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Compared to most ATP-site kinase inhibitors, small molecules that target an
allosteric pocket have the potential for improved selectivity due to the often
observed lower structural similarity at these distal sites. Despite their promise,
relatively fewexamples of structurally confirmed, high-affinity allosteric kinase
inhibitors exist. Cyclin-dependent kinase 2 (CDK2) is a target for many ther-
apeutic indications, including non-hormonal contraception. However, an
inhibitor against this kinase with exquisite selectivity has not reached the
market because of the structural similarity between CDKs. In this paper, we
describe the development and mechanism of action of type III inhibitors that
bind CDK2 with nanomolar affinity. Notably, these anthranilic acid inhibitors
exhibit a strong negative cooperative relationship with cyclin binding, which
remains an underexplored mechanism for CDK2 inhibition. Furthermore, the
binding profile of these compounds in both biophysical and cellular assays
demonstrate the promise of this series for further development into a ther-
apeutic selective for CDK2 over highly similar kinases like CDK1. The potential
of these inhibitors as contraceptive agents is seen by incubation with sper-
matocyte chromosome spreads from mouse testicular explants, where they
recapitulate Cdk2-/- and Spdya-/- phenotypes.

Kinases remain attractive therapeutic targets to treat a variety of dis-
eases, but with over 500 kinases in the human proteome, the selective
targetingof aparticular kinase remains challenging. This is in largepart
due to the structural similarity among kinases, especially at the ATP-
site where most kinase inhibitors bind. To meet this challenge, a
variety of strategies have emerged includingdeveloping inhibitors that

either bind unique inactive conformations, target unique residues
including nucleophilic residues for covalent attachment1, or are het-
erobifunctional and lead to kinase degradation2. In addition, allosteric
type III inhibitors, compounds that bind the kinase outside of the
active site, have been a promising avenue to selectively inhibit kinases
as these distal sites often have reduced structural similarity. Some
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allosteric kinase inhibitors even demonstrate selectivity for oncologic
mutant isoforms of the same kinase3–5. To date, four allosteric kinase
inhibitors have been approved by the U.S. Food and Drug Adminis-
tration to treat BRAF-mutated cancers and recently asciminib was
approved as a treatment for chronic myeloid leukemia targeting an
allosteric pocket of ABL kinase6–10. Despite this success, few high affi-
nity and well-characterized allosteric kinase inhibitors have been
reported in the literature11,12. In this paper, we will showcase a series of
anthranilic acid-derived inhibitors that bind an allosteric pocket of
cyclin-dependent kinase 2 (CDK2) with nanomolar affinity.

CDK2 is a member of the CDK family of kinases that control the
cell cycle and is activated by binding E-type cyclins at the G1-S transi-
tion, then by A-type cyclins in S phase. In addition, CDK2 must be
phosphorylated on the activation loop to become fully activated.
CDK2 also plays a critical role in meiosis since Cdk2−/− mice are sterile
but otherwise healthy13,14, making CDK2 a validated target for non-
hormonal contraceptive development15. In meiosis, the protein
Speedy1 (SPY1) binds unphosphorylated CDK2 at the same site where
cyclins bind16 and appears to be the crucial binding partner of CDK2 in
the pachytene stage of prophase I17. While the Cdk2−/− phenotype
suggests a selective CDK2 inhibitor will have a favorable safety profile,
further investigation reveals that selective inhibition of CDK2/cyclin
complexes can be relatively toxic for healthy cells due to the seques-
tration of cyclins and thus the loss of compensatory kinase activation18.
However, a compound that disrupts the protein-protein interaction
(PPI) between CDK2 and its protein partners like cyclin or SPY1 has the
potential to be an alternative, less toxicCDK2 inhibitor. In thismanner,
an ideal inhibitor would free cyclins normally bound to CDK2, leading
to A) the activation of compensatory kinases by displaced cyclins in
somatic cells and B) disruption of the CDK2/SPY1 interaction crucial
for meiosis in spermatocytes, providing a safe and efficacious con-
traceptive option.

We previously discovered that the dye 8-anilino-1-naphthalene
sulfonic acid (ANS) bound an unrecognized allosteric pocket within
CDK2 with moderate affinity with a 5–10-fold enhancement in affinity
in the presence of certain orthosteric inhibitors19,20. Despite this pro-
mise, ANS is known to be a promiscuous protein binder21–25 and con-
tains a sulfonic acid moiety that confers poor pharmacokinetic
properties. However, we exploited the environmentally sensitive
fluorescent nature of ANS to develop a high-throughput assay and
used it to discover new chemical scaffolds with improved physico-
chemical properties that bind the allosteric pocket with higher
affinity26,27. From those efforts, we herein reveal the highest affinity
allosteric CDK inhibitors reported, all containing an anthranilic acid
scaffold. We confirm their type III allosteric interaction by X-ray crys-
tallography and use other biophysical techniques to demonstrate
negative cooperativity with cyclin binding. This cooperative relation-
ship continues to hold promise as an underexplored mechanism of
CDK2 inhibition, only observed with ANS prior19. Furthermore, the
challenge of developing selectivity for CDK2 over structurally similar
kinases like CDK1 has been overcome, as seen in both biophysical and
the appropriate cellular contexts. Finally, we show that mouse testes
incubatedwith our allosteric CDK2 inhibitors recapitulate features of a
Cdk2−/− phenotype.

Results
Anthranilic acids as allosteric CDK2 inhibitors
As described in detail elsewhere, we discovered that anthranilic acids
bind the ANS allosteric pocket of CDK2 using a combination of high-
throughput and virtual screening27. The first compound crystallized of
this series was 1, which binds CDK2 with low micromolar affinity as
measured by isothermal titration calorimetry (ITC) and by surface
plasmon resonance (SPR) using the steady-state approximation
(SSA) affinity fit (Fig. 1a–f, Supplementary Figs. 1–3, Supplementary
Table 1).

The carboxylic acid of 1 forms a charge-charge interaction with
the side chain of the catalytic residue K33 in the hydrophobic interior
of the protein, the same residue that engages the sulfonic acid in ANS
(Fig. 1a–c, Supplementary Figs. 1–2). Due to the strength of this type of
interaction in a nonpolar environment, it is likely crucial for the
binding of these allosteric inhibitors. In addition, the carboxylic acid is
held in place through polar interaction with the backbone N-H of F146
of the DFGmotif (Supplementary Fig. 2). The N-H of the indole forms a
hydrogenbond interactionwith thebackbone carbonyl of L58of theC-
helix, and the remainder of the binding interaction seem to be driven
by van der Waals forces in a pocket largely composed of hydrophobic
residues. Both 1 and ANS are amphipathic in nature, with a negatively
charged moiety driving the binding to K33 andmuch of the remaining
structure engaging with the hydrophobic pocket.

We next made two substantial improvements to the anthranilic
acid series. First, we sought to replace the nitro group on the benzene
ring, as this group can be toxic in biological systems28. We find the
trifluoromethyl group in 2 not only improves the affinity 2-fold but
retains a strong enthalpic contribution of binding with a lesser entro-
pic penalty (Fig. 1d, Table 1, Supplementary Fig. 4). The binding poseof
2 to CDK2 is nearly identical to that of 1 (PDB ID 7S84, Supplementary
Figs. 1–2, Supplementary Table 1). To confirm the allosteric nature of
this series, we analyzed the affinity of 2 in the presence of CDK2 ATP-
site inhibitors roscovitine anddinaciclib via ITC,finding the affinity of2
largely unchanged and providing evidence that binding by our allos-
teric inhibitors does not substantially affect ATP-site ligand binding
(Supplementary Fig. 5). To substantiate this notion, we determined
cocrystal structures of CDK2 liganded with 1 and dinaciclib or 1 and
roscovitine, demonstrating the ability of CDK2 to form ternary com-
plexes with type III (compound 1) and type I inhibitors (Fig. 1g,h). Next,
substitutions at the 6 position of the indole improve the affinity sub-
stantially. Linear groups like nitrile (3) or larger halogens like chlorine
(4) or bromine (5) at this position afford binding with less enthalpic
benefit and greater entropic contribution (Fig. 1d, Table 1, Supple-
mentary Fig. 4). The nitrile group at this position on the indole in 3may
linearize the molecule compared to 2 and subsequently increase its
solvation shell, which is broken when bound into the allosteric pocket.
The increased hydrophobicity of 4 and 5 take this principle further, as
binding of these compounds into the hydrophobic allosteric pocket
led to a greater entropy increase. We were able to orthogonally con-
firm the affinities of many of these compounds with nanomolar affi-
nities by SPR (Supplementary Fig. 6).

Relationship of allosteric inhibitors with cyclin binding
To explore the inhibitory potential of these compounds, 4 and 5 were
selected for further biophysical testing. Despite its high affinity for
CDK2, 4 poorly inhibits a variety of CDK/cyclin complexes in com-
mercial kinase activity assays (Supplementary Table 2). Further ana-
lysis of the crystal structure of 1 bound to CDK2 reveals that the
allosteric inhibitor engages with L53 and L58 of the C-helix, potentially
in a manner incompatible with cyclin A binding that would require a
reorientation of the C-helix (Fig. 1a–c). It is likely that in this CDKpanel,
in which tight-binding cyclin is preincubatedwith each respective CDK
enzyme, the binding of 4 is precluded by the CDK/cyclin PPI (i.e., the
CDK2/cyclin A/A1/E/O complexes).

To test this hypothesis, we took advantage of an intramolecular
Förster Resonance Energy Transfer (FRET) assay developed to indir-
ectly track the position of the activation loop on CDK2 and thus var-
ious conformational states of the kinase. In this assay, CDK2 is
modified by attaching an Alexa Fluor® donor/acceptor dye pair split
between a relatively stable region of the kinase and the mobile acti-
vation loop29. As cyclinA is titrated intoCDK2 and the activation loop is
stabilized in its active outward conformation, the donor:acceptor ratio
of the dyes increases (Fig. 2a). In the absence of cyclin, when 4 and 5
are titrated into this CDK2 system, the donor:acceptor ratio shifts to a
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lower value without fluorescence interference from these small
molecule inhibitors, representing a different ensemble of inactive
state(s) of CDK2with corresponding KD values of 280 nM and 200 nM,
respectively (Fig. 2b, Supplementary Figs. 7–8). However, as the cyclin
A concentration is increased, the affinities of both small molecules
decrease. For example, a cyclin A concentration of 1.9 µM increases
the KD of compound 5 to 1.5 µM, a change of nearly tenfold (Fig. 2b).
This change in affinity is even more pronounced for compound 4
(Supplementary Fig. 7) and supports the negative cooperative
relationship with cyclin binding that was hypothesized by structural
analysis.

Next, we wanted to examine if this negative cooperativity is also
observed in a CDK2 ADP Glo activity assay. We tested 5 rather than 4
due to its stronger affinity observed in the FRET experiments in the
presence of cyclin A. Because traditional activity assays where the
CDK2/cyclin complex is preformeddonotdemonstrate inhibitionwith
our allosteric CDK2 inhibitors, we preincubated p-CDK2 with our
allosteric inhibitor before adding varying amounts of cyclin A. At a 1:1
p-CDK2:cyclinmolar ratio, the IC50 of 5 is ~8-foldmore potent than at a
1:10 ratio and >100-fold more potent than at a 1:100 ratio, showing a
negative cooperative relationship with cyclin (Fig. 2c,d). The negative
cooperativity observed in this kinase activity assay agrees with the
conformational FRET assay (Fig. 2b). In contrast, the potency of ATP-
site inhibitor dinaciclib is largely independent of cyclin concentration
(Fig. 2d, Supplementary Fig. 9). To understand why the order of
allosteric inhibitor and cyclin addition is important, we returned to the
SPR assay to compare the binding kinetics of both our inhibitors and
cyclin toward CDK2. As seen with previous CDK2 inhibitors, our
allosteric inhibitors exhibit a fast association and fast dissociation rate
(Fig. 2e, Supplementary Fig. 2, Supplementary Fig. 6)30. In contrast,
cyclin has a similarly high affinity (KD = 3.1 nM and KD = 2.6 nM, from
two independent replicates) but also has a 10 + -fold slower dissocia-
tion rate compared to the allosteric inhibitors tested (Fig. 2e,f, Sup-
plementary Fig. 6, Supplementary Fig. 10). Therefore, when cyclin A

Table 1 | Enthalpic and entropic contributions of binding by
each ligandand their respectiveaffinity, asdeterminedby ITC

Compound n (binding
stoichiometry)

ΔH
(kcal/mol)

TΔS
(kcal/mol)

KD (nM)

1 0.747 −13 −5.4 5200

2 1.03 −9.4 −1.7 2300

3 1.27 −7.9 2.5 23

4 1.39 −5.5 4.8 31

5 1.52 −5.4 5.1 18
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Fig. 1 | Binding characterization of anthranilic acids as CDK2 allosteric inhibi-
tors. aCocrystal structure of 1 (yellow) bound to an allosteric pocket of CDK2 (PDB
ID 7RWF). The C-helix is shown in magenta, the activation loop in blue, the DFG
motif in green, the hinge region in orange, and the gatekeeper residue F80 in red.
b Surface presentation of the compound 1-CDK2 complex in two orientations.
Compound 1 is buried and largely shielded from solvent. c Detailed view of the
binding site and interacting residues. H-bonds (d = 2.2–3.5 Å) are indicated as black

dotted lines. Hydrophobic van-der-Waals interactions (d = 3.3–4.0 Å) were omitted
for clarity. d Chemical structures of CDK2 allosteric inhibitors. e ITC traces and
thermodynamic binding values of 1 (left) and 5 (right). f One of two independent
SPR replicates in Supplementary Fig. 3. g Cocrystal structure of CDK2 with com-
pound 1 and dinaciclib (pink, PDB ID 8FOW). h Cocrystal structure of CDK2 with
compound 1 and roscovitine (pink, PDB ID 8FP0). g and h Demonstrate the non-
competitive, allosteric nature of compound 1.
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binds toCDK2, its slowdissociationprecludesCDK2 fromsampling the
inactive conformation necessary for our allosteric inhibitors to bind. In
contrast, the fast dissociation of the allosteric inhibitors allows cyclin
to bind monomeric CDK2 and trap it in an active conformation, which
is more pronounced as cyclin concentrations increase.

Relationship of allosteric inhibitors with ATP
After exploring the negatively cooperative relationship between cyclin
andour allosteric inhibitors,we next examined the effect ofATPon the
activity of our allosteric inhibitors. Interestingly, both compound 5 and
dinaciclib show lower inhibitory potential with increasing concentra-
tions of ATP (Fig. 3a–c). While this result is expected for dinaciclib,
which competes with ATP by binding at the same site, it was surprising
considering the noncompetitive nature between ATP-site inhibitors
and our allosteric inhibitors observed in monomeric CDK2 without
cyclin bound (Fig. 1g,h, Supplementary Fig. 5). Notably, relatively high
concentrations of ATP were used for these experiments, ranging from
3 + - to 30 + -fold higher than the reported Km of ATP toward CDK2/
cyclin A complexes31.

Attempts to obtain a cocrystal structure of monomeric CDK2
ligandedwith 1 andMg-ATP failed, anddifferent ratios ofMg-ATP and 1
resulted in binary complexes with either 1 or Mg-ATP bound. Com-
parison of the ATP site between the different complexes reveals that
the DFG motif adopts a conformation in the CDK2/Mg-ATP complex
that is incompatible for the interaction with 1 (Fig. 3d–f). This DFG
conformation is held in place tightly through direct interaction of the
side chain of D145 with the Mg2+ ion coordinating the triphosphate
oxygens of ATP. Binding of 1 requires the DFG main chain to shift by ~
2 Å toward the ATP site, imposing steric clashes on Mg-ATP and
causing a mutually exclusive interaction between Mg-ATP and 1. For
type I inhibitors such asdinaciclib and roscovitine, theDFGmotif is not
engaged in critical binding interactions, and the DFG backbone is free

to adopt a conformation compatible with the concomitant binding
of 1.

Selectivity of allosteric inhibitors
Toexplore the selectivity of these compounds,wenext assessed target
engagement ina cellular thermal shift assay (CETSA)32. Jurkat cellswere
selected forCETSAdue topriorwork showing a predictable Tagg across
multiple, independent DMSO control experiments for CDK1 and CDK2
in this cell line33. In addition, Jurkat cells do not express a high amount
of A- and E-type cyclins (Human Protein Atlas proteinatlas.org)34,
making it possible to observe binding of our compounds to free,
noncomplexed CDK2. Compound 5 is cell permeable, as shown by the
intracellular engagement and thermal stabilization of CDK2
(ΔTagg = 8.3 °C). No stabilization of CDK1 is observed (ΔTagg = 0.4 °C),
suggesting that 5 is selective for CDK2 over the very similar CDK1 in
this cellular context (Fig. 4a, Supplementary Fig. 11).

We sought to confirm the selectivity observed in the CETSAmore
directly in an orthogonal assay. Previous examination of ATP-site
inhibitor dinaciclib under similar SPR conditions revealed a KD

(SSA) = 78 ± 16 nM for CDK2 and a KD (SSA) = 1.8 ± 0.2 µM for CDK1
(KD =mean ± standard deviation from two independent repeats)30. In
contrast, we find compound 5 does not bind CDK1 while it binds CDK2
with a KD (SSA) = 15 nM and KD (SSA) = 17 nM (Fig. 2e, Supplementary
Fig. 6, Supplementary Fig. 12, KD values from two independent
repeats). We confirmed the validity of our CDK1 protein by testing
dinaciclib, which binds CDK1 similarly to what was discovered pre-
viously with a KD (SSA) = 1.2 µM and KD (SSA) = 1.8 µM (Supplementary
Fig. 12, KD values from two independent repeats). Therefore, both the
CETSA and SPR data suggest that allosteric inhibitor 5 has exquisite
selectivity for CDK2 over CDK1. In addition, a kinome screen of com-
pound 5 did not show >80% inhibition of any kinase at a 10 µM con-
centration, and only 4% of the 371 kinases tested showed >50%
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KD = (koff/ kon) = 18 nM
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d
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Fig. 2 | Compound 5 demonstrates negative cooperativity with cyclin A. a An
intramolecular FRET assay was developed for CDK2 to track the position of the
activation loop. b Compound 5 has lower affinity for CDK2 in the FRET assay as
cyclin concentration increases. c As cyclin concentration increases in an activity
assay, the inhibitory potential of 5 decreases. Error bars represent SEM for n = 3
independent replicates. d The IC50 values of compound 5 compared to ATP-site
inhibitor dinaciclib with varying p-CDK2:cyclin ratios from n = 3 independent

replicates. Error bars represent the 95% confidence interval of the fitted IC50 values
whereas the center is the best fit value. eOne of two independent SPR replicates of
5 binding to CDK2 reveals a fast on, fast off binding profile. f One of two inde-
pendent SPR replicates of cyclin binding to CDK2 reveals a slower off rate than that
observed for small molecule inhibitors. Source data for (b–d) are provided as a
Source Data file.
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inhibition (Supplementary Table 3). This selectivity is significant, as
many other previously developed and clinically tested ATP-site CDK2
inhibitors like dinaciclib demonstrate off-target toxicity due to their
inability to differentiate between these two kinases30,35,36. With this
promising feature of our allosteric inhibitors, we next sought to con-
firm if the negative cooperativity between 5 and cyclin previously
observed in the biophysical assays also translates to a cellular context.

Biological testing of allosteric inhibitors
To further examine the negatively cooperative relationship found in
biophysical studies, we examined the target engagement of 5 in cancer
cells driven by cyclin overexpression. We chose the ovarian cancer cell
line OVCAR-3, where prior work has established via in vitro and in vivo
genetic knockdown experiments that growth of OVCAR-3 cells is dri-
ven by cyclin E1 overexpression and dependent on CDK2. In addition,
as a demonstration of the dependence on CDK2, dinaciclib has pre-
viously shown significant toxicity in OVCAR-3 cells37. Despite binding
with CDK2 in Jurkat cells, 5 is relatively nontoxic in OVCAR-3 cells
driven by cyclin E1 overexpression, in contrast to the positive control
staurosporine (Supplementary Fig. 13). To examine engagement with
CDK2 in a high cyclin context, we performed similar CETSA experi-
ments in OVCAR-3 cells as was initially done in Jurkat cells. These
experiments show that in contrast to the profound stabilization 5
affords CDK2 in Jurkat cells, there is no stabilization of CDK2 by 5 in
OVCAR-3 cells (Fig. 4b, Supplementary Fig. 14). This is likely due to the
high cyclin content in OVCAR-3 cells, which precludes binding of our
compound to the allosteric pocket. We further confirmed the pre-
viously reported overexpression of cyclin E1 in OVCAR-3 cells and
compared it to expression levels in Jurkat cells,finding a significant 8.5-
fold increase in the cyclin E1:CDK2 ratio in OVCAR-3 cells compared to

that in Jurkat cells (Fig. 4c, Supplementary Fig. 15)37. Coupling the
cellular CETSA data with the negative cooperativity with cyclin A
observed in the structural FRET and kinase activity assays, 5 sub-
stantially binds CDK2 when cyclins are not overexpressed and can
disrupt the interaction between CDK2 and its protein binding partners
in these contexts.

To assess the utility of our compounds to disrupt CDK2 protein
engagement in non-cyclin overexpressing contexts, their contra-
ceptive potential was next explored. CDK2’s meiotic function is con-
trolled via a cyclin-independent mechanism, namely the binding of a
distinct activator protein, SPY117. In particular, the CDK2/SPY1 inter-
action is crucial for homologous chromosomal pairing and synapse
formation, double-strand break processing, and facilitating crossing-
over in prophase I; both Cdk2−/− and Spdya−/− spermatocytes exhibit a
disruption of these events14,17,38. Because the crystal structure of SPY1
bound to CDK2 reveals a smaller protein with fewer protein-protein
contacts than cyclin proteins, it is feasible that the affinity of this
interaction could be weaker than that between CDK2 and cyclin16. This
would lead to an inhibitor that selectively disrupts CDK2/SPY1 com-
plexes but leaves CDK2/cyclin complexes intact. To assess the con-
traceptive potential of our compounds, we tested 5 in spermatocyte
chromosome spreads from mouse testicular explants, as we knew it
was cell permeable and binds to CDK2 when cyclins are not over-
expressed. After addition of 5, we examined the chromosomal
arrangement by staining for SYCP1/3 as well as the localization of
RAD51 and CDK2. Normally, RAD51 localizes to synapses only tran-
siently and therefore is captured by microscopy in asynapsed regions.
In contrast, both Cdk2−/− and Spdya−/− spermatocytes arrest meiosis in
such a unique fashion that RAD51 can be found localized to synapsed
regions17,38. Spermatocyte chromosome spreads incubated with 5
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ATP (μM)
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Fig. 3 | Allosteric CDK2 inhibitors are incompatible with ATP binding. Both
compound 5 (a) and dinaciclib (b) show a lower inhibitory potential of CDK2 with
increasing concentrations of ATP, as quantified and compared in (c). One replicate
wasperformed for the experimentswith compound 5while two technical replicates
were performed for the experiments with dinaciclib and data points plotted in (b)
represent themean values. Source data for (a–c) are provided as a Source Data file.

The DFG motif around D145 in the CDK2-compound 1 complex (d) adopts a dif-
ferent conformation in the CDK2-ATP complex (e, PDB ID 8FP5). f Superposition of
the twocomplexes reveals that the backbone around theDFGmotif (pink forCDK2-
ATP, yellow for CDK2-compound 1) shifts by about 2 Å upon interaction with
compound 1.
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(100 µM, 6 h) show significantly more abnormal RAD51 staining at or
near the telomeres in synapsed regions compared to control treated
explants, indicating arrested and unrepaired DNA double strand
breaks (Fig. 5a,b, p =0.017). In addition, more meiotic cells show
abnormal CDK2 staining on chromosomes within the nuclei in the
presence of 5 (50% of samples) compared to control samples (17%),
indicating disruption of CDK2 meiotic function via improper localiza-
tion of CDK2 to telomeres, as the microscopic CDK2 signal fades into
the cytoplasmic backgroundbut robust expression ofCDK2can still be
seen byWestern blot (Fig. 5c, Supplementary Fig. 16). In contrast, SPY1
telomeric localization was unchanged (Fig. 5c), consistent with prior
work supporting SPY1 as localizing to telomeric ends prior to CDK2
and acting as a necessary recruiter of CDK2 to telomeric ends17,39. The
loss of colocalization of CDK2 and SPY1 at telomeric ends further
supports the disruption of the CDK2-SPY1 complex as a probable
mechanism for how compound 5 arrests meiosis. Whereas the lack of
OVCAR-3 cytotoxicity from 5 suggests that cyclin-dependent CDK2
activity can be relatively unaffected in somatic cells by these inhibitors,
the mouse testicular explant data show the promise of this allosteric
CDK2 inhibitor series to disrupt CDK2/SPY1-driven meiosis to yield an
efficacious yet safe contraceptive agent.

Discussion
The allosteric CDK2 inhibitors in this work stabilize CDK2 in a unique
inactive conformation, as demonstrated by X-ray crystallography.
Compared to prior structurally-confirmed allosteric CDK2 inhibitors,
the affinity of these compounds is markedly improved, demonstrating a
KD for CDK2 in the nanomolar range19. This makes these inhibitors the
strongest binding, structurally confirmed allosteric CDK inhibitors
reported. Furthermore, the disruption of CDK2 PPI by these inhibitors is
well-characterized by their negative cooperative relationship with cyclin
binding and deviates mechanistically in comparison to traditional type I
inhibitors like dinaciclib. In both biophysical and the appropriate cel-
lular contexts, these compounds show an impressive selectivity for
CDK2 over structurally similar CDK1, a quality not possessed by many
previously developed CDK2 inhibitors. The therapeutic potential of
these compounds is exemplified by incubation in spermatocyte chro-
mosome spreads frommouse testicular explants, where they appear to
arrest meiosis by recapitulating a phenotype similar to what is observed
in Cdk2-/- and Spdya-/- spermatocytes.

One of the most striking findings of this series is the marked
selectivity for CDK2 over CDK1, a protein with 65% overall sequence
identity and 89% sequence similarity in the ATP-site where most

a

b c

kDa

Fig. 4 | Target engagement of compound5 asassessedbyCETSA. aCompound 5
stabilizes CDK2 over CDK1 intracellularly in CETSA experiments using Jurkat cells.
b Compound 5 does not stabilize CDK2 over DMSO control in CETSA experiments
using OVCAR-3 cells. Protein abundance curves from the CETSA experiments
indicate mean± SEM from n = 3 biological replicates. c The cyclin E1:CDK2 ratio is
significantly higher in OVCAR3 cells than in Jurkat cells, as shown by a

representative immunoblot of cyclin E1 and CDK2 in Jurkat and OVCAR3 cells as
well as by a quantification of immunoblots shown graphically (n = 8 independent
replicates for each cell line). An unpaired two-sided student’s t test without
adjustments was used to compare the groups, finding p = 9.0 × 10−6 [**** indicates
p <0.0001]). Source data are provided as a Source Data file.
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CDK2 inhibitors bind40. Historically, the allure of allosteric kinase
inhibitors has been their potential for improved selectivity as com-
pared to traditional ATP-site inhibitors due to less structural simi-
larity at pockets distal to the ATP-site. Interestingly, the residues
engaged by the anthranilic acid-derived allosteric inhibitors in this
paper are nearly identical between CDK1 and CDK2, and are rela-
tively conserved across the CDK family. For example, the carbox-
ylate of the anthranilic acid binds the catalytic lysine (K33) in CDK2,
a residue conserved across kinases. An alternative explanation may
be the divergent energy landscapes of inactive kinases. Prior work
suggests that despite the structural similarity between CDK2 and
CDK1, the energy landscapes of these kinases without cyclin bound
differ greatly compared to their respective cyclin-bound states30.
Because we optimized our ligands to bind an inactive, non-cyclin
bound state of CDK2, we observe selectivity in the Jurkat cell CETSA
and SPR experiments, where our compounds bind CDK2 but not
CDK1. While the ligand-bound inactive states of CDK2 and CDK1 are
likely nearly identical due to the structural similarity of these kina-
ses, the binding of these ligands may be biased toward CDK2 over
CDK1 due to CDK2’s propensity to sample this inactive state or an
enhanced flexibility to accommodate allosteric ligand binding,
although the precise mechanism remains to be determined. This
latter explanation would be consistent with the large degree of
conformational sampling observed for inactive, monomeric CDK229.
In addition, it has been inferred that inactive CDK1 is more stable
than inactive CDK2 and binds cyclin A less readily as a result41. The
exquisite selectivity of this series beyond CDK1 is further supported
by the kinome screen where compound 5did not significantly inhibit

any kinase >80% and only inhibited a handful of kinases >50% at the
high concentration of 10 µM.

Whereas most previously developed ATP-site inhibitors are often
positively cooperative with cyclin and bind the CDK2/cyclin complex,
our allosteric inhibitors are negatively cooperative with cyclin29. This is
confirmed by the structural FRET assay, where the KD of compound 5
toward CDK2 weakens as more cyclin A is added, and by the kinase
activity assay, where the IC50 shows less potency as the p-CDK2:cyclin
molar ratio decreases. Furthermore, CETSA data with 5 shows stabili-
zation of CDK2 in Jurkat cells, where cyclins are not overexpressed, but
not in OVCAR-3 cells, where cyclin E1 drives cell proliferation and
survival. While our compounds are not cytotoxic in cyclin over-
expressing cancer contexts, disruption of the CDK2/cyclin PPI remains
a viable anticancer strategy. Recent work has shown that the complex
natural product homoharringtonine (HHT) disrupts the PPI between
CDK2 and cyclin A to act as an efficacious anticancer agent, although
the allosteric binding mode of HHT has not been experimentally
confirmed outside of computational models and its selectivity
amongst kinases not explored42. In addition, disrupting the CDK2/
cyclin interactionmay be less toxic than traditional ATP-site inhibitors
that sequester cyclin via their positive cooperativity with cyclin
binding18. Further development of our allosteric inhibitors might
confer an advantage in this regard compared to other promising
compounds, such as recently developed CDK2/cyclin E1 inhibitor PF-
07104091, a selective ATP-site inhibitor targeting the cyclin-bound
activated state of the kinase43. Future iterations of our allosteric inhi-
bitors with improved affinity and slower off-rates may very well be
selective and efficacious in inhibiting a CDK2/cyclin-driven disease

Control
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a b
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Control

5

RAD51 SYCP3 RAD51 SYCP3

CDK2 SYCP1 CDK2 SYCP1 SPY1 SYCP1

Fig. 5 | Compound 5 recapitulates featuresofCdk2−/− and Spdya−/−phenotypes in
spermatocytes. a RAD51 (green) and SYCP3 (red) are stained in explants treated
with either control or 5. b Compound 5 treated samples show significantly more
localization of RAD51 at synapsed regions (positive RAD51 staining at telomeres and
chromosomes) compared to control. Values graphed are mean ± SEM (n = 6 bio-
logically independent samples for each condition). An unpaired two-tail t-test was

used to determine the p-value without adjustments. c CDK2 or SPY1 (green) and
SYCP1 (red) are stained in explants treated with either control or 5. White arrows
added to emphasize the altered localization of RAD51/CDK2 and unchanged loca-
lization of SPY1 on chromosomes. Source data for (b) are provided as a Source
Data file.
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state. Similar success was recently found with allosteric EGFR inhibi-
tors optimized to overcome undesirable EGFR homodimerization,
analogous to our goal of overcoming the strength of CDK2/cyclin
heterodimerization by increasing the interaction strength betweenour
allosteric inhibitor and CDK23–5. In addition, the observed compat-
ibility of our allosteric inhibitors with type I inhibitors (but not ATP)
demonstrates the potential for higher efficacy if type I and our type III
CDK2 inhibitors were administered in combination.

Compound 5 potently affects meiotic CDK2 function, most likely
by interfering with SPY1 binding, although the exact mechanism of
meiotic disruption by 5 is yet to be confirmed. Prior work has shown
that when the scaffolding and catalytic functions of the CDK2/SPY1
complex are disrupted, prophase I is arrested17. Our inhibitors similarly
arrest prophase I, as evidenced by the significantly increased locali-
zation of double-strand break repair protein RAD51 on synapses. In
addition, spermatocytes from testis explants treatedwith 5 showmore
abnormal CDK2 localization compared to the control while retention
of SPY1 localization to telomeric ends. While our compounds arrest
meiosis, their potential as effective but safe non-hormonal contra-
ceptive agents requires further exploration. If our hypothesis that
these allosteric inhibitors selectively disrupt the meiotic CDK2/SPY1
PPI while leaving the mitotic CDK2/cyclin PPI intact is true, they would
be a rare example of PPI inhibitors that derive selectivity by exploiting
the different affinities of protein binding partners engaging at the
same binding site. Aside from the impact of this work on CDK2 inhi-
bitordevelopment,wehope as the conformational landscapes of other
kinases are further elucidated and more allosteric pockets are dis-
covered, this work can serve as a model for allosteric inhibitor devel-
opment to target other therapeutically important kinases.

Methods
Materials
Dinaciclib was purchased from Cayman Chemicals with >98% purity
and roscovitine from Selleck Chemicals with >99% purity. The pro-
duction and purity assessment (>95%) of GST-CDK1wasmade possible
via NIH HHSN27520180007I. The purity of compounds 1–5 were
determined to be >95% pure by qNMR44,45 and described further in the
Supplementary Information.

Research animals
The Animal Care and Use Proposal (ACUP) ACUP Number: 2019 -2508
has been reviewed and approved by the University of Kansas Institu-
tional Animal Care and Use Committee.

CDK2 and cyclin A protein expression and purification
The gene encoding human CDK2 (1-298) was custom-synthesized
(GenScript), subcloned into pGEX6P1 vector providing an N-terminal
GST-tag and expressed in E. coli BL21 DE3 RIPL cells. Cells were grown
at 37 °C for 3 h to OD600 = 0.6, then grown further until OD600 = 0.9 at
16 °C, induced with 0.5mM IPTG and allowed to grow further over-
night. Cells were harvested by centrifugation at 6000× g for 20min,
the lysate was subjected to GST-affinity chromatography (GE Life Sci-
ences), the GST tagwas removed by PreScission protease, and cleaved
CDK2 was subjected to a second GST-affinity chromatography step as
described previously46. Flow-through fractions containing CDK2 were
combined, concentrated and further purified by size exclusion chro-
matography using a Superdex 75 26/60 column (GE Life Sciences) in
50mM HEPES, pH 7.5, 150mM NaCl, 10mM MgCl2, 1mM EGTA,
0.01mM ADP, 2mM DTT. For ITC experiments, purified CDK2 was
concentrated to 50–100 µM and flash frozen in appropriate ITC
volume aliquots for –80 °C storage.

Expression and purification of p-CDK2 and cyclin A have been
described previously29. Briefly, to generate CDK2 phosphorylated on
T160 (p-CDK2), a 6His-TEV-CDK2 construct (pCDFduet) was coex-
pressed with yeast CAK (pGEX) overnight in Terrific broth at 18 °C.

Cells were harvested by centrifugation at 5000× g for 20min and
lysed by homogenization (Avestin Emulsiflex C3). Lysates were cleared
by centrifugation at 20,000 × g for 1 h, subjected to Ni purification (GE
HisTrap HP), and p-CDK2 was eluted with 1× PBS, 500mM imidazole,
10% glycerol. Imidazole was removed by desalting the sample into 1×
PBS, 10% glycerol (GE HiPrep 26/10), and the 6His tag was cleaved
overnight with TEV protease. The protein was further purified by size
exclusion chromatography (GE Superdex S75 10/300 GL), flash frozen
and stored at –80 °C.

Bovine cyclin A (171-432 with a C-terminal 6His tag) was
expressed overnight in BL21(DE3)pLysS in Terrific broth at 20 °C.
Cells were lysed and lysates cleared as above, and the protein was
isolated through Ni purification into 50mM Tris pH 8.25, 300mM
NaCl, 100mM MgCl2, 10% glycerol using a 0–500mM imidazole
gradient. Cyclin A was further purified by size exclusion chromato-
graphy (GE Superdex 200 16/600) into 50mM Tris pH 8.25, 100mM
MgCl2, 5mM 2-mercaptoethanol.

Crystallization
PurifiedCDK2was buffer exchanged into 100mMNa/K phosphate, pH
6.2, 2mM DTT using PD10 columns (GE Life Sciences) and con-
centrated to 9mg/mL. The CDK2/compound 1 complex was obtained
by co-crystallization (15% (v/v) Jeffamine ED2001, 50mM HEPES, pH
7.5, 4.5mg/mL CDK2, 5mM 1) at 19 °C. The structures of CDK2 with
compound 1 and dinaciclib, compound 1 and roscovitine, MgATP, and
compound 2 were obtained by in-diffusion of apo CDK2 crystals with
the ligands (1–5mM) at 19 °C for 24 h (10%(v/v) PEG 3350, 50mM
HEPES, pH 7.5, 10% (v/v) ethylene glycol, 4.5mg/mL CDK2).

Data collection and refinement
X-ray diffraction data of CDK2 liganded with compound 1 or Mg-ATP
were collected on a Rigaku Micro-Max 007-HF X-ray generator,
equipped with a CCD Saturn 944 system located in the Chemical
Biology Core of theMoffitt Cancer Center. Data of CDK2 ligandedwith
compound 2, compound 1 and dinaciclib, compound 1 and roscovitine
were collected at the GM/CA beamline (23ID-B with Dectris PILATUS 3-
6M detector, 23ID-D with Dectris EIGER 16M detector) at Argonne
National Laboratory. All data were collected at 93 K, processed and
scaled with XDS47. The structures were solved by molecular replace-
ment using PDB 4KD1 as the start model in PHASER48. Ligand geome-
trical restraints were generated with Phenix Elbow49. All structures
were refined with Phenix50, and model building was performed with
Coot51. Data collection and refinement statistics are shown in Supple-
mentary Table 1.

Compound synthesis and characterization
The NMR spectra and HRMS data for the compounds described below
are shown in Supplementary Figs. 17–21. The qNMR purity assessment
is also included in the Supplementary Information.

Generalmethodof SnAr followedbyhydrolysis to yield anthranilic
acids 1–5: Commercial methyl 2-bromo or 2-fluoro-5-(nitro) or 5-(tri-
fluoromethyl)benzoates (0.30mmol) were dissolved in DMF (5mL)
with 1.1 equivalents of commercial tryptamine derivatives (in their
neutral form or as HCl salts) and sodium bicarbonate (3-4 equiv). An
exception was that for 3, the synthesis of the nitrile tryptamine pre-
cursor was accomplished using a previously described method52. The
reaction temperature employedwas room temperature for compound
1 and 70 °C for compounds 2–5. The solutionwas stirred for 12 h. After,
1M HCl (aq) was added until pH <7 the solution was extracted into
DCM (2×). The DCM solvent was removed via rotary evaporation and
the crude productwas dissolved inMeOH to proceed to the hydrolysis
step without purification. Water was added to the MeOHmixture until
a 1:1 ratio of solvents was reached. A solution of 5M NaOH (aq) (1mL)
was added, and the hydrolysis proceeded at 50 °C for 12 h and was
monitored by TLC for completion. The mixture was cooled to room
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temperature and the solvent was removed by rotary evaporation. 1M
HCl (aq) was added until pH < 4 and then the solution was extracted
into EtOAc (2×). The EtOAc layer was dried with MgSO4 and loaded
onto Celite. Subsequent purification was accomplished by silica gel
flash column chromatography with a gradient of EtOAc in hexanes of
0–100% over 7min, eluting around 60% EtOAc as the free carboxylic
acid. The solvent was removed by rotary evaporation and the acid was
isolated as the final product.

2-((2-(1H-Indol-3-yl)ethyl)amino)−5-nitrobenzoic Acid (1). 78%
yield. Yellow solid. m.p. 216–218 °C. 1H NMR (400MHz, DMSO-d6) δ
13.35 (s, 1H), 10.90 (s, 1H), 8.85 (s, 1H), 8.63 (s, 1H), 8.16 (d, J = 9.3 Hz,
1H), 7.60 (d, J = 7.8Hz, 1H), 7.35 (d, J = 8.1Hz, 1H), 7.25 (s, 1H), 7.08 (t,
J = 7.5Hz, 1H), 6.99 (t, J = 7.4Hz, 1H), 6.93 (d, J = 9.6Hz, 1H), 3.64 (q,
J = 6.9Hz, 2H), 3.07 (t, J = 7.0Hz, 2H). 13C NMR (101MHz, DMSO-d6) δ
168.6, 154.5, 136.3, 134.5, 129.5, 128.6, 127.0, 123.3, 121.1, 118.4, 118.3,
111.7, 111.4, 110.9, 109.0, 43.0, 24.3. HRMS (m/z): [M]- calcd. for
C17H15N3O4, 324.0990; found, 324.0985.

2-((2-(1H-Indol-3-yl)ethyl)amino)−5-(trifluoromethyl)benzoic Acid
(2). 33% yield. Light yellow solid. m.p. 201–202 °C. 1H NMR (400MHz,
DMSO-d6) δ 13.05 (s, 1H), 10.88 (s, 1H), 8.34 (s, 1H), 8.02 (s, 1H), 7.63 (d,
J = 9.0Hz, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.1Hz, 1H), 7.23 (s, 1H),
7.08 (t, J = 8.2Hz, 1H), 7.01–6.92 (m, 2H), 3.55 (t, J = 7.2 Hz, 2H), 3.05 (t,
J = 7.0Hz, 2H). 13CNMR (151MHz,DMSO-d6) δ 168.8, 152.6, 136.2, 130.6,
128.7, 126.9, 124.6 (q, J = 270.3Hz), 123.0, 120.9, 118.18, 118.18, 113.8 (q,
J = 32.5 Hz), 111.8, 111.3, 111.0, 109.1, 42.6, 24.2. HRMS (m/z): [M]- calcd.
for C18H15F3N2O2, 347.1013; found, 347.1006.

2-((2-(6-Cyano-1H-indol-3-yl)ethyl)amino)−5-(trifluoromethyl)
benzoic Acid (3). 9% yield over 5 steps52. Colorless solid. m.p.
190–191 °C. 1H NMR (400MHz, DMSO-d6) δ 13.13–13.08 (m, 1H), 11.50
(s, 1H), 8.37 (s, 1H), 8.01 (s, 1H), 7.85 (s, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.63
(dd, J = 8.9, 2.4Hz, 1H), 7.57 (s, 1H), 7.32 (dd, J = 8.2, 1.5 Hz, 1H), 6.96 (d,
J = 9.0Hz, 1H), 3.56 (t, J = 7.0Hz, 2H), 3.07 (t, J = 7.0Hz, 2H). 13C NMR
(151MHz, DMSO-d6) δ 169.0, 152.7, 135.0, 130.7, 130.2, 128.9, 128.0,
124.8 (q, J = 270.3Hz), 121.0, 120.8, 119.6, 116.3, 114.0 (q, J = 32.5 Hz),
112.5, 112.0, 109.3, 102.3, 42.7, 24.0. HRMS (m/z): [M]- calcd. for
C19H14F3N3O2, 372.0965; found, 372.0959.

2-((2-(6-Chloro-1H-indol-3-yl)ethyl)amino)−5-(trifluoromethyl)
benzoic Acid (4). 70% yield. Colorless solid. m.p. 207–210 °C. 1H NMR
(400MHz, DMSO-d6) δ 13.09 (s, 1H), 11.03 (s, 1H), 8.33 (s, 1H), 8.01 (s,
1H), 7.67–7.57 (m, 2H), 7.39 (s, 1H), 7.29 (s, 1H), 6.99 (dd, J = 8.4, 1.9 Hz,
1H), 6.96 (d, J = 9.0Hz, 1H), 3.57–3.53 (m, 2H), 3.03 (t, J = 7.0Hz, 2H). 13C
NMR (151MHz,DMSO-d6)δ 168.9, 152.7, 136.6, 130.7, 128.8, 125.9, 125.8,
124.7 (q, J = 270.3Hz), 124.3, 119.8, 118.6, 113.9 (q, J = 32.6Hz), 111.9,
111.6, 111.0, 109.2, 42.7, 24.2. HRMS (m/z): [M]- calcd. for
C18H14ClF3N2O2, 381.0623; found, 381.0637.

2-((2-(6-Bromo-1H-indol-3-yl)ethyl)amino)−5-(trifluoromethyl)
benzoic Acid (5). 44% yield. Colorless solid. m.p. 213–214 °C. 1H NMR
(400MHz, DMSO-d6) δ 13.10 (s, 1H), 11.04 (s, 1H), 8.33 (s, 1H), 8.01 (s,
1H), 7.63 (d, J = 8.9Hz, 1H), 7.60 – 7.51 (m, 1H), 7.28 (s, 1H), 7.11 (d,
J = 8.4Hz, 1H), 6.96 (d, J = 9.0Hz, 1H), 3.57–3.52 (m, 2H), 3.03 (t,
J = 7.1Hz, 2H). 13C NMR (151MHz, DMSO-d6) δ 169.0, 152.7, 137.1, 130.7,
128.9, 126.2, 125.7, 124.3, 123.9, 121.2, 120.2, 113.9, 113.8, 111.9, 111.7,
109.3, 42.7, 24.2. HRMS (m/z): [M]- calcd. for C18H14BrF3N2O2, 425.0118;
found, 425.0133.

Isothermal titration calorimetry (ITC)
CDK2 was thawed at room temperature and the buffer was exchanged
using Zeba™ spin desalting columns. The final ITC buffer was 1× PBS,
10mM MgCl2, and 5% glycerol (pH= 7.4), with 5% DMSO added after
buffer exchange into the protein solution and from a 1:20 con-
centrated DMSO stock for the ligand solution. CDK2 concentration
was determined using a NanoDrop™ spectrophotometer and calcu-
lated using absorption at 280 nm (ε = 36,900M−1 cm−1). Into a 96-well
plate for automatic injection for theMicroCal iTC200 (Malvern), a final
volume of 400 µL protein solution for the sample cell and 200 µL

inhibitor solution for the injecting syringe were placed into the
appropriate wells. The final inhibitor concentration in the syringe was
500–1000 µM depending on compound solubility. For experiments
with compound 2 in the presence of ATP-site inhibitors roscovitine or
dinaciclib, 100μM ATP-site inhibitor was present in both the syringe
and sample cell. For compounds 3–5, to getmore accurate data on the
ITC with appropriate c values53, the CDK2 concentration was lowered
~10-fold to 5 µM and the syringe concentration lowered to 75 µM. The
ITC experiments were conducted at 25 °C and 750 rpm stirring, with a
discarded initial 0.4 µL injection and 20 subsequent 4 µL injections
with 180 s between injections. A one-site bindingmodel was used to fit
the ITC data after adjusting the baseline to account for slight buffer
mismatch between the cell and syringe samples.

Surface plasmon resonance (SPR)
The SPR method used was largely adapted from a published method
for CDK1 and CDK2 SPR studies30. A Biacore S200 (Cytiva) at 20 °C and
CM5 chips were used for binding analysis. Multi-cycle runs were used
for small molecule binding analysis, whereas a single-cycle run was
used tomeasure cyclin binding. The buffer used to prepare the protein
samples was 20mMHEPES, 150mMNaCl, 10mMMgCl2, 0.01% Tween
20, pH = 7.4). For runs with small molecules, an additional 1% DMSO
was added for solubility. GST capture kit conditions (Cytiva catalog
number BR100223) were used to capture anti-GST antibody on both
the sample and reference cells (7min immobilization, 10 µL/min flow
rate). Both surfaces had high affinity sites capped with an additional
3min of GST flowed over (5 µg/mL concentration, 5 µL/min flow rate)
followed by regeneration (10mMglycine, pH = 2.2). On the subtractive
reference surface, GST was immobilized (20 µg/mL, 5 µL/min, 5min).
On the sample surface, GST-tagged CDK1 or GST-tagged CDK2 (with
theGST cleavage stepped skipped during the purificationprocess)was
immobilized in a similar fashion (50 µg/mL, 5 µL/min, 5min). For GST-
tagged unphosphorylated CDK1, a filtration through a FisherbrandTM

syringe filter: PTFE Membrane (0.45μm pore size, 13mm diameter)
was performed to lessen aggregation.

For small molecule binding analysis, two startup cycles of running
buffer were carried out on both surfaces after protein immobilization.
Depending on observed binding kinetics, a 60–180 s association time,
and a 180–360 s dissociation time at 30 µL/min for each concentration
of a particular compound over both surfaces was injected. An eight-
point dose responsewas conductedwith increasing concentrations for
each compound with concentrations that were >10*KD at the highest
and <0.1*KD at the lowest. To evaluate the binding of 5 against both
CDK1 andCDK2, the concentrations employedwere basedon its KD for
CDK2, as 5 did not appear to bind CDK1. For 1, the highest con-
centration used was 25 µM due to nonspecific binding to the chip
surface at higher concentrations. Zero concentrationswereperformed
at the beginning and end of the dose response as a baseline and to
ensure internal reproducibility. An additionalmaximumconcentration
of compound was injected after the second zero concentration as an
additional internal control. Lastly, a five-point DMSO solvent correc-
tion was performed for each compound before analysis with 0.6%,
0.8%, 1.0%, 1.2%, and 1.4% DMSO in buffer. To determine the KD and
kinetic binding parameters of each compound against their respective
protein, the Biacore S200 Evaluation Software (Cytiva) using affinity fit
via the steady-state approximation (SSA), and when possible kinetic fit
(koff/kon), was used.

For protein-protein affinity analysis with cyclin, the same buffer
was used but without DMSO. A single-cycle run with increasing con-
centrations of cyclin A was used to determine the affinity of the CDK2/
cyclin A interaction due to the slow off-rate of cyclin binding. After
protein immobilization, one startup runof bufferwasflowedover both
the reference and sample surface to equilibrate the system. In an eight-
point dose response, each concentration of cyclin (0–100 nM) had a
180 s association time and 180 s dissociation time. A kinetic fit was
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used to determine the KD. For both small molecule and cyclin affinity
experiments, two independent replicates were conducted.

Förster resonant energy transfer (FRET) assay
The CDK2 FRET assay between cyclin and small molecules has been
described previously29. Briefly, CDK2 (C118A C177S A93C R157C) was
labeled with FRET donor and acceptor dyes (AF488, AF568; Fluorop-
robes), purified by gel filtration, mixed with varying concentrations of
bovine cyclin A and dispensed into a 384-well plate (Greiner Bio-One)
into which 1μL inhibitor had been pre-dispensed. The final con-
centration of CDK2 in the FRET assays was 5 nM in 1× PBS pH 7.4,
10mM MgCl2, 5mM DTT, 0.5mg/mL bovine gamma globulins and
0.02%Tween20. Plateswere incubated for 30min, andmeasurements
were performed on a fluorescence plate reader (Fluorescence Inno-
vations). Emission peaks were spectrally unmixed54, and the ratios of
the donor and acceptor peaks were used to calculate the apparent KD

for each inhibitor.

Fluorescence interference experiments
For data generated in Supplementary Fig. 8, separately compound 5
(10 µM) and Alexa 488 dye (5 nM)were dissolved in water (0.1%DMSO)
and tested on the Horiba Fluoromax-4. The emission spectra of both
compounds were obtained upon excitation at the 473 nm wavelength
used for FRET. In addition, the emission spectrum of compound 5was
obtained upon excitation at 350 nm to examine its fluorescence from
the indole core.

ADP-Glo experiments
Kinase activity of phosphorylated CDK2 with different cyclin A
concentrations and varying amounts of inhibitor (dinaciclib or 5)
were measured using the ADP-Glo Kinase Assay (Promega) in a
luminescence plate reader (Tecan Infinite M1000 PRO). Triplicate
reactions were carried out in ADP Quest Assay buffer (15mMHEPES,
pH 7.4, 150mM NaCl, 1 mM EGTA, 0.02% Tween-20, 10mM MgCl2,
and 0.1 mg/mL bovine-γ-globulins). Assays were performed with
5 nM phosphorylated CDK2, 200 μM ATP (Promega), 100 μM
PKTPPKAKKL substrate (GenScript), and varying concentrations of
cyclin A (5, 50, or 500 nM). Phosphorylated CDK2 was pre-incubated
with inhibitor at 20 °C for 15min. Reactions were initiated by
simultaneously adding ATP and cyclin A and incubated at 20 °C for
15min. Reactions were then quenched with ADP-Glo reagent fol-
lowing the manufacturer’s instruction. Luminescence was measured
using a 1 s integration time and normalized to the no-inhibitor 5%
DMSO controls. Kinase activity was determined by globally fitting
relative luminescence data from all three cyclin A concentrations to
a quadratic binding model using non-linear regression in GraphPad
Prism 9. For fitting, CDK2 concentration was constrained to 5 nM
with data sets from each p-CDK2:cyclin A ratio globally constrained
to share the lower baseline parameter. IC50 values reported repre-
sent the 95% confidence intervals obtained from the fits (n = 3) using
the symmetrical likelihood method in GraphPad Prism 9.

For analogous assays with different concentrations of ATP, a
similar setup was employed. Phosphorylated CDK2 (5 nM) was incu-
bated at 20 °C for 15min with either 83, 250, or 750 µM ATP and
varying amounts of inhibitor (dinaciclib or 5). Peptide substrate
(100 µM) and cyclin A (5 nM) were added together to initiate the
reaction and incubated at 20 °C for 30min. Following the incubation,
the reaction was quenched, and its activity measured and analyzed
as above.

Cellular thermal shift assay (CETSA)
Jurkat andOVCAR-3 cell lines were purchased from the American Type
Culture Collection. Both Jurkat and OVCAR-3 cells were cultured in
RPMI 1640 (Corning) medium at 37 °C in a humidified chamber under

5% CO2. Medium for Jurkat was supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (Corning), and OVCAR-3
with 20% fetal bovine serum and 1% penicillin-streptomycin. The
CETSA was performed following a reported protocol55. Briefly, in two
separate T75 flasks for each cell line, Jurkat cells were grown to
~3 million/mL in 10mL medium and OVCAR-3 cells to ~1 million/mL in
10mL medium. Compound 5 was added to one flask for each cell line
with a final concentration of 20 µMandDMSO (0.5%) was added to the
other respective flasks. Cells were incubated with the indicated treat-
ments for 1 h (Jurkat) or 2 h (OVCAR-3) at 37 °C, then collected through
centrifugation (Jurkat) or trypsinization (Gibco) followed by cen-
trifugation (OVCAR-3). The cell pellets were then resuspended in 1mL
PBS supplemented with complete protease inhibitor cocktail (Roche)
and PhosSTOP phosphatase inhibitor cocktail (Roche). For each
treatment group, cellswere aliquoted into tendifferent PCR tubeswith
100 µL of cell suspension in each tube (~3 million cells per tube for
Jurkat and ~1 million cells per tube for OVCAR-3). Cells in each tube
were heated to their designated temperatures (40–67 °C) for 3min in a
thermal cycler, and then the tubes were incubated at room tempera-
ture for another 3min before snap-freeze of the samples in liquid
nitrogen. Cells were fully lysed by twomore cycles of freeze-thaw. The
lysates were cleared by centrifugation, and an equivalent amount
(12 µL) of cell lysate from each sample was electrophoresed on a 4–12%
NuPAGE gradient gel (Invitrogen) and transferred onto low fluorescent
polyvinylidene difluoride membranes (Bio-Rad). Immunoblotting was
performed with anti-CDK2 (sc-6248, Santa Cruz Biotechnology,
1:2000), anti-CDK1 (sc-54, Santa Cruz Biotechnology, 1:2000) and anti-
β-actin (A1978, Millipore Sigma, 1:2000) antibodies followed by sec-
ondary goat-anti-mouse (A16072, Invitrogen, 1:1000 for CDK2 and
CDK1 blots) and goat-anti-mouse (A32729, Invitrogen, 1:1000 for β-
actin blots) Alexa680 antibodies. When using horseradish peroxidase-
conjugated anti-mouse antibody for CDK2 and CDK1, West Femto
Maximum Sensitivity Substrate (Thermo Scientific) was added to the
membranes before imaging on anOdyssey Fc Imaging system (Li-Cor).
Band intensity was quantified with ImageJ 1.52a, and data were then
fitted to obtain apparent Tagg values using the Boltzmann Sigmoid
equation within GraphPad Prism (v. 9.1.1) software. Densitometry data
in the melting curves are mean± SEM from three biological replicates.

Cellular cyclin E1 and CDK2 quantification
For both Jurkat andOVCAR3 cell lines, 0.5 and 1million cells were lysed
in 100mL RIPA buffer (Thermo Scientific) containing PhosSTOP
phosphatase inhibitor cocktail (Roche) and complete protease inhi-
bitor cocktail (Roche). Lysate was centrifugated at 11,000 × g for
10min at 4 °C. Cell debris was removed and the total protein con-
centration normalized by a BCA assay (Pierce BCA Protein Assay Kit,
Thermo Scientific). The proteins were electrophoresed on a 4–12% Bis-
Tris NuPage gradient gel (Invitrogen) and transferred to a low fluor-
escent polyvinylidene difluoride membrane (Bio-Rad). Immunoblots
were conducted with anti-cyclin E1 (#4129, Cell Signaling Technology,
1:2000), anti-CDK2 (sc-6248, Santa Cruz Biotechnology, 1:2000), and
anti-β-actin (A1978, Millipore Sigma, 1:2,000) followed by secondary
horseradish peroxidase-conjugated-goat-anti-mouse (A16072, Invitro-
gen, 1:1,000 for cyclin E1 and CDK2 blots) and Alexa680 conjugated-
goat-anti-mouse (A32729, Invitrogen, 1:1,000 for β-actin blots) anti-
bodies. When using horseradish peroxidase-conjugated secondary
antibody, West Femto Maximum Sensitivity Substrate (Thermo Sci-
entific) was added to themembranes before imaging on anOdyssey Fc
Imaging system (Li-Cor). Band intensity was quantified with ImageJ
1.53a and plotted in GraphPad Prism 9.3.0. Experiments were per-
formed four times with two different cell amounts (0.5 and 1 million
cells); data were aggregated to yield 8 replicates. Unpaired two-sided
student’s t test without adjustments was conducted to determine
significance in GraphPad Prism.
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Chromosome spread preparation
For spermatocyte chromosome spreads, nine 4-month-old adult WT
C57BL/6 Jmouse testesweredissected and incubated at 37 °C for 6 h in
either Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12
(DMEM/F12, ThermoScientific)or compound 5 (100 µM) inDMEM/F12.
Following incubation, meiotic chromosome spreads were prepared as
described previously56. Briefly, samples were placed in a hypotonic
extraction buffer (30mM Trizma hydrochloride, 50mM sucrose,
17mM sodium citrate, 5mM EDTA, 0.5mM DTT, and protease and
phosphatase inhibitor cocktail [1:100]; Sigma-Aldrich) for 10min.
Samples were then moved to a 100mM sucrose solution (pH 8.2) and
spermatocytes were detached by pipetting. Drops of the cell suspen-
sion were then placed onto a coverslip that had previously been
soaked in a 1% paraformaldehyde (Sigma-Aldrich) and 0.15% Triton
X-100 (Sigma-Aldrich) solution. Coverslips were dried at room tem-
perature overnight and either used immediately for staining or stored
at –80 °C.

Immunofluorescent staining and analysis, CDK2 Western blot
For immunofluorescent staining of chromosome spreads, slides
were washed with PBS (Thermo Scientific) and 0.015% Triton X-100,
blocked with 5% bovine serum albumin (Sigma-Aldrich) in PBS at
room temperature for 1 h, and then incubated with anti-CDK2
monoclonal antibody (sc-6248, Santa Cruz Biotechnology,1:100) or
anti-SPY1 R55A antibody17 (1:1) and anti-SYCP1 polyclonal antibody
(NB300-229, Novus, 1:100), or anti-RAD51 polyclonal antibody
(pc130, Millipore, 1:100) and anti-SYCP-3 monoclonal antibody (sc-
74569, Santa Cruz Biotechnology, 1:100) overnight at 4 °C. Fluor-
escence was developed using Alexa Fluor 488 and 564 conjugated
secondary antibodies (ab150073, Life Technologies, 1:250). A Nikon
Eclipse TiE invertedmicroscope with A1R-SHR confocal was used for
imaging. RAD51 localization was quantitively assessed by deter-
mining the number of positive staining sites on the chromosome
and telomeres per cell for 6 samples per group. An unpaired two-tail
t-test with p < 0.05 was used to determine significance. CDK2 and
SPY1 staining was qualitatively assessed through abnormal or nor-
mal scoring for 17 control samples and 6 samples treated with
compound 5, where an abnormal score was given if 3+ telomeres
within the sample did not stain positive for CDK2 or SPY1. The same
anti-CDK2 antibody was used for Western blot with anti-β actin
antibody (Genscript, cat. # A01865) as an internal control.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are providedwith this paper, including unprocessed blots,
enzyme inhibition data, and CETSA data. The data generated for
Supplementary Tables 2–3wereprovided by Reaction Biology via their
kinase activity assays, and the data generated for Supplementary
Fig. 13 were provided by Pharmaron via their cytotoxicity assays.

The crystallographic data have beendeposited to the ProteinData
Bank under the accession codes 7RWF, 7S84, 8FOW, 8FP0,
8FP5 Source data are provided with this paper.
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