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Abstract: Cyclin-dependent kinases (CDKSs) play a key role in activating essential cell biology
processes including cellular proliferation. Inappropriate regulation of CDKs has been implicated
in driving several different forms of cancer. One of the regulatory factors is the need to bind to
Cyclin-partners before they can be activated and advance the cell cycle. Cyclins are overexpressed
in several different cancers, hence activating their relevant CDK. Hyperactive CDK2 in particular
is implicated in many cancers, and while many drugs have shown preclinical promise, none have
successfully passed through clinical development. Among the complications of targeting CDK2 is
the fact that non-classical cyclin partners from the Speedy/RINGO family of proteins can alter the
conformation of the kinase. Using computational approaches, we provide data supporting that the
active site of CDK2 differs when bound to Spyl as compared to classical cyclins. Furthermore,
combining computational models with experimental techniques we provide data that many small
molecule inhibitors have reduced activity against Spy1-bound CDKSs. This work supports the need
to develop new inhibitors capable of inhibiting the Spyl-CDK2 complex, and suggests that

computational tools can be beneficial toward accomplishing this goal.
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Introduction

Carefully timed post-translational modification of enzymes in the Cyclin-Dependent
Kinase (CDK) family control serine/threonine phosphorylation that subsequently dictates how
cells move through the phases of the cell cycle.! Several independently regulated events are
required for CDK activation, including binding to their regulatory cyclin partner and alterations in
phosphorylation status, to ultimately provide substrates access to the kinase active site.? Each CDK
has preferred cyclin partners—for example, CDK2 is activated by either Cyclin A or E; cyclin
proteins are themselves regulated via protein expression and degradation. The binary “on” Cyclin-
CDK complex can be turned “off” by binding to naturally occurring inhibitory proteins (CDK
inhibitors: CKIs), which sterically block substrate access to the kinase active site.® Inhibition,
deactivation, and degradation of CDKs is essential to maintain proper cell growth in healthy
normal tissue. On the other hand, sustained activation of Cyclin-CDK complexes are at the heart
of disease states such as cancer.* Restoring the inhibition of CDK proteins is a promising anticancer
therapeutic strategy,” with the G1/S CDK, CDK2, being one prominent target.® Unlike the G2 CDK
(CDK1), inhibition of CDK2 via chemical inhibition, or knockout/knockdown approaches is not
lethal for the organism as CDK2 is not essential for the viability and division of most normal cell
types.” Synthetic lethality of select forms of cancer however has been reported.® Despite the
promise of this approach, the development of synthetic CKls has proven challenging: ATP-
competitive inhibitors are an effective approach, however selectivity is often an issue as the
enzyme active site is highly conserved across the CDK family and highly analogous to unrelated
proteins that also interact with ATP. This can lead to many off-target effects, and first generation
pan-CKIs failed due to lack of selectivity, with inevitable high toxicity.” Second generation

inhibitors were more selective against specific CDK targets, reducing their toxicity. CKls targeting
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CDK4 and CDK6 have been approved as a standard of care therapy in the treatment of hormone
receptor-positive, HER2-negative breast cancer.! No CDK2 inhibitor has obtained regulatory

approval for standard of care treatment.

This dearth of CDK2 inhibitors approved for treatment is despite many molecules having
shown good binding affinity and good activity in vitro and in vivo in animal model systems.® An
overlooked factor that may have contributed to these translational failures around CDK2 is the
existence of the “cyclin-like” proteins, known as the Speedy/RINGO family. The original
characterized member of this family, Spy1, binds CDK1 and CDK2 in the absence of classical
cyclins and is insensitive to inhibition by endogenous CKIs such as p21 and p27; Spy1 actually
targets p27 for degradation.!* The Spy1-CDK2 complex is activated irrespective of the post-
translational modifications required for full activation of Cyclin-CDK complexes.'? Consequently,
Spy1l binding results in a perpetually active CDK, leaving the CDK in a locked “on” position,
helping to accelerate cells through the cell cycle, and driving cellular proliferation.2 Spy1 is found
at only very low levels in most adult tissue, with the exception of select stem cell populations,
transient developmental timepoints and transiently expressed during stress or regenerative
responses, where expression is related to overriding cell cycle checkpoints.!® Unsurprisingly, the
sustained elevation of Spy1 in mouse models results in susceptibility to tumourigenesis in a variety
of systems including breast and liver.!* The overexpression of Spyl has been implicated in
numerous aggressive forms of cancer including breast, prostate, ovarian, liver and brain, with
levels positively correlating with poor prognosis.***®> One reason for these poor outcomes is that
Spy1 overexpression is also positively correlated with drug resistance; for example, chemotherapy

drugs and tamoxifen are significantly less effective when Spy1 is overexpressed.'® Given the
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ability of Spyl to drive drug resistance and the insensitivity to endogenous CKIs, this could

potentially be why development of CDK2 inhibitors has been unsuccessful.

Therapeutic synthesis has focused upon the canonical Cyclin-CDK complexes and has
failed to account for CDK activation by Spyl. The Spy1-CDK2 crystal structure!? suggests that
the binding pocket of Spy1 may differ from that of Cyclin A-CDK2 which could alter the binding
affinity of CKls and contribute toward clinical failure in patients with cancers with elevated Spy1
levels. This idea supports the potential opportunity to develop novel more effective compounds.
Knockout of Spyl in mice renders them sterile due to an essential role in meiosis, but seems to
have no other detrimental effects.!” In fact, Spy1 inhibitors have been proposed as potentially
effective and safe male birth control agents.'® This safety profile, when combined with the altered
binding site, suggests that new selective CKls targeting the Spy1-CDK complex could prove useful
cancer therapies that address this potential mechanism of failure of previous generations of CDK

inhibitors.

In this study we aimed to determine whether elevated Spyl levels contribute to the
ineffectiveness of established leading small molecule CKIs for CDK2 using a combined
computational and experimental approaches. We focused both on commercially available 2"

generation CKIs,!”

and on a promising series of N2 and O6 substituted guanine derivatives,
developed first by the Golding and Griffin groups at Newcastle University and referred to as the
NU series of compounds (Figure 1).'% %20 We synthesized several of these NU compounds to
determine their in vitro efficacy in the presence of over-expressed Spyl. Computational data

revealed that CKI binding affinity in these molecules for the Spy1-CDK2 complex is significantly

reduced compared to their potent activity against CyclinA/E-CDK2. This was supported by the
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experimental data and the compounds are ineffective in inhibiting cell proliferation in vitro when

Spy1 is present.
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Figure 1 Structures of examined CKls.

Experimental and Computational Methods

Computational Methods

Structure preparation: Protein crystal structures of active (i.e. phosphorylated) Cyclin A-
CDK2 with no ligand (PDB: 1JST)?!, Cyclin A-CDK2 with bound inhibitor NU6102 (/H1S)**
and Spyl-CDK2 (5UQI)"2, Cyclin E-CDK2 (5L2W)** and Cyclin B-CDK1 (SLOF)' were
obtained from the Protein Data Bank.?* Solvent molecules were deleted, and the structures were
prepared using the protein preparation wizard module in the Schrodinger computational suite;
missing loops were added.?* The pH was set to 7 and the prepared structures were then minimized.

A second model was also generated from /JST, conserving some active site water molecules to
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determine if they were important for binding. Other complexes had solvent molecules removed as
they were found to not have any impact on the docking following some preliminary scoping
investigations. Ligand structures were prepared using Ligprep in Schrodinger.? A total of 79 NU
series ligands were screened alongside 6 commercial CKls: CRS, dinaciclib, flavopiridol,

purvalanol A, purvalanol B, and roscovitine (Figure , Table S1).

Docking Study: Both rigid and induced fit docking was performed. Rigid docking was
performed using GlideXP in Schrodinger with enhanced sampling and induced fit was performed
using extended sampling.?® Several receptor grids were generated with different van der Waals
(vdW) radius scaling and with flexible hydroxyl groups. During initial rigid docking, several
compounds (known binders) failed to bind due to the constricted active sites and lack of flexibility
in rigid docking. Thus, two models with scaled vdW radii were generated, 1.0 (default) and 0.7
radii. MM-GBSA in Schrodinger was performed using the top pose for each compound, with 8 A

of flexibility around the ligand. The VSGB solvation model*” and OPLS4?® forcefield were used.

Molecular Dynamics: Molecular dynamics simulations were performed using
AMBER?20.% Three different methods, RESP (Restrained ElectroStatic Potential), Gasteiger, and
AM1-BCC were tested for parameterizing ligands and generating partial atomic charges. This was
done to obtain the best method for further screening of new compounds. Traditionally RESP is
used to generate ligand charges;® ligands were optimized using the HF/6-31G* level of theory in
the gas phase in Gaussian16.>! Gasteiger and AM1-BCC charges were generated using
Antechamber in AmberTools.*? Gasteiger charges are computationally less expensive to generate
and are based on atom types and connectivity. Several studies reported that they yield better results

when calculating small molecule binding affinity.>> AM1-BCC is a semi-empirical method and is
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faster and easier to implement than RESP. AM1-BCC has been reported to having similar results

to RESP methodology.**3*

Parameters for small molecules were produced using the general AMBER force field
(GAFF),*® while ff14SB>¢ was used for the protein, and TIP3P3’ for water molecules. Complexes
were placed in a 12 A isometric water box. Sodium or chloride ions were added to neutralize the
system. The system was minimized over three steps with decreasing restraints of 100, 3, and 0
kcal-mol'-A2, with 10,000 steps steepest decent followed by 10,000 steps conjugate gradient.
This was followed by heating to 300 K over 50 ps and then density equilibration for 250 ps. All
simulations were performed using the NPT ensemble with periodic conditions with a temperature
of 300 K using the Langevin thermostat. The system was then equilibrated for 4 ns followed by a
10 ns production run on which the MM-GBSA calculations are performed, and simulations were

performed in triplicate and average binding affinity values taken.

MM-GB(PB)SA calculations: Binding free energy calculations were performed using
MMPBSA.py.MPI in AMBER employing the SANDER module. An ionic strength of 0.1M was
used and both MM-GBSA and MM-PBSA calculations were performed sampling every 1 ps from
the production run. Two solvation models were tested (GB-Neck2 and OBC-2) and both yielded

similar results.

Experimental Methods

Cell Culture: MDA-MB-231 (HTB-26; ATCC) and MDA-MB-468 (HTB-132; ATCC)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; D5796; Sigma Aldrich)

supplemented with 10% foetal bovine serum (FBS; F1051; Sigma Aldrich) and 1% P/S. and
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maintained at 5% CO; at 37°C. For CKI treatment, cells were seeded in 24 well tissue culture
plates at a density of 20,000 cells per well. CKIs were added 24hrs post-seeding and cell viability
was assessed via trypan blue exclusion using a BioRad TC10 Automated Cell Counter. Cells were
treated with reported and experimentally determined IC50s for each compound tested as indicated:
71.34nM CRS, 73.88nM flavopiridol, 10.18nM dinaciclib, 20uM roscovitine, 30uM purvalanol
A, 640uM NU series compounds 4, 320uM NU series compound 6 and 8uM for NU series

compounds 12, 14, 15.

Results and Discussion

Therapeutic synthesis has focused upon the canonical Cyclin-CDK complexes and has
failed to account for CDK activation by Spyl. This would not matter if the CDK2 active site was
the same whether a classical cyclin or Spy1 was bound; optimization of a drug for one would work
for both; however, a comparison of the recently obtained Spy1-CDK2 crystal structure'? with that
of Cyclin A-CDK2 shows that the G-loop which sits atop the ATP binding site, the target of
synthetic CKI drugs, is twisted by Spyl binding. In both the crystal structure, and in all MD
simulations, The tyrosine, which normally sits outside the binding pocket, being folded inwards
and sitting on top of the binding site, resulting in a more constrained and hydrophobic pocket
(Figure ). This result supports that the altered binding site could reduce the binding affinity of
CKIs resulting in decreased efficacy supporting the need to model the interaction of existing CKlIs

with Spyl-bound CDK2.
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Figure 2 A) Orientation of the G-loop and tyrosine position in
Cyclin A-CDK2 crystal structure (Green, PDB: 1JST) and
Spyl1l-CDK2 (Blue, PDB: 5UQ1). B) Molecular surface of the
Cyclin A-CDK2 binding site and C) Spy1-CDK2 showing the
smaller more constrained site.

Initially, several docking parameters were tested to determine the ideal parameters and
validate our approach. To determine if any protein model and docking protocol is appropriate for
a given problem, the model must be evaluated against a self-consistent and well-conducted
experimental dataset. As the NU series has the most data for CDK2 binding— and was performed

by a single group with consistent and strong methodology— this set was used to benchmark the

docking. The relaxed structure of active Cyclin A-CDK2 with bound NU6102 (PDB: 1H1S)**° was
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used as the receptor to validate the docking. The vdW radii of the receptor grid was scaled down
slightly to 0.7 as some of the larger ligands, confirmed in vitro hits, failed to dock during the initial
round of docking which used the 1.0 (default) value. Overall, a good correlation was obtained with
experimental data (Figure 3A). Comparison of the docking poses of NU6102 to the crystal
structure showed we could recapitulate the binding as the second-best pose had an RMSD of
0.29 A, with the top pose having an RMSD of 1.01 A. This slight difference is due to the top pose
having a small shift in the cyclohexyl ring which was predicted as being more favourable (Figure

4A). The docking scores, however, were nearly identical with only a 0.02 kcal/mol difference.
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Figure 1 Comparison of docking scores (RRD or IFD) and MM-GBSA calculated scores
(kcal/mol) to experimental 1Cso values of the NU series binding to Cyclin A-CDK2. A) RRD using
1H1S crystal structure as the template. B) MM-GBSA calculated binding affinities for 1H1S as the
receptor structure. C) RRD using 1JST as the template structure. D) MM-GBSA calculated binding
affinities using 1JST as the receptor. E) RRD to Cyclin B-CDK1 (5LQF). F) MM-GBSA calculated
binding affinities for Cyclin B-CDK1, 5LQF. G) IFD of NU series to Cyclin A-CDK2(1H1S). H)
MM-GBSA calculated binding affinities for Cyclin A-CDK2 (1H1S) based on IFD.
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The pose observed in the crystal structure is potentially an artifact of better packing that
aids its crystallization. The core of the rest of the ligands adopted similar conformations to that of
NU6102 in the crystal structure with the core forming conserved hydrogen bonds with the

backbone atoms of E81 and L83 of CDK2 (Figure 4B).

Figure 2 A) Overlay of top two docking poses of NU6102 docked to Cyclin A-CDK2(blue) and
orientation of the ligand in the crystal structure (yellow). B) Alignment of the top docked pose
of the NU series of compounds.

Docking to the crystal structure without a bound co-crystallized ligand (PDB: 1JST)® yielded
significantly worse results with R?=0.51 (Figure 3C). With a bound ligand, the active site
contracts, becoming much smaller to facilitate the ligand forming closer, more beneficial ligand-
receptor contacts. This of course can be modelled using molecular dynamics simulations on
docked structures and is feasible in this case, but this is a computationally expensive workflow for
screening molecules on scale. Calculating binding affinity using the MM-GBSA module in
Schrodinger, which allows nearby residues to move, did not improve the correlation (R?=0.43),
potentially because there was not enough flexibility to reorient the pocket to the degree that is

observed in the bound form. Additionally, the presence of active site water molecules only had a
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marginal effect on binding scores and based on the crystal structures with NU compounds bound,
the majority of solvent molecules are displaced upon binding, and none of the remaining seeming
to form any essential interactions. While the structure of Spy1-CDK2 already has a smaller, more
constrained active site, leaving less room for contraction, these results indicate that molecular
dynamics simulations would potentially be required to allow the pocket to rearrange and
accommodate the bound ligands to obtain more accurate binding affinities. Induced fit docking
(IFD) was also performed as it often yields significant improvements. In this case however, many
of the compounds failed to bind in the orientation observed in crystal structures and resulted in
significantly reduced predicted binding with an overall correlation of R?=0.6. The MM-GBSA
module of Schrodinger was also tested which allows for active site flexibility, which could
potentially improve correlation. However, in all cases it performed more poorly than docking alone
(Figure 3B, D,F,H).

Compounds were also docked to Cyclin B-CDK1. CDK2 and CDKI1 share considerable
homology. As a result, inhibitors will often bind to both complexes with similar affinities, and
binding affinity data is available for most NU series compounds binding to Cyclin B-CDKI.
Similar correlation values were obtained between docking score and experimental values

(R?=0.69, Figure 3A) as with the Cyclin A-CDK2 complexes.

It has been a long-standing goal to develop selective CDK2 inhibitors to minimize off-
target effects; however, realizing this goal has proved to be challenging.*® This can be observed in
the docking results where many of the compounds are predicted to have similar binding affinities
to both complexes (Table 1). To better delineate the challenge, these inhibitors were also docked
to Cyclin E-CDK2. Cyclin E also activates CDK2 and functions similarly to Cyclin A. While there

is no experimental data to correlate to, it is important to know how well the compounds bind as
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Cyclin E-CDK2 complexes still play an important role in cell cycle regulation. This would allow
for comparison of CKIs across the different CDK complexes for a better understanding of their

lack of selectivity and could be a useful prescreening tool for the development of future CKls.

Comparison of docking scores across all complexes showed that the CKIs had the best
binding to Cyclin A-CDK2, followed by Cyclin B-CDK1 and then Cyclin E-CDK2, with average
binding being similar. Note that the identity of the cyclin was more important than the actual
identity of the CDK that is being targeted. This highlights the challenge inherent in this drug
discovery endeavour. However, the real insight from this study is that the ligands’ affinity for Spy1-
CDK2 was significantly worse than for any other complex (Figure 5, Table S1). This is likely due
to the change in active site conformation in the Spy1-CDK2 complex. The inverted Y 15 makes the
pocket both more hydrophobic and smaller, resulting in more steric clashes as the alkyl/cyclohexyl
moiety on many of the structures is forced into a less optimal position. This was also observed in
commercially available CKIs (Table 1). Docking these CKIs to Cyclin A-CDK2 generated poses
nearly identical to those observed in reported crystal structures; however, docking to Spy1-CDK2
yielded significantly different orientations and lower predicted binding as a result of the restricted

active site not being able to accommodate the CKIs in the same conformations.

Table 1 Comparison of docking scores (kcal/mol) of commercial CKls

Flavopiridol | Roscovitine | Cr8 | Purvalanol A | Purvalanol B | Dinaciclib

Cyc A-CDK2 —10.95 -9.61 —9.86 —10.53 —10.13 —12.43

Spy1-CDK2 ~8.76 —6.47 | -690| —6.54 —5.41 ~8.78
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Following rigid docking, the top pose, lowest energy conformation, for each ligand was
selected and MD simulations were performed. Several parameters were tested to determine the
optimal method. First, three different partial charge derivation methods were tested: RESP, AM1 -
BCC and Gasteiger (Table 2). All three have been successful when applied to small molecule
protein-ligand binding; however, some differences are observed on a case-by-case basis and thus
the best approach for a given system must be determined empirically.>* RESP requires the use of
Gaussian, while AM1-BCC and Gasteiger charges can be generated using tools built into AMBER
(antechamber), with the latter two being significantly faster to perform; this is beneficial for
compound screening. MM-GBSA calculations were then performed using an ion concentration of
0.1 M and the default solvation model. Both RESP and AM1-BCC performed reasonably well and
yielded similar results with correlations of 0.76 and 0.71 respectively. However, Gasteiger charges

performed significantly worse with a correlation of 0.24.
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Binding Affinities of
CKils to CDK Complexes
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Figure 3 Comparison of docking scores of NU inhibitors
across Cyclin-CDK complexes. Bars represent the mean
bindina affinitv.
MM-PBSA energy calculations were also tested and compared to the MM-GBSA values.
A correlation of 0.72 was obtained, but as MM-PBSA calculations generally take significantly
longer than MM-GBSA calculations, and they did not offer an improvement, subsequent binding
affinity calculations were performed using only MM-GBSA. Also tested were implicit generalized
Born solvation models OBC-2 (igb=5 in AMBER) and the GB-Neck2 model (igb=8 in AMBER).
GB-Neck2 offers some empirical corrections over OBC-2 model, however both performed
similarly (Table 2), and the default, computationally less expensive OBC-2 model was used for

the remaining calculations.

https://doi.org/10.26434/chemrxiv-2023-kzgfb ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-kzgfb
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/

Table 2 Comparison of MD and MM-PB(GB)SA parameters.

Correlation Coefficient
RESP 0.73
Partial charge method AM1-BCC 0.71
Gasteiger 0.24
Solvation IGB S 0.76
IGB 8 0.74
Binding Affinity Method GBSA 0.71
PBSA 0.72

The molecular dynamics simulations using RESP and OBC-2, were performed in triplicate
for each system to better sample conformational space of the ligand and the obtained binding
affinity used was the average of the three independent simulations. Overall, the docking scores and
MM-GBSA results showed similar correlations. The binding affinities of the Spyl-CDK2
complexes were similarly calculated. Results showed that in nearly every case, the predicted
binding affinities of the ligands binding to Spyl-CDK2 were worse than for Cyclin A-CDK2,
reaffirming the results obtained during docking (Figure 6). While not tested for, the smaller more
constrained active site of the Spy1-CDK2 complex may also inhibit ligand entry into the pocket in

the first place, further reducing the ability of ligands to bind and their resulting efficacy.
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Figure 4 Binding affinity obtained from MM-GBSA calculations following MD simulations
with bars representing mean binding affinity.

To determine if the observed reduced binding affinity to Spyl1-CDK2 versus Cyclin A-
CDK2 correlated with a reduction in cellular response, Spyl, Cyclin A and Cyclin E were
overexpressed in the triple negative breast cancer cell lines MDA-MB-231 and MDA-MB-468.
Cells were treated with a panel of CKls and the total number of live cells was assessed 24 h after
treatment. As expected, the overexpression of Spy1, Cyclin A and Cyclin E significantly increased
cell numbers in the absence of any CKI (Figure 7A). Treatment with all CKIs in control cells
resulted in a significant reduction in total live cells, whereas lower levels of response were seen in
the presence of overexpressed Spy1, Cyclin A, and Cyclin E. The viability of Spyl overexpressing
cells depended on the cell line. MDA-MB-231 cells were least sensitive to roscovitine and most

responsive to NU6201, while Cyclin A overexpressing cells were most sensitive to roscovitine and

https://doi.org/10.26434/chemrxiv-2023-kzgfb ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-kzgfb
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/

least sensitive to purvalanol A. Cyclin E overexpressing cells were similar to Spyl in that they
were most sensitive to NU6201, however they demonstrated the least response to flavopiridol and
CRS.
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Figure 5 Spyl1 increases resistance to CKI therapy. A) MDA-MB-231 and B) MDA-MB-468 cells
were lentivirally infected with control (piRFP), Spy1 (Spy1 iRFP), Cyclin A (CycA iRFP) or Cyclin
E (CycE iRFP) overexpression plasmids and treated with a panel of commercially available CKIs
for 24hrs. Total number of live cells (left panels) were quantified via trypan blue exclusion assay.
Percent change in growth from time of seeding is depicted on the right panels. Error bars reflect
standard error (SE), Student’s T test *p < 0.05, **p <0.01, ***p < 0.001.
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Figure 8. Differential response to NU series CDK inhibitors. A) MDA-MB-231 and B) MDA-
MB-468 cells were lentivirally infected with control (piRFP), Spy1 (Spy1 iRFP), Cyclin A (CycA
iRFP) or Cyclin E (CycE iRFP) overexpression plasmids and treated with a panel of NU series
compounds for 24 hrs. Total number of live cells were quantified via trypan blue exclusion assay.
Error bars reflect standard error (SE), Student’s T test *p < 0.05, **p <0.01, ***p <0.001.

In MDA-MB-468 cells, Spyl overexpression was most responsive to NU6201, and
purvalanol A, while being most resistant to CR8 (Figure 7B). Cyclin A and Cyclin E
overexpression resulted in a similar response profile, being most responsive to purvalanol A and
similar to Spy1, most resistant to CR8 (Figure 7B).

MDA-MB-231 and MDA-MB-468 cells, lentivirally transfected with one of Spy1, Cyclin
A, or Cyclin E, were similarly treated with a panel of synthetic NU guanine-based inhibitors
(Figure 8).* While varying responses were seen between the two cell lines, in almost all cases,
the cells with Spyl overexpression showed increased viability when treated (or untreated)

compared to cells overexpressing any of the other cyclins. This is consistent with all our previous
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studies that highlight how Spy1 drives proliferation. These NU series molecules are the previously
reported molecules with the best known Spy1 inhibitory potential. They do, generally, show an
ability to suppress cells overexpressing Spy1 by at least as much as cells overexpressing the other

Cyclins; however, they are still only moderately effective, new drugs are needed.

Conclusion

We investigated whether the translational failure of CDK2 inhibitors could be a result of
CDK2 activation by Spy1l. Docking and MD/MM-GBSA methods showed good correlation with
experimental data for Cyclin A-CDK2 and Cyclin E-CDK2 binding and was used to compare
expected binding affinity between Spyl-CDK2 and Cyclin A-CDK2. In nearly all cases,
compounds were predicted to bind significantly worse to Spyl-CDK2, caused by a change in
active site structures. This sheds insight into why CDK2 inhibitors lack efficacy in treatment of
aggressive or resistant cancers with elevated Spyl expression. Our results show that the Spyl-
CDK2 complex needs to be taken into account in the future development of CDK2 inhibitors as

Spy1 induces a significant enough change in the active site to negatively impact CKI function.

Supporting Information

Additional Tables, including those showing the structures and computational parameters

for the NU series molecules examined, are available in the SI.
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Table S3 Structure of NU compounds and experimental inhibition of Cyclin A-CDK2 and Cyc
B-CDK2 and docking scores for the compounds docked to Cyclin-CDK or Spyl-CDK2

complexes.
Compount . . ﬁ::f:li:‘:: ﬁ:::‘;ﬁ:‘:: CDKZfCyclin A CDK2[CyclinE CDKL/CyclinB  CDK2/Spyl
(ICss uM) (I€55 kM) Dock Score Dock Score Dock Score Dock Score
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-
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Cdk2/CycA  Cdkl/CycB
Compound R1 R2 Inihibitian Inhibition
(15 M) (K5 M)

CDK2/Cyclin A CDK2/CyclinE CDK1fCyclinB  CDK2/Spyl
Dock Score Dock Score Dock Score Dock Score
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CdklfCycB
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Cdkl/CycB
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Table S4 Comparison of binding affinities obtained from MD-MM-GBSA. Values are averages
of three independent simulations.

CycA-CDK2 Spyl-CDK2 CycA-CDK2 Spy1-CDK2
Binding Binding ABinding Binding Binding ABinding
Cmpd. Affinity Affinity Affinity Cmpd. Affinity Affinity Affinity
1 -27.33 -22.51 -4.81 44 -45.63 -36.88 -8.75
2 -27.56 -24.67 -2.89 45 -44.80 -38.30 -6.51
3 -30.46 -28.73 -1.73 46 -51.27 -36.85 -14.42
4 -27.75 -21.45 -6.29 47 -47.90 -36.43 -11.48
5 -28.71 -25.00 -3.71 48 -45.34 -40.01 -5.33
6 -29.15 -22.59 -6.56 49 -45.74 -43.71 -2.03
7 -30.56 -23.44 -7.11 50 -46.79 -42.43 -4.36
8 -30.57 -23.49 -7.08 51 -43.48 -37.67 -5.81
9 -26.56 -25.62 -0.94 52 -44.19 -35.22 -8.97
10 -32.93 -26.02 -6.91 53 -44.80 -37.89 -6.91
11 -32.54 -26.42 -6.12 54 -46.74 -39.45 -7.29
12 -25.32 -19.58 -5.74 55 -41.29 -37.22 -4.07
13 -28.13 3027 23 s6 -44.18 -39.24 -4.95
14 -30.16 -24.45 -5.72 57 -42.79 -35.93 -6.87
15 -30.82 -25.90 -4.92 58 -47.39 4955 N2t
16 -38.61 -37.12 -1.49 59 -59.59 -39.40 -20.20
17 -31.71 -30.45 -1.26 60 -49.87 -44.16 -5.71
18 -30.74 -28.02 -2.72 61 -48.73 -47.04 -1.69
19 -32.22 -27.96 -4.26 62 -48.08 -45.44 -2.63
20 -30.59 -27.81 -2.79 63 -52.25 -45.34 -6.91
21 -31.90 -27.03 -4.86 64 -48.35 -42.05 -6.30
22 -30.65 -26.97 -3.68 65 -58.35 -45.87 -12.49
23 -31.57 -27.42 -4.16 66 -48.90 -44.75 -4.15
24 -36.05 -27.12 -8.92 67 -49.95 -46.79 -3.16
25 -32.70 -28.76 -3.94 68 -49.39 -44.96 -4.43
26 -33.61 -26.31 -7.30 69 -49.83 -40.54 -9.29
27 -32.86 -27.34 -5.52 70 -61.03 -40.10 -20.93
28 -43.36 -36.23 -7.13 71 -50.15 -37.74 -12.41
29 -46.36 -42.01 -4.35 72 -67.94 -60.71 -7.23
30 -35.56 -29.17 -6.40 73 -45.44 -42.07 -3.37
31 -39.05 -31.66 -7.39 74 -50.40 -41.02 -9.38
32 -39.64 -32.72 -6.93 75 -46.90 -38.73 -8.17
33 -43.33 -33.87 -9.46 76 -50.96 -25.77 -25.18
34 -44.58 -37.11 -7.48 77 -49.65 -41.55 -8.09
35 -45.43 -37.31 -8.12 78 -47.37 -35.74 -11.63
36 -44.82 -39.70 -5.11 79 -51.89 -41.63 -10.26
37 -46.14 -36.97 -0.18 Cr8 (A) -43.66 -41.43 -2.23
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38
39

40

41

42

43

-43.74
-44.67

-46.94

-45.42

-47.13

-48.15

-35.00
-36.25

-39.25

-38.21

-42.27

-40.94

-8.74
-8.42

-7.69

-7.21

-4.86

-7.21

Cr8 (B)
Dinacicli
b
flavopiri
dol
Purvala
nol A
Roscovit
ine A

-45.79
-49.21

-42.68

-43.35

-39.32

-42.83
-45.90

-35.60

-41.73

-43.25
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-2.95
-3.31

-7.09

-1.62
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