2 activa-
tion.”” The catalytic cleft that binds ATP is located between
the N- and C-terminal domains.®™® A glycine rich loop,
commonly known as G-loop, lies above the ATP binding
pocket and is conserved in many kinases.® The primary
function of this loop is to align the substrate and ATP correctly
for a smooth transfer of the phosphate.*” As a member of the
CMGC group of kinases, CDK2 has a CMGC-specific
structural feature, such as the CMGC insert at the CDK2-
cyclin interface.”

Cyclin E is the regulatory subunit of CDK2 in the late G1
phase.'® The isoform, cyclin El, contains 395 amino acid
residues and is expressed in most proliferating normal and
tumor cells.'”'" The structure of cyclin E1 is primarily a-helical

Received: April 4, 2014
Revised:  June 20, 2014
Published: June 20, 2014

dx.doi.org/10.1021/bi5004052 | Biochemistry 2014, 53, 4612—4624


pubs.acs.org/biochemistry

Biochemistry

and comprises two five-helical domains with additional helices
at the N- and C-termini. The N-terminal domain consists of the
N-terminal-helix (aNter) followed by five helices, al—aS. The
hydrophobic core of this cyclin box fold is formed by helix a3,
which is surrounded by the other four helices. Similarly, the C-
terminal domain comprises five helices al’—a5’ and the C-
terminal-helix (aCter)."> The protein also possesses a nuclear
localization sequence (NLS) at the N-terminal end and a PEST
sequence (a sequence that is rich in proline (P), glutamic acid
(E), serine (S), and threonine (T)) at the C-terminal end for
targeting the protein for ubiquitination.'®'*~"®

Cyclin E (both isoforms E1 and E2) is reported to have a
profound role in oncogenesis.'”'® It is found to be overex-
pressed and present in low molecular wei%ht (LMW) isoforms
in breast cancer cells and tumor tissues."”~>* In normal cells,
however, cyclin E is expressed precisely when needed and
present in full-length form."®*° The mass of these LMW
isoforms ranges between 49 to 33 kDa, and they are typically
excluded from 25-100 residues from the N-terminal
end."”"®?! Porter et al. have shown that the generation of
the tumor specific LMW forms of cyclin E is predominantly
derived from proteolytic processing of the full-length cyclin
E.*** In vitro and in vivo studies have shown that the LMW
forms of cyclin E are not only functional but also more active
(in activating CDK2) than the full-length cyclin E.'>'"**?3

The crystal structure of the cyclin E/CDK2 complex has
been solved only very recently.'> The structure contains a
truncated version of cyclin E1 with residues 81—363. Thus, it
lacks the two important recognition sites: the NLS and the
PEST sequence. However, both the N- and C-terminal cyclin
boxes are present in the construct, and the protein associates
tightly with CDK2. The structural elements of CDK2 are found
to be in active conformation, and the overall structure
resembles the active cyclin A/pCDK2 complex. The kinetic
analyses show that this truncated complex is a more effective
enzyme for the phosphorylation of peptide substrates than the
full-length cyclin E1/CDK2 complex.'” Even though the
structure of a truncated cyclin E/pCDK2 complex has been
obtained recently, the literature still lacks the structure of a full-
length cyclin E/pCDK2 complex. More importantly, the
structural basis of higher activity of the truncated cyclin E/
CDK2 complexes over the full-length cyclin E/CDK2 complex
is yet to be understood. Here, we employ a computational
approach, combining homology modeling, molecular dynamics
(MD) simulations, bioinformatics, and principal component
analyses to unravel the key structural features of CDK2-bound
full-length cyclin E1 and correlate those features to the
differential activity of truncated and full-length cyclin E1/
CDK2 complexes.

B MATERIALS AND METHODS

The structure of full-length cyclin E1 (residues 1—395)/CDK2
was modeled from the crystal structure of the truncated cyclin
El (residues 81—363)/CDK2 complex. Thus, the atomic
coordinates of residues 81—363 were obtained directly from the
Protein Data Bank (PDB ID: 1W98; resolution 2.15 A).'* The
missing sequences of residues 1-80 and 364—395 were
obtained from Universal Protein Resource database (UniProt
entry: P24864-3).>* Ab initio protein structure predictor,
QUARK was used to construct 3D models of these sequences,
after noting a very low sequence similarity with available
structures in databases (~23%).2>** QUARK relies on available
experimental structures of small fragments of 20 residues, which
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it assembles by replica exchange Monte Carlo simulations using
an optimized knowledge-based force field. These modeled
structures of N- and C-termini were merged with the crystal
conformation of the truncated cyclin E1/CDK2 complex and
the resultant structure was optimized by the conjugate gradient
energy minimization method in Modeler program.”” Before a
more exhaustive refinement of this model by MD simulations,
the stereochemical quality (i.e., ¢, y distribution) and physical
correctness (e.g, number of correct bonds/angels) were
assessed by using Procheck’® and MolProbity® programs,
which perform structural analyses based on the available
protein crystal structures in databases (Table S1, Supporting
Information). The structure of the second truncated complex,
cyclin E1 (residues 101—395)/CDK2 was generated from the
full-length complex by deleting the N-terminal 100 residues. An
ATP and a Mn*' ion were included in each model structure
based on their locations in the cyclin A/CDK2 crystal structure;
PDB ID, 1JST.”

In each of the above structures, hydrogens for heavy atoms
were added by the leap program in AMBER 12.0.*°
Subsequently, energy minimization for 1000 steps using the
conjugate gradient and another 1000 steps using the steepest
descent algorithm were carried out. The protonation states of
histidines, HID or HIE, were determined by the local hydrogen
bonding network using the WHATIF program.*" After relaxing
the added atoms in gas phase, the structures were solvated in
cubic periodic boxes of explicit water with water molecules
extending 9 A outside the protein—protein complexes on all
sides. The 3-site TIP3P model was chosen to describe the water
molecules.>* To neutralize the systems, seven, nine, and six Na*
ions were added to the Trunk 1, full-length, and Trunk 2
complexes, respectively. The parameters for ATP, Mn?*, and
phosphorylated threonine (T160 in CDK2) were obtained
from an AMBER contributed parameter data set.>*™° An
extensive set of minimization and thermalization was performed
on each complex by maintaining harmonic restraints on heavy
atoms of the crystallized domains, followed by gradual heating
to 300 K in canonical ensembles. The harmonic restraints were
gradually reduced to zero, and solvent density was adjusted
under isobaric and isothermal conditions at 1 atm and 300 K.
The systems were equilibrated for S ns in the NPT ensemble,
with a simulation time step of 2 fs. During this period, the
RMSDs were seen to converge in about 40 ns for full-length
and 15 ns for the truncated complexes. The full-length structure
was simulated for 200 ns, and the truncated complexes were
simulated for 100 ns each. Besides, two independent
simulations on the QUARK generated models of N- and C-
terminal domains were carried out for microseconds, following
the same protocol. Table 1 lists all the systems that are studied
in this work. The long-range electrostatic interactions were
treated by using the particle-mesh Ewald sum, and SHAKE was

Table 1. List of Systems Studied

serial duration of
no. system simulation
1 pCDK2/cyclin E1(1-395) 200 ns
2 pCDK2/cyclin E1(81—-363) 100 ns
3 pCDK2/cyclin E1(101—395) 100 ns
4 cyclin E1(1-80) 5500 ns
S cyclin E1(364—395) 1500 ns
6 pCDK2/cyclin E1(81-363) (modeled from 50 ns

full-length)
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Figure 1. Structural comparison between the full-length and truncated cyclin E1/CDK2 complexes. Time-averaged structure of the model full-length
cyclin E1/CDK2 complex is superposed on the crystal structure of a truncated complex (crystal structure PDB ID: 1W98, resolution 2.15 A). Color
scheme: crystal cyclin E1 (81—363), dark blue; model full-length cyclin E1 (1—80), magenta; (81—363), cyan; and (364—395), green. CDK2 in the
full-length complex is shown in gray and is omitted from the crystal structure as it was similar. Important interface regions of CDK2 are highlighted

in orange. ATP is shown in van der Waals mode in dark green.

used to constrain bond lengths between heavy atoms and
hydrogens.*®*” All simulations were performed using the
AMBER 12.0 molecular dynamics simulation program with
the AMBER ff99SB force field.*®

Principal component analysis (PCA) is utilized here to study
the large concerted motions. PCA transforms the original high-
dimensional representation of protein motions into a low-
dimensional one that captures the dominant modes of the
protein motions.>”*® The analysis involves two main steps: (i)
calculation of the covariance matrix C of the positional
deviations and (ii) diagonalization of this matrix. The 3N
dimensional covariance is calculated based on an ensemble of
protein structures, whose elements are defined as

Cij = <(x1 - (x))(xl - <x]>)>
where, &, and x; are the atomic coordinates, and the brackets

denote ensemble average. The diagonalization of the symmetric
matrix C is equivalent to solving the eigenvalue problem:

AlcAa =2

where A represents the eigenvectors, and A represents the
associated eigenvalues. In a sense, the eigenvectors are
directions in configurational space that represent collective
motions. Corresponding eigen values define the mean square
fluctuation of the motion along these vectors. The collective
variables are ranked according to their contribution to the total
mean-square fluctuation. Prior to the calculation of the
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covariance matrix, we removed the overall rotation and
translation. PCA analysis was carried out using the PCAZIP
suite of programs.*'

B RESULTS AND DISCUSSION

Model Structure of the Full-Length Cyclin E1/CDK2
Complex. In MD simulations, the added domains of the full-
length complex are expected to attain the native, folded
conformations by virtue of their intrinsic dynamics, as described
by intra- and intermolecular interactions in solution.*>*
However, it is always necessary to ensure that the system is
well equilibrated before performing the analyses on simulation
trajectory. A simple strategy to ensure this is to monitor the
mean squared displacements of the protein residues from their
initial positions.”** Supporting Information, Figure S1
presents the root mean squared displacements (RMSD) of
the full-length cyclin E1/CDK2 complex for its Ca atoms. The
figure shows that the RMSDs converge only at 40 ns, indicating
that the system required a very long simulation time to
equilibrate. Such a long equilibration time is not unexpected
considering the size of the added N- and C-terminal regions
and also the overall large size of the protein—protein complex.
The subsequent analyses of the full-length complex were
therefore performed on the final 160 ns simulation data.

Thus, the time-averaged structure of the full-length complex
was generated by averaging over the 160 frames separated by 1
ns from the postequilibration phase. Figure 1 shows the time-
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Figure 2. Missing domains in cyclin E are intrinsically disordered. (A) Predicted secondary structural elements of full-length cyclin E (pink) are
compared with that of the crystal structure of truncated cyclin E (cyan). A de novo structure predictor could correctly reproduce the secondary
elements of the cyclin E central region (residues 81—363) present in the crystal structure. (B) Time-evolution of the secondary structures of the
added N-terminal region, residues 1—80, during 5.5 s of independent simulation. (C) Time-evolution of the same region, residues 1—80, but when
bound to the central cyclin E region. In bound form, an increasing tendency to form new secondary elements is evident. Color scheme: a-helix,
purple; 3—10 helix, blue; f-sheet, yellow; turn, cyan; and coil, white.

averaged structure of the model full-length cyclin E1/CDK2 truncated complex. The figure shows that the central cyclin
complex and its comparison with the crystal structure of the domain (residues 81—363), including the helices aNter, a3, a4,
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and a$ that are responsible for making interactions with CDK2,
remains largely unaffected in the full-length complex. The time-
averaged RMSD of the central domain was found to be only
1.78 A. However, certain other primary contact regions, e.g.,
loops al’-a2’ and aS-al’, and helix al’, show significant
deviations from the crystal structure of the truncated complex.
The time-averaged RMSD of the respective region was noted to
be 4.5 A, 2.2 A, and 3.4 A. These regions were found to be
shifting away from the interface, weakening cyclin-CDK2
interactions in the full-length complex. A detailed comparison
of the cyclin-CDK interface, in these complexes, is presented in
the next section.

Missing Domains in Cyclin E1 Are Intrinsically
Disordered. The weakening of the interfacial interactions in
the full-length complex implies a possible role of the added N-
and C-terminal regions on the stability of this complex. Hence,
a detailed investigation was performed on these added regions.
The relative internal motions of the protein residues, which can
be described from the isotropic temperature factor (B-factor),
show significantly higher flexibility of the added regions than
the central 81-363 region. This is shown in Figure S2
(Supporting Information). The figure also shows that the
simulation results could reproduce the crystal structure B-factor
values for the central region.12 For example, the loops al’-a2’
and aS-al’, and helix a3, etc. show high fluctuations in both
cases.

Structure prediction and independent simulations performed
on the added regions show no or minimal secondary structures
(Figure 2A,B). However, while bound to the central region in
the full-length complex, these domains, particularly the N-
terminal domain shows an increased tendency to form
secondary structures (Figure 2C). As shown in Figures 1 and
2C, the N-domain forms a long and stable a-helix, two small
helices, and an antiparallel § sheet in bound form. The high
flexibility, low secondary structure content in the unbound
form, and induced folding upon binding to a partner are some
of the general structural characteristics of intrinsically
disordered proteins (IDPs) or of proteins with intrinsically
disordered regions (IDRs).*>*® This led us to examine these
structures for IDRs.

Bioinformatics analyses, which can predict disordered regions
in proteins with accuracy levels higher than 70% are gaining
tremendous importance.”* This is particularly because (i)
nearly 75% of the signaling proteins and 25% of all proteins in
eukaryotes are predicted to contain intrinsically disordered
regions.47 Moreover, among the solved structures in the PDB,
about 70% contain some disordered residues, while 25%
contain IDRs with >10 residues. (ii) Biophysical studies of
IDPs or IDRs possess tremendous experimental challenges due
to their broad conformational heterogeneity."*** Here, we
adopt recent computational approaches to show that the added
regions are highly unstructured. Apart from the above-
mentioned characteristics, we identified several other features,
typical of inherently disordered proteins (IDPs), for both
regions. These were low hydrophobicity, a biased amino acid
composition with enrichment in the disorder promoting
residues, a little or no well-defined secondary structure, etc.

Analysis of the hydropathic character of the proteins by the
Kyte-Doolittle method, which derives hydrophobicity of the
amino acids from experimental data of partitioning of peptides
in apolar and polar solvents, indicates that both added regions
are highly hsydrophilic in nature (Figure S3, Supporting
Information).>® The amino acid sequence itself, also indicates
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that both domains are rich in hydrophilic residues (Table 2).
For example, the N-terminal region (residues 1—80) contains

Table 2. Distribution of Hydrophilic Residues along the
Cyclin E1 Sequence

1-80 81-363 364—395
Ser + Thr 11.25% 9.00% 17.9%
Lys + Arg 16.25% 8.60% 17.9%
Glu + Asp 20.00% 9.40% 5.10%
Gly 3.75% 2.80% 7.60%
total 51.25% 29.8% 48.5%

20% Glu+ Asp, 16% Lys + Arg, and 11% Ser + Thr. It also
contains 4% Gly, which therefore would favor a solvent-
exposed, flexible unfolded structure. In contrast, the central
region (residues 81—363) has less hydrophilicity and contains a
total of only 29.8% of such residues.

Prediction of protein disorder by a consensus artificial neural
network prediction method, PONDR-FIT, indicates that
majority of the residues in added regions have higher disorder
probability than the central region (Figure S4, Supporting
Information).”” These disordered regions possess a limited
amount of secondary structure as indicated by the structure
predictor, PSIPRED, which is also a neural network based
prediction method.”> This is shown in Figure 2A. Figure 2A
also included a comparison of the secondary structural
elements as predicted by PSIPRED and as present in the
crystal structure of cyclin E1. A very good match of the
secondary structures of the central region validates the in silico
disorder predictions. Finally, following the more recent studies
that have established that a combination of low mean
hydrophobicity and relatively large net charge represents a
unique structural feature of IDPs/IDRs and that these proteins
are localized within a certain region of charge-hydrophobicity
(C—H) phase space,"***>* we found the following. The added
N- (blue) and C-terminal (green) domains of full-length cyclin
El are localized in the disordered region of the C—H plot,
while the central region (red) is well placed in the ordered
region (Figure 3). Our finding is consistent with the fact that
(i) the NLS and PEST domains of most of the proteins are
reported to be intrinsically disordered and that (ii) the terminal
regions of cyclin E could not be captured in the electron
density map, presumably due to their random motions. The
classification boundary between disordered and ordered
proteins in the C—H plot was determined from a large training
set of proteins.**¢55*

At this point, we are tempted to comment on the nature of
binding of the disordered terminal regions to the truncated
CDK2/cyclin E complex, from the viewpoint of existing
mechanistic models. Among the proposed mechanisms of
binding of IDPs to their biological targets, “conformational
selection” and “coupled folding and binding” have received
much acceptance.”>~>” While the first mechanism assumes that
the folding of IDPs would precede binding, the second
mechanism argues conformational transitions to folded forms
only after binding to the targets. Our results of cyclin E
terminal domains attaining secondary structures only after
binding to the CDK/cyclin complex (Figure 2) augurs very well
with the “coupled folding and binding” mechanism of IDPs.

Intrinsically Disordered Cyclin E1 Regions Weaken
the Cyclin E1/CDK2 Interface. After establishing that the

missing terminal regions of cyclin E1 are IDRs, we proceeded
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Figure 3. Comparison of the mean net charge versus mean
hydrophobicity of different cyclin E domains. Results are shown for
residues 1—80 (blue), 81—363 (red), and 364—395 (green). The
dashed line represents the boundary between disordered (right) and
ordered proteins (left), obtained from a large data set.

to check their effects on the cyclin E1-CDK2 interface. The
findings from the full-length complex are compared with the
simulation results from control systems that comprise truncated
cyclin E/CDK2 complexes. As the first control, we simulated
the crystal structure of the truncated complex that has cyclin E1
with residues 81—363 (Trunk 1). The second control system
comprises CDK2, complexed with a physiologically more
relevant variant of cyclin E1 with residues 101—395 (Trunk 2).
This 33.9 kDa isoform is reported to be overexpressed in tumor
cells and tissues and activates CDK2 more effectively than full-
length cyclin E."”"'® We simulated both the control systems for
100 ns each. The details of the systems are presented in Table
1.

The RMSD comparison of the complexes implies that the
full-length complex undergoes larger conformational changes
than the truncated complexes, Trunk 1 and Trunk 2 (Figure SS,
Supporting Information). This is not surprising recalling the
fact that cyclin E in the full-length complex contains two IDRs.
Both the truncated complexes stabilize relatively quickly, with
Trunk 1 reaching a plateau within 15 ns of simulation time. The
quick equilibration of Trunk 1 is not unexpected as this system
represents the crystal structure. The RMSD of Trunk 2 is very
similar to Trunk 1, except for the initial phase during which the
additional C-terminal domain in Trunk 2 adjusts to the
environment of the cyclin E crystal conformation. Since the C-
terminal domain is not very close to the cyclin E/CDK2
interface, its inclusion appears to have less influence on the
overall stability of Trunk 2. The B-factor analysis for the
common cyclin E region in all three complexes (residues 101—
363), also implies higher fluctuations of residues in the full-
length complex (Figure S6, Supporting Information). Loop
al’-a2' (residues 244—254) that comprises some of the
primary contact residues for the interactions with CDK2 shows
significantly higher fluctuations in full-length cyclin E. Another
principal contact, a5 that packs parallel to PSTAIRE helix of
CDK?2 in truncated complexes shifts out to some extent in the
full-length complex due to the loss of some important contacts
(details below). As a result, the adjacent aS-al’ loop also
becomes weakly packed in this complex. The N-terminal helix
and aNter-al loop also show higher fluctuations in the full-
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length complex than the Trunk 2 complex. The large a5’-aCter
loop, which protrudes toward the N-terminal in all complexes
(as similar to crystal structure), however, show reduced
flexibility in the full-length complex due to the favorable
interactions with the added N-terminal region. Correspond-
ingly in CDK2, the T-loop, the extended T-loop region, and the
PSTAIRE helix region, which interact strongly with cyclin
interface residues via van der Waals and electrostatic
interactions, were found to have higher B-factors in the full-
length complex (data not shown).

The cyclin E/CDK?2 interface has also been compared from
the time-averaged simulated structures of the three complexes.
Results for the cyclin E/CDK2 interface contacts in Figure 4
suggest that the full-length cyclin E has lesser contacts with
CDK2 than the truncated isoforms. The number of contacts is
calculated to be 72, 81, and 91 in the full-length, Trunk 1, and
Trunk 2 complexes, respectively. Thus, the interface of
truncated complexes has an additional 13% and 26% contacts.
To recall, the pCDK2/cyclin El interface packin_g is the key to
the activating properties of cyclins to CDKs.*” As Figure 4
indicates, lesser contacts in the full-length complex primarily
stem from weaker interactions of helix a1’ and loop al’-a2’ of
cyclin E with the T-loop region of CDK2 and that of the aS-
al’ loop and C-terminal end of the @3 helix of cyclin E with the
PSTAIRE helix of CDK2. Helices a5 and aNter also show loss
of contacts with CDK2 interface residues, in the full-length
complex. This is consistent with larger B-factor values of these
regions in the full-length complex in Figure S6 (Supporting
Information). The contact map is obtained by counting the
number of residue—residue contact areas that exceed a
threshold value of 5 A%>® The interfacial packing is also
examined in terms of solvent accessible surface area (SASA) at
the cyclin-CDK interface. The SASA is computed to be 102.82
nm?” for the full-length complex, 85.69 nm* for the Trunk 1
complex, and 73.77 nm” for the Trunk 2 complex, ie., an
increase of 39% of the full-length from the Trunk 2 complex
(Figure 4D). This increased solvent exposure could weaken the
protein—protein interactions and lower the activation of CDK2
by cyclin E.

To quantify the weakening of protein—protein interactions in
the full-length complex, we calculated the average interaction
energy between cyclin E and CDK2 over the final 25 ns
simulation trajectory. The interaction energy of both truncated
complexes was found to be much greater than that of the full-
length complex (Figure SA). The physiologically relevant
Trunk 2 complex was found to be the most stable, with an
energy gain of ~150 kcal/mol compared to that of the full-
length complex. To get a deeper understanding on such energy
differences, residue-level contribution to total energy is
analyzed, and the results are shown in Figure SB. As expected,
the major contribution to interprotein interactions came from
the interface residues. Particularly, the residues that belong to
the secondary elements, loops al’-a2’, a5-al’, and a5’-aCter,
and helices al’, aS, aNter, and a3, contributed most favorably
toward better stabilization of the truncated complexes. This is
consistent with the contact map data in Figure 4. The cyclin
residues that showed differential binding strength in these
complexes include Val250, Leu251, and Pro253 from the al’-
a2’ loop; Val237 from the al’ helix; Arg22$ from a$; Val237
from the al’ helix; Arg225 from the aS-al’ loop; Glu340,
Asp341, and GIn344 from the aS’-aCter loop etc. (indicated by
an * in Figure SB). The primary contact residues from CDK2
include Phel52, Vall154, Vall56, Argl57, and Phel79 from the
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Figure 4. Comparison of the cyclin E/CDK2 interface. Contact maps are shown for (A) full-length, (B) Trunk 1, and (C) Trunk 2 complexes. Each
square represents contact between a pair of residues. Secondary elements that exhibited significant difference in contacts are highlighted by red
circles. (D) Solvent accessible surface area (SASA) at the cyclin E/CDK2 interface of full-length (red), trunk 1 (green), and trunk 2 (blue)

complexes.

T-loop and Ser46, GluS7, etc. from the PSTAIRE helix region,
etc. (indicated by an * in Figure S7, Supporting Information).

Figure 6 shows the structural changes in the proteins that
caused the loss of contacts in the full-length complex. The van
der Waals interactions of the side chains of cyclin
E:Val250,, .4, and Leu2S§1,y. 4, with CDK2:PhelS2y,,,, and
VallS6r.40, that exist in the crystal structure and constantly
persisted in the simulated structures of truncated complexes
became significantly weaker in the full-length complex. The
hydrogen bond, present between the main chain oxygen of
cyclin E:Leu251,, .,  and the hydrogen of main chain nitrogen
of CDK2:Vall$67.,,, in both truncated complexes, was found
to be lost in the full-length complex. These changes are shown
in Figure 6A. The stacking of cyclin E:Pro253,, ., with
CDK2:Tyr179 100pary as seen in the crystal structure and
implicated in both truncated complexes, was also lost in the
full-length complex (Figure 6B). The hydrophobic interactions
between the side chains of cyclin E:Val237,,, and
CDK2:Vall§4r,,,, became weaker in the full-length complex,
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due to an increase in residue—residue distance, compared to
those in the crystal structure and truncated complexes (not
shown). The aS-al’ and aS’-aCter loop regions also show
distinct differences in interaction with CDK2. In the full-length
complex, cyclin E:Arg225,s ,1- shows weaker interactions with
CDK2:GluS7pgrag due to the slight displacement of the aS
helix, which packs parallel to the PSTAIRE helix in truncated
complexes. The strong hydrogen bonding network involving
cyclin E:Asp341,5._gcten AsSN3444s cren and CDK2:Arg157 100,
side chains in truncated complexes was lost in the full-length
complex due to the shifting of the a5’-aCter loop toward the
added N-terminal region (Figure 6C). Likewise, the electro-
static interactions that were present between cyclin
E:Glu340,5.qcer and CDK2:Lys178140p.qr in truncated com-
plexes became weaker in the full-length complex due to a larger
separation of the residues. The weakening of these interactions
in the full-length complex mainly stem from the added N- and
C-terminal regions, which due to their intrinsic disorder nature
introduce larger dynamics into the adjacent secondary

dx.doi.org/10.1021/bi5004052 | Biochemistry 2014, 53, 4612—4624
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Figure 6. Structural changes in the full-length cyclin E/CDK2 interface compared to those of the truncated complex, Trunk 1. (A) The H-bond
present between interface residues Leu251,, , of cyclin E (yellow) and Val1561. 140, of CDK2 (pink) in Trunk 1 was lost in the full-length complex.
Full-length cyclin E and bound CDK2 are shown in cyan and green, respectively. Residues are shown in licorice mode and colored according to atom
type. (B) The observed ring stacking between cyclin E:Pro253,, ., and CDK2:Tyr179 loop-a in Trunk 1 was seen to be absent in the full-length
complex. (C) The hydrogen bonding network in Trunk 1, involving cyclin E:Asp341,5.qcren ASN344 45 ocren and CDK2:Arg157y 1o, was also lost in
the full-length complex. (D) In the full-length complex, the added N-terminal domain reaches the CDK2:CMGC insert domain (green) for
interaction. (E) Residue-level energy contribution of the cyclin E domain, residues 1—80, toward its interaction with the CMGC insert domain.

elements. Moreover, the added N-terminal region can interact
with the CMGC insert domain of CDK2 as shown in Figure
6D. This interaction is mostly repulsive due to the richness of
charged residues in both the interacting domains (Figure 6E),
which also destabilizes the complex to some extent.

The relative strains in folding as the binding of the terminal
region to the truncated cyclin E/CDK2 complex occurs were
estimated to be 547.03 and 310.65 kcal/mol, respectively, for
N- and C-terminal regions. Relative strains were computed
from the distribution of molecular mechanics generalized Born
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surface area (MMGBSA) energies of the uncomplexed form as
compared to the terminal regions in the complexed form
(AGstram AGcomplex - AG - AGterminal) . Thus, itis hkely
that crystal contacts and shorter constructs may lead to the
observed contacts, and in the cell, the interaction is weak due to
complex kinetics.

Essential Motions of Full-Length and Truncated
Complexes Differ. We performed principal component
analysis (PCA) to locate the large concerted motions, present
between cyclin E and CDK2. PCA transforms the original space

truncated

dx.doi.org/10.1021/bi5004052 | Biochemistry 2014, 53, 4612—4624
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Figure 7. Eigenvalue profile and comparative sampling of essential motions in three cyclin E/CDK2 complexes. (A) Eigenvalues of the first 30
eigenvectors, derived from PCA analyses of the simulation trajectories of the full-length (red), Trunk 1 (green), and Trunk 2 (blue) complexes, are
shown. The inset shows the cumulative contribution of these eigenvectors. (B and C) Two dimensional projection of the simulated structures on the
plane constituted by the first two principal components, in all three complexes: (B) for CDK2 and (C) for cyclin E.

of correlated variables into a reduced space of independent the relative contributions of different modes (eigenvectors) to
variables (the principal components) and thus helps in locating the overall motion of the cyclin-CDK2 complexes. The figure
the essential motions in complex systems.”** Figure 7A shows clearly shows that the bulk of the protein dynamics can be
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CM

Figure 8. Porcupine plots representing the principal motions of cyclin E (green) and CDK2 (pink) along the direction of PC1. Results are shown for
(A) full-length, (B) Trunk 1, and (C) Trunk 2 complexes. Directions and magnitudes of the net eigenvectors from cyclin E and CDK2 are shown in
the inset. Secondary structural elements that exhibited most significant movements are enlarged and shown in different colors: cyclin E, helix a5,
orange; loop aS-al’, red; helix al’, magenta; loop a1’-a2’, bright cyan; and loop a5’-aC-ter, pink. CDK2-T-loop, yellow; PSTAIRE helix, tan; loop
P10-aF, brown; CMGC domain, green; G-loop, ice blue; and 40s loop, cyan.

described by a small number of eigenvectors, which represent
collective motions of the atoms. The first five eigenvectors can
describe about 80% of the total mean square fluctuations of the
full-length complex and about 70% of that of the Trunk 1 and
Trunk 2 complexes. In order to compare regions sampled by
the essential motions in different complexes, 2D projections of
MD ensembles onto the plane defined by the first two
eigenvectors were plotted (Figure 7B,C). Notable differences in
fluctuation were observed among the three complexes. As these
figures show, although a considerable overlap in the cluster of
conformations was observed, the dynamics of truncated
complexes is more restricted compared to that of the full-
length complex. This is consistent with the B-factor data in
Figure S6 (Supporting Information). As expected, CDK2
exhibits almost similar dynamics in all three complexes (Figure
7B).

The eigenvectors can be better interpreted by visualizing
them through the porcupine plots.”” To visualize an
eigenvector, a cone is drawn for each residue starting from its
Ca and projecting in the direction of the component of the
same eigenvector that corresponds to that residue. The length
of the cone represents the magnitude of the motion. Figure 8
shows the principal motions of cyclin E and CDK2 residues in
three complexes, along the direction of principal component 1
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(PC1). The cyclin E residues that are known to make the
primary contacts with CDK2, such as loops al’-a2’, a$- al’,
and a5’-aCter, and helices a1’ and a5, show the largest average
velocity covariance vectors. Moreover, remarkable concerted
motions are seen between these cyclin E elements and the
interface elements of the CDK2:T-loop, PSTAIRE helix, 40s
loop, etc. Even more importantly, PC1 showed a significant
difference in the direction of displacements of these elements in
the three complexes. While the displacements are approx-
imately along the radial direction, with cyclin E and CDK2
vectors directing to each other in the truncated complexes; the
movements and direction of the vectors are largely random in
the full-length complex. The resultant CDK and cyclin
eigenvectors from PCI, shown in the inset of Figure 8 also
show a similar trend, where the directions of cyclin and CDK
residue fluctuations in truncated complexes appear to comple-
ment each other, unlike in the full-length complex. These radial
and complementary movements of the interface residues of
cyclin E and CDK2 might imply better interactions and,
therefore, are likely to facilitate complex formation. On the
contrary, the random movements of both cyclin E and CDK2
residues may not allow efficient complex formation and could
produce a less active complex. To recall, the pCDK2/cyclin E1
interface is the key to activating properties of the cyclins to the

dx.doi.org/10.1021/bi5004052 | Biochemistry 2014, 53, 4612—4624
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CDKs. Interestingly, the substrate binding pocket and G-loop
also show a larger concerted motion in the truncated
complexes, where the velocity covariance vectors were longer
and protruding outward, implying better substrate binding
capacity of the truncated complexes.

B SUMMARY AND CONCLUSIONS

The crystal structure of the cyclin E1/CDK2 complex has been
solved only very recently. The structure contains a truncated
version of cyclin E that has both N- and C-terminal domains
missing. In vivo and in vitro studies have shown that these
truncated isoforms of cyclin E activate CDK2 more robustly
than the full-length cyclin E. However, the molecular basis of
higher activity of the truncated cyclin E/CDK2 complexes was
unknown.

Our detailed bioinformatics analyses and molecular dynamics
simulation results show that the missing regions in LMW
isoforms of cyclin E contain NLS and PEST domains and are
intrinsically disordered. These missing regions are rich in
hydrophilic residues, have no or minimal secondary structures,
and possess significantly higher flexibility than the crystallized
part. However, while bound to the crystallized part in the full-
length complex, these regions show an increased tendency to
form secondary structures. They also follow the important
prerequisite for the absence of regular structure: the
combination of low mean hydrophobicity and relatively large
net charge. These findings of disorderness of the terminal
regions are consistent with the fact that (i) NLS and PEST
domains in many proteins are reported to be intrinsically
disordered and that (ii) only the central region of cyclin E,
which is globular in structure, could be crystallized, while the
terminal regions could not be captured in the electron density
map.

These intrinsically disordered cyclin E1 regions weaken the
cyclin E1/CDK2 interface, as evident from the relatively
smaller contacts and larger solvent accessibility of the
interacting residues in the full-length complex. The key
interactions that are found in the crystal structure and
simulated truncated complexes, e.g. van der Waals interactions
between cyclin E:Val250,; 4,,, Leu2S51,, 4, and
CDK2:PhelS2y oo, VallS6r,, and also between cyclin
E:Val237,, and CDK2:Vall54y,,,; hydrogen bonding inter-
actions between main chains of cyclin E:Leu251,, ., and
CDK2:VallS6r.40p; stacking interactions between cyclin
E:Pro283,, .4y and CDK2:Tyr179roop.qr; electrostatic inter-
actions between cyclin E:Arg225 ;- and CDK2:Glu57pgrare
and also between cyclin E:Glu340,s ,cier and
CDK2:Lys1781gop.qr; and hydrogen bonding network in-
volving cyclin E:Asp341,s 4crery AsSN344,5 4cier and
CDK2:Argl571 0, were lost or became weak in the full-
length complex.

The above findings were complemented by the principal
motions of the two proteins in truncated complexes, where the
interfacial residues of both the proteins exhibited large
concerted motions along the radial direction to facilitate
complex formation. On the contrary, the random movements
of cyclin E residues in the full-length complex could not allow
an efficient complex formation and produced a less active
complex. To summarize, the cyclin E LMW isoforms assist the
formation of a stronger protein—protein complex and,
therefore, can induce Gl-to-S phase progression in cancer
cells, where they are overexpressed.
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Finally, the results are validated by creating a model
truncated complex of cyclin E (81—363)/CDK2 from the
built structure of the full-length complex and simulating it for
50 ns. The final simulated structure was found to be very
similar to the crystal structure of cyclin E (81—363)/CDK2,
with correct reproduction of the interface residues and their
contacts and interaction energies. Nevertheless, this study paves
the way to conceive experiments for further validating our
findings. For example, future work can attempt to confirm
structural disorderness in missing N- and C-terminal domains
by the far-UV CD spectroscopic technique*”** and Raman
optical activity spectra.’” More advanced techniques like laser
temperature jump spectroscopy can be used to study the
folding kinetics of these domains and their interactions with
truncated CDK2/cyclin E complex.®!
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