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Abstract

The SCFSKP2 ubiquitin ligase relieves G1 checkpoint control of CDK-cyclin complexes by promoting
p27KIP1 degradation. We describe reconstitution of stable complexes containing SKP1-SKP2 and
CDK1-cyclin B or CDK2-cyclin A/E, mediated by the CDK regulatory subunit CKS1. We further show that
a direct interaction between a SKP2 N-terminal motif and cyclin A can stabilize SKP1-SKP2-CDK2-cyclin
A complexes in the absence of CKS1. We identify the SKP2 binding site on cyclin A and demonstrate the
site is not present in cyclin B or cyclin E. This site is distinct from but overlapping with features that medi-
ate binding of p27KIP1 and other G1 cyclin regulators to cyclin A. We propose that the capacity of SKP2 to
engage with CDK2-cyclin A by more than one structural mechanism provides a way to fine tune the degra-
dation of p27KIP1 and distinguishes cyclin A from other G1 cyclins to ensure orderly cell cycle
progression.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

SKP2 (FBXL1) and SKP1 (S-phase kinase-
associated proteins 1 and 2) were identified as
components of a pentameric cyclin-dependent
kinase 2 (CDK2)-cyclin A-cyclin-dependent
or(s). Published by Elsevier Ltd.This is an op
kinases regulatory subunit 1 (CKS1)-containing
complex whose levels were found to be elevated
in transformed cell lines compared to their non-
tumorigenic counterparts.1 SKP2 has since been
characterized as a member of a large protein family
that shares the F-box motif that binds to SKP12,3
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and selectively recruits phosphorylated substrates
into SCF (SKP1-Cullin1/Cdc53-F-box protein) E3
ubiquitin ligase complexes. These complexes
polyubiquitinate their substrates targeting them for
degradation by the proteasome,4–7 reviewed in.8–10

The central element of the SKP2 structure
(residues 94–140) comprises the F-box that is
sandwiched between a larger C-terminal leucine-
rich repeat (LRR) domain, and a smaller N-
terminal sequence that is predicted to be
unstructured. The SKP2 LRR domain and tail
recognize phosphorylated substrates that include
cyclin-dependent kinase inhibitors (CKIs, including
p27KIP1 (p27)), retinoblastoma-like protein 2 and
the transcription factor FOXO1 (reviewed in
11,12). Unusually, SKP2 cooperates with an acces-
sory protein, CKS1, to recognize the phosphory-
lated T187 residue of p27 that signals its
degradation.13–17 The unstructured N-terminal
sequence contains a functional D-box near the N
terminus that is recognized by Cdh1,18,19 as well
as sequences that interact with cyclin A20 and
pRB.21 It is also site-specifically phosphorylated
(for example by CDK2-cyclin A at S64)22, and
acetylated, suggesting mechanisms by which pro-
tein association might be regulated.16,22–28

The cyclin A binding site on SKP2 has been
mapped to four residues within the N-terminal
portion of SKP2.20 The character and relative dispo-
sition of these residues (L32, L33, S39 and L41
(UniProt entry Q13309 isoform 1 numbering)) sug-
gests a hydrophobic docking sequence that binds
to cyclin A. The SKP2 binding site on cyclin A has
been proposed to lie within the cyclin A unstructured
sequence N-terminal to the two tandem cyclin box
folds.20 However, SKP2 and p27 association with
CDK2-cyclin A is mutually exclusive suggesting that
the SKP2 binding site must overlap with that of p27
elsewhere on the cyclin A structure.20

Cyclin A is required for DNA replication and, in S-
phase, associates with and activates CDK2.29,30

Cyclin E is an alternative activating partner of
CDK2 that is predominantly expressed in late G1
phase. CKIs of the CIP/KIP class (of which p27 is
a member) and selected CDK substrates share a
consensus RXL sequence (single letter amino acid
code in which X denotes any amino acid) that
makes a significant contribution to their binding to
CDK-cyclin complexes.31 This motif binds to the
cyclin recruitment site, a hydrophobic patch on the
surface of the N-terminal cyclin box fold (N-CBF)
that is conserved in cyclins A, B, D and E.32,33

The crystal structure of a CDK2-cyclin A-p27 com-
plex revealed that an N-terminal p27 fragment both
drapes across the surface of cyclin A and integrates
itself into the fold of the N-lobe of CDK2.32 p27 is an
intrinsically disordered protein and biophysical char-
acterization of this interaction suggested an
induced fit model in which three distinct structural
units can be distinguished in the p27 N-terminal
sequence.34,35 Themost N- and C-terminal of these
2

units are unstructured in solution and bind to the
cyclin A recruitment site and CDK2 N-lobe respec-
tively. The central unit is a-helical and docks onto
the surface of cyclin A. RXL-containing CDK sub-
strates are proposed to have more limited interac-
tions with the surface of the CDK-cyclin, docking
at the cyclin A recruitment site and thereby effec-
tively increasing local concentration, which
enhances substrate engagement within the CDK2
catalytic cleft.36,37 Apart from their interactions with
CDK partners, p27, and short motifs from RXL-
containing substrates, no other protein interaction
sites have been structurally characterized on the
surface of cyclins A, B, D or E that control the cell
cycle. InS. cerevisiae a conserved “LP” docking site
that binds a consensus LXF motif has been identi-
fied in Cln1/2 and Ccn1 cyclins adjacent to the
recruitment site.38

In this study we identify the features of cyclin A
that distinguish it from cyclin E and cyclin B and
that mediate formation of a SKP1-SKP2-CDK2-
cyclin A-CKS1 pentameric complex. Using purified
proteins we show that a stable CDK2-cyclin A-
SKP1-SKP2-CKS1 complex can be formed either
through CKS1 bridging CDK2 and SKP216 or
through a direct interaction between the SKP2 N-
terminal sequence and a cyclin A SKP2 binding site
that we identify in this study.We show that the cyclin
A SKP2 and p27 binding sites have unique and
overlapping elements and that SKP2 and p27 bind-
ing to cyclin A is mutually exclusive. We propose a
model in which recruitment of non-phosphorylated
p27 to CDK1/2-cyclin A/B/E-SKP1-SKP2-CKS1
complexes is mediated by CKS1. Subsequent
phosphorylation of p27 is affected by the SKP2 N-
terminal cyclin A binding motif that recruits a cat-
alytic CDK-cyclin A to form an octameric complex
that affects phosphorylation of p27 in cis. This
SKP2-cyclin A interaction imparts a unique activity
to cyclin A to promote p27 degradation that distin-
guishes it from cyclins E and B. We hypothesize
that the interactions between CDK1 or CDK2 with
CKS1, and the interaction between SKP2 and cyclin
A act together to determine the efficiency of p27
T187 phosphorylation and its subsequent SCFSKP2-
dependent degradation.

Results

The cyclin A N-terminal cyclin box fold has a
SKP2 binding site

To identify the SKP2 binding site on cyclin A we
exploited the knowledge that (i) SKP2 cannot form
a pentameric CDK2-cyclin-SKP1-SKP2-CKS1
complex if cyclin E replaces cyclin A1; (ii) residues
in the SKP2 N-terminal sequence prior to the start
of the F-box are required for SKP2 to bind to cyclin
A20,39 and (iii) SKP2 and p27 binding to cyclin A are
mutually exclusive.20 We first confirmed in a recon-
stituted system using purified proteins that in the
absence of CKS1, cyclin A but not cyclin E can form
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a complex with CDK2, SKP1 and SKP2 (Figure 1
(a)) and cyclin A but not CDK2 binds directly to
SKP1-SKP2 (Supplementary Figure S1(A)). We
next constructed a co-expression system to pro-
Figure 1. Identification of a SKP2 binding site on cyclin A. (
A (red (middle) chromatogram), but not with CDK2-cyclin
(lower) chromatogram). Recombinant SKP1-SKP2, CDK2-c
E complexes (cyclin E residues 96–378, 58) were purified se
been offset on the y-axis to aid comparison. Accompan
chromatography fractions is shown on the right. Samples w
weights of SKP2, CDK2, cyclin A/E C-terminal constructs an
and 19 kDa respectively. Chromatogram is representative of
proteins. (b) Isothermal titration calorimetry (ITC) thermogram
CDK2-cyclin A mutants. SKP1-SKP2N binds to CDK2-cyclin
cyclin Amut5 (RHS panel). ITC thermograms shown are
prepared proteins. (c) Characterization of cyclin A mutants t
cyclin Amut5 mutation. Cyclin A residues M246 and S247 a
p27 structure (PDB entry 1JSU). CDK2 and p27 are drawn in
and the surface of cyclin A is rendered in blue. W217 that is a
RXL motif is highlighted in magenta. Data analysis is descr

3

duce a SKP1-SKP2 complex comprising SKP1
and the first 140 residues of SKP2 (SKP1-
SKP2N), encoding the N-terminal regulatory
sequence (residues 1–93) and the F-box, (residues
a) SKP1-SKP2 forms a stable complex with CDK2-cyclin
E (blue chromatogram) or CDK2-cyclin Amut5 (green
yclin A (cyclin A residues 174–432, 33) and CDK2-cyclin
parately. Chromatograms are to the same scale but have
ying SDS-PAGE analysis of selected size-exclusion
ere visualized by Instant Blue staining. The molecular

d SKP1 are respectively circa 48 kDa, 34 kDa, 30/33 kDa
two replicates carried out using independently prepared
s to assess SKP1-SKP2N binding to CDK2-cyclin A and
A (LHS panel) but shows no detectable binding to CDK2-
one of two replicates carried out using independently
o identify the cyclin A SKP2 binding site. Location of the
re highlighted in red in the context of the CDK2-cyclin A-
ribbon representation (green and magenta respectively)
t the center of the cyclin A recruitment site that binds the
ibed in Table 1.
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94–140). Using isothermal titration calorimetry
(ITC) we confirmed that SKP1-SKP2N binds to
CDK2-cyclin A (with an affinity of 298 ± 17 nM (Fig-
ure 1(b)) but does not bind to CDK2 alone (Table 1
and Supplementary Figure S1(B)). Mapping the
sequence conservation between E-cyclins and A-
cyclins onto the structure of cyclin A revealed sev-
eral overlapping surface patches that are highly
conserved within but not between the cyclin A and
E families. A subset of these sites that are close
to, but do not form part of, the cyclin A binding site
for p27 were selected for further study (Table 1, Fig-
ure 1 and Supplementary Figure S2(A)).
To test these potential SKP2 binding sites we

again used ITC to compare the binding of SKP1-
SKP2N to the authentic cyclin A and cyclin A
mutant proteins (Table 1 and Supplementary
Figure S2(B)). Where all the selected sequence loci
in cyclin A were mutated to replicate the sequence
of cyclin E (generating a variant termed cyclin
Aglobal), binding to SKP1-SKP2N was completely
abrogated. Individually mutating certain subsets of
these sequence loci (284–289 to generate cyclin
Amut2, 290–299 to generate cyclin Amut3 or 299–
305 to generate cyclin Amut6) had no discernible
or relatively little impact on SKP2-cyclin A
association. By contrast, changing the cyclin A
sequence at residues 244–247 (SSMS,
Supplementary Figure S2(A), (B)) or at 246–247
(MS, Figure 1(b) and (c)) to the equivalent cyclin E
sequences (ATQEN or QEN respectively,
generating the respective variants cyclin Amut7
and cyclin Amut5 had a profound effect on the
interaction. To verify the ITC results we used SEC
to confirm that full-length SKP2-SKP1 does not
form a complex with CDK2-cyclin Amut5 (Figure 1
(a)). Finally, to confirm the structural and functional
integrity of cyclin Amut5 we prepared the CDK2-
cyclin Amut5 complex and both determined its
crystal structure (Supplementary Figure S2(C),
Supplementary Table S1, PDB entry 6SG4) and
compared its activity with CDK2-cyclin A towards a
model RXL-containing peptide substrate derived
from p10740 (Supplementary Figure S2(D) and Sup-
plementary Table S2). The structure shows that the
insertion has not affected the overall fold and the kcat/
Km values for each complex towards this substrate
were comparable.

Cyclin A has distinct but overlapping SKP2
and p27 binding sites

This site which we have termed the “SSMS site”,
identified by cyclin Amut5, represents a novel site of
cyclin A protein interaction. It is distant from the
cyclin recruitment site but is close to residues that
interact with p27 (Figure 1(c)). Given the locations
of the SSMS site, the RXL recruitment site and
the extended p27 a-helical cyclin A binding
sequence we hypothesized that the extended
SKP2 binding site might overlap with either the
p27 RXL motif or a-helical cyclin A binding sites.
4

(Respectively also referred to as p27 sequence
“D1” (residues 27–37) and “linker helix” (residues
38–58).41.
To test this model, we first confirmed using

surface plasmon resonance (SPR) and ITC that
the binding of cyclin A to p27 was not affected by
the mut5 mutation (Figure 2(a) and (b), Table 1).
GST-p271-106 (p27M) was immobilized on the
SPR chip surface and CDK2-cyclin A and CDK2-
cyclin Amut5 were flowed over as analytes. The
Kd values determined by this method were not
significantly different, being respectively 15.50 ± 0.
88 nM and 25.00 ± 0.82 nM (p > 0.05), and similar
to values previously reported.34

We next prepared a series of cyclin A variants,
mutated at residues that interact with p27 or are
located close to the recruitment or SSMS sites,
and tested their ability to bind to p27 and to SKP1-
SKP2 using ITC (Figure 2(c), Supplementary
Figure S3(A) and Table 1). For this assay we
again used the SKP1-SKP2N construct and, in
order to assess only the cyclin A binding
properties of p27, we used a truncated fragment
of p27 encompassing residues 23 to 51 (p27MS)
that includes the RXL motif and does not contact
CDK2. Measured under the ITC conditions,
p27MS binds to CDK2-cyclin A with an affinity of
350 ± 36 nM (Figure 2(b) and Table 1). Variants
of cyclin A were prepared to probe the contribution
to protein binding made by the recruitment site
(variant cyclin A_W217K), by an adjacent
hydrophobic pocket that binds to F33 of p27
(variant cyclin A_I213D), by a residue from helix
a5 that does not directly contact p27 (variant
cyclin A_M210D), and by the cyclin A surface
groove that binds the p27 linker helix (variants
cyclin A_R293E and cyclin A_L297K). Cyclin
A_R293E was engineered because R293 interacts
with p27 E46, whereas cyclin A_L297K was
chosen because L297 contributes to a
hydrophobic pocket that accepts p27 residues L45
and C49 and the comparable residue is a lysine in
cyclin B (32, Figure 2(c)).
As expected, cyclin Amut5 bound tightly to p27

(Figure 2(b), Table 1) but cyclin A mutants
W217K, I213D, R293E (Figure 2(c) and Table 1)
and L297K (Supplementary Figure S3(A) and
Table 1) showed reduced binding to p27
(significance calculated at p < 0.05). The
introduction of the W217K mutation also disrupted
binding to SKP1-SKP2N (Figure 2(c)) suggesting
that SKP2 binding also depends on the cyclin
partner having an intact recruitment site, despite
SKP2 not containing a canonical RXL motif. We
confirmed W217K mutation does not affect the
overall integrity of the cyclin A fold by differential
scanning fluorimetry (Supplementary Figure S3
(B)). CDK2-cyclin A, CDK2-cyclin Amut5 and
CDK2-cyclin AW217K have comparable Tm mean
values of 48.75(±0.22) �C, 47.05 (±0.23) �C and
47.68(±0.42) �C respectively.
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Mutant M210D at the start of the MRAIL
sequence had little effect on the binding of either
p27 or SKP2 (Supplementary Figure S3(A)). This
residue does not contact p27 in the CDK2-cyclin
A-p27 structure and this result suggests that it lies
distant from the SKP2 binding site as well.
Intriguingly, introduction of the I213D mutation
reduced affinity for p27 circa 5-fold, but enhanced
affinity for SKP2 circa 5-fold (Figure 2(C) and
Table 1). Cyclin A mutations in a5 also distinguish
p27 and SKP2 binding, suggesting that p27 and
SKP2 do not share common interactions with this
region. Binding of SKP2 was severely
compromised by the introduction of the L297K
mutation into cyclin A, but we did not measure a
significant effect for the R293E mutation that
ablates p27MS binding (p > 0.05).
We next characterised CDK2-cyclin A, CDK2-

cyclin A-p27 and CDK2-cyclin A-SKP2-SKP2
complexes by hydrogen–deuterium exchange
mass spectrometry (HDX-MS) to distinguish p27
and SKP2 binding to cyclin A by an orthogonal
technique, and to explore the extent of the cyclin
A surface affected by SKP2 binding (Figure 3,
Supplementary Figure S4). For these
experiments, p27M (residues 1–106) and
D20SKP2N (residues 20–140) constructs were
employed. We determined the comparative uptake
profiles for CDK-cyclin A on its own, or in complex
with either p27M or SKP1-D20SKP2N.
Determination of deuterium uptake was made at
the peptide level (following online pepsin digestion
of the proteins) for deuterium incubation times of
Table 1 Cyclin A mutants display a range of binding affinities
isothermal titration calorimetry (ITC).

Cyclin A Residues

mutated

Residue changes

1Wild-type none none
1mut2 284–289 DTYTKK to GACSGD
1mut3 290–299 QVLRMEHLVL to EILTMELMIM
1mut5 246–247 MS to QEN
1mut6 299–305 LKVLTFD to MKALKWR
1mut7 244–247 SSM-S to ATQEN
1global 244–247,

284–305

S244A, S245T, M246Q, S247E+N, D2

K288G, K289D, Q290E, V291I, R293T

L299M, V301A, T303K, F304W, D305R
2W217 217 W217K
2M210 210 M210D
2I213 213 I213D
2R293 293 R293E
2L297 297 L297K

1 Carried out at 25 �C with a starting concentration of 20 lM CDK
2 Carried out at 25 �C with a starting concentration of 10 lM CDK2

syringe.
3 Not determined.
4 Not detectable. Experiments were carried out using a Microcal I
5 Kd is the derived average of two independent biological replicat
6 Value derived from one measurement where the error represen

5

30 s, 1 min, 2 min, 10 min and 60 min. Following
data processing, differential exchange between
the conditions was identified using PAVED
software42 to determine the highlighted statistically
significant differences in deuterium uptake
(Figure 3, Supplementary Figure S4). The significant
areas of modulated exchange on cyclin A are
mainly focussed around five regions however the
exchange ‘fingerprint‘ is unique in either case. In
the presence of p27M four areas show increased
protection (Figure 3(a), yellow, lilac, purple and
pink) corresponding to positions 251–255, 270–
278, 280–296 and 302–314 respectively. As
expected, these sequences map closely to the
p27 binding site (PDB 1JSU) and to residues
R293 and L297 mutation of which affects p27 bind-
ing (Table 1). In contrast in the CDK2-cyclin A-
SKP1-D20SKP2N complex, cyclin A peptides show
significant protection at positions 201–210 (red),
248–255 (yellow and includes the SSMS
sequence), and to a smaller extent 280–287 (pur-
ple) (Figure 3(b)). Mutation of cyclin A residues
I213, W217 and L297 also affect p27 and SKP2
binding to cyclin A (Table 1). However, fragments
213–218 and 295–299 that respectively include
these residues were already highly protected even
in the absence of p27M and D20SKP2N SKP2
(Supplementary Figure S4) and did not undergo sig-
nificant exchange in either the CDK2-cyclin A-p27
or CDK2-cyclin A-D20SKP2N complexes over the
time course of the experiment.
Taken together, the results of the ITC and HDX-

MS experiments suggest a model in which p27 and
to SKP1-SKP2 and p27. Kd values were determined by

SKP1-

SKP2N

Kd ± (nM)

p27MS

Kd ± (nM)

298 ± 175 350 ± 365

340 ± 606 –3

658 ± 1016 –

ND4,5 176 ± 1.55

1690 ± 3406 –

ND6 –

84G, T285A, Y286C, T287S,

, H296L, L297M, V298I,

ND6 –

ND5 ND5

894 ± 1206 401 ± 1776

50.7 ± 11.05 1800 ± 1605

728 ± 2825 ND5

ND5 ND5

2-cyclin A in the cell and 180 lM SKP1-SKP2N in the syringe.

-cyclin A in the cell and 120 lM SKP1-SKP2N or p27MS in the

TC 200.

es and SD of the population.

ts the fitting error directly derived from the thermogram.



Figure 2. Defining the SKP2 binding site on cyclin A. (a) Surface plasmon resonance to measure the interaction
between p27 and CDK2-cyclin A and CDK2-cyclin Amut5. GST-p27M (residues 1–106) was bound to a CM5 sensor-chip
functionalized with anti-GST antibody and the CDK2-cyclin A complexes were flowed over at increasing concentrations.
Kd values were derived using Biacore S200 evaluation software. SPR sensorgrams are representative of two repeats
using independently prepared protein samples. (b) Isothermal titration calorimetry (ITC) to measure the interaction
between p27MS (residues 23–51) and CDK2-cyclin A complexes. Kd values and reaction conditions are tabulated in
Table 1. (c) Cyclin A mutants distinguish SKP2 and p27 binding sites on cyclin A and reveal their shared and divergent
binding elements. ITC thermograms for the binding of p27MS (residues 23–51) and SKP1-SKP2N to cyclin A_W217K,
cyclin A_I213D (within the cyclin A a1 MRAIL sequence), cyclin A_R293E (on cyclin a5). ITC thermograms for other
mutants discussed in the text are included in Figure S3(A). ITC thermograms shown are of one of two replicates carried
out using independently prepared proteins. Data analysis is described in Table 1.
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SKP2 engage with the cyclin A RXL site and make
related but distinct contacts with the N-terminal end
of the MRAIL motif. However, their paths
subsequently diverge: whereas p27 interacts with
the start of a5 to traverse the “top” of the cyclin A
fold, SKP2 does not. Both protein binding sites then
converge again at the C-terminal end of cyclin A a5
as defined by their shared sensitivity to the
mutation L297K (Figure 2(c)).
An extended SKP2 sequence binds to cyclin A

Previous work has shown that SKP2 residues
L32, L33, S39 and L41 interact with cyclin A.20 To
confirm the importance of these residues and
assess the extent of the SKP2 sequence that binds
to cyclin A we prepared a series of authentic and
mutant SKP1-SKP2N constructs and short SKP2
peptides and assessed their binding to CDK2-
cyclin A by ITC (Table 2, Supplementary Figure S5).
Compared to binding of the authentic sequence,
truncating SKP2N to start at F20 had little effect
on the affinity but truncating to start at S30 signifi-
cantly affected the SKP2N-cyclin A interaction
(Supplementary Figure S5(A) and (B)). SKP1-
SKP2N_4A (with mutations L32A, L33A, S39A
and L41A) showed circa 15-fold decrease in binding
to CDK2-cyclin A suggesting that other SKP2 resi-
dues contribute ((Supplementary Figure S5(C))
and compare with Figure 1(b)). Although the
SKP2 N-terminal sequence contains a number of
residues that are highly conserved, two tryptophan
residues at positions W22 and W24 are prominent.
Binding of SKP2 to cyclin A was not detectable
when these residues were also mutated to alanine
to generate SKP1-SKP2N_6A (mutations
SKP2_4A and W22A and W24A) (Supplementary
Figure S5(D)). Thus, the SKP2 sequence between
residues F20 and E45 contributes substantially to
cyclin A binding and we propose that this sequence
constitutes a SKP2 cyclin A interacting motif
(CAIM).
While an intact CAIM is required for SKP2 to bind

to cyclin A, wewere not able to detect stable binding
of isolated CAIM peptides to cyclin A using ITC
(Supplementary Figure S5(E)–(G)), suggesting
that the interaction is dependent on the context in
which the CAIM is presented. To characterize this
context-dependent interaction we analyzed a
solution of CDK2-cyclin A and SKP1-SKP2N by
small angle X-ray scattering (SAXS) (Figure 4,
Supplementary Table S3). This analysis suggests
a stable, fairly compact and rigid assembly. Within
this assembly, we have modelled the SKP2 CAIM
as a linear epitope that tethers the SKP2 to cyclin
A. However, as we were not able to detect an
interaction between the CAIM-containing peptides
and cyclin A, we cannot distinguish between
models in which the interaction is dependent on
the context in which the CAIM is presented or is
7

stabilized to bind by additional interactions within
the assembly thereby rigidifying the resulting
SKP1-SKP2N-CDK2-cyclin A complex.
SKP2 binds to CDK2-cyclin A-CKS1 through
two distinct interactions

A tight (nM) interaction between CKS1 and the C-
terminal sequence of SKP2 helps stabilize the
pentameric CDK2-cyclin A-CKS1-SKP1-SKP2
complex.16 To assess the relative contributions of
the CKS1-SKP2 and cyclin A-SKP2 interactions to
the stability of the CDK2-cyclin A-CKS1-SKP1-
SKP2 pentameric complex, two sets of mutations
were made to block each interaction and the result-
ing proteins were analyzed by SEC. To compromise
the binding of SKP2 to CKS1, a SKP2 variant was
constructed in which F393 was mutated to a
glycine-serine pair (SKP2_C2, Supplementary Fig-
ure S6(A)), while cyclin Amut 5 was used to com-
promise the binding of cyclin A to the CAIM. By
SEC, a stable pentameric complex forms when
either the SKP2-cyclin A or CKS1-SKP2 interaction
is intact, but in the absence of both sites the proteins
migrate as CDK2-cyclin A-CKS1 and SKP1-SKP2
sub-complexes (Figure 5(a)). This analysis demon-
strates that either site is sufficient to stabilize the
pentameric complex in cell free systems. Incubating
SKP1-SKP2 with an excess of CDK2-cyclin A-
CKS1 did not lead to the formation of a larger com-
plex indicating that a (CDK2-cyclin A-CKS1)2-
SKP1-SKP2 complex is not abundant under these
conditions (Figure 5(a), magenta trace). However,
we cannot exclude that such a complex might form
dependent on effective local concentrations of
CDK2-cyclin A. Using SKP1-SKP2, CDK2-cyclin
E-CKS1 and CDK1-cyclin B-CKS1 we could also
demonstrate that the CDK2-CKS1 or CDK1-CKS1
interface is sufficient to maintain a stable pen-
tameric complex in the absence of a cyclin A-
SKP2 interaction (Supplementary Figure S6(B)).
These results demonstrate that in the absence of
CKS1, only CDK-cyclin A (and not -cyclin B or -
cyclin E) can form a stable complex with SKP1-
SKP2. However, if CKS1 is present, then it can bind
to either CDK1 or CDK2 and SKP2 to “glue” the
CDK-cyclin and SKP1-SKP2 binary complexes
together. Furthermore, SEC analysis shows that
p27-CDK2-cyclin A forms a stable complex with
SKP1-SKP2 only in the presence of CKS1 (Supple-
mentary Figure 5(C)). The interaction between
SKP2 and CKS1 is required to maintain the integrity
of the hexameric CDK2-cyclin A-CKS1-SKP1-
SKP2-p27 complex, as p27 competes with SKP2
to displace the SKP2 CAIM from cyclin A. Taken
together these observations suggest a model in
which the recruitment of p27 into a complex with
SKP1 and SKP2 is dependent on the presence of
CKS1 and is independent of the identity of its
CDK-cyclin partners.



Table 2 SKP2 mutants display a range of binding affinities to cyclin A. Kd values were determined by isothermal titration
calorimetry.

Skp2 Residue changes Cyclin A

Kd ± (nM)1

Wild-type None 298 ± 17

SKP2N_4A L32A L33A S39A L41A 5290 ± 215

SKP2N_6A W22A W24A L32A L33A S39A L41A ND2

SKP2N_D20 N-terminal 20 residues deleted 507 ± 295

SKP2N_D30 N-terminal 30 residues deleted ND

1 Carried out at 25 �C with a starting concentration of 10 lM CDK2-cyclin A in the cell and 120 lM SKP1-SKP2N in the syringe.
2 Could not be determined. Experiments were carried out using a Malvern Microcal PEAQ-ITC. Kd is the derived average of two

independent biological replicates and SD of the population.

Figure 3. Hydrogen-deuterium exchange mass spectrometry distinguishes p27 and SKP2 binding to cyclin A.
Differences in the combined relative fractional uptake of CDK2-cyclin A alone and in the presence of p27M (residues
1–106) (a) or SKP1-D20SKP2N (SKP2 residues 20–140) (b) is visualised using the PAVED algorithm42 and plotted
against cyclin A residue number. Uptake plots shown were determined after 2.0 min deuterium incubation. Significant
differences are marked by asterisks and the colored bars highlight areas discussed in the text. Peptides that show
differences in fractional deuterium uptake when bound to either p27 or SKP1-SKP2 compared to CDK2-cyclin A are
identified on the CDK2-cyclin A-p27 structure (PDB 1JSU). p27 is omitted from the SKP1-SKP2 panel for clarity.53
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The cyclin A SSMS site promotes cyclin A-
SKP2 interaction in cellulo

To evaluate the functional significance of the
cyclin A SSMS site in cellulo, we first transfected
full-length cyclin A, and full-length cyclin Amut5
into HEK293T cells (Figure 5(b)).
8

Immunoprecipitation exploiting the FLAG tag
followed by western blotting revealed that whereas
a robust interaction can be detected between
authentic cyclin A and SKP2, introduction of the
mut5 mutation abolished binding. Moreover,
compared to wild type cyclin A, cyclin Amut5 has
a reduced interaction with SKP1, CKS1 and



Figure 4. SAXS analysis of a CDK2-cyclin A-SKP1-SKP2 complex. Experimental plots for analysis of a SKP1(D38-
43, D69-83)-SKP2(20–140-D60-74)-CDK2-cyclin A complex by SAXS. (a) FPLC size-exclusion chromatogram and
fraction analysis. (b) Guinier plot. The sample monodispersity and absence of aggregation was assessed by a linear
fit of the Guinier plot (ln(I) vs q2) (c) Kratky plot. The dimensionless Kratky plot (q2 � I(q)/I(0)) suggests a globular and
relatively compact particle (maximum at qRg of 1.73 with a height of 1.1), with some indications of a multi-domain
characteristic with only limited flexibility overall (indicated by the drop of the curve between qRg of 4–6).59 (d) Pairwise
distance distribution. In agreement, the pairwise distance distribution p(r) showed a bell shape indicating a fairly
globular particle. A shoulder at d = 80–100�A indicated that a domain sticks out from the globular shape, whereas the
tail at d = 105–120 �A suggested the presence of a short flexible linker protruding from the particle. (e) SAXS-derived
model for the CDK2-cyclin A-SKP1-SKP2N complex. CDK2 and cyclin A are colored as in Figure 1, the SKP2 F-box
and SKP1 are colored salmon and grey respectively. Cyclin A residues 245–249 that includes the SSMS sequence is
identified in lemon, and the SKP2 N-terminal sequence is modelled in khaki. Mesh represents the volume-adjusted
(damfilt.pdb) converted into a map using molmap and visualized in ChimeraX.53
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CDK2. These results demonstrate that the SSMS
site makes a significant contribution to the stability
of the pentameric CDK2-cyclin A-CKS1-SKP1-
SKP2 complex in a cellular setting. This site is not
present in cyclin E and helps to distinguish the
abilities of these two cyclins to form stable
complexes with SKP2.
To further assess the direct interaction between

SKP2 and cyclin A and the non-direct interaction
mediated by CKS1, N-terminally FLAG-tagged
full-length authentic SKP2, SKP2_6A, SKP2_C2
and SKP2_6A_C2 were expressed in HEK293T
cells to test their ability to bind to cyclin A
(Figure 5(c)). The wild type SKP2 interacts
robustly, but mutation of either the cyclin A-SKP2
(SKP2_6A mutant) or the CKS1-SKP2 interface
(SKP2_C2 mutant) significantly decreases
association. As expected, the cyclin A-SKP2
interaction is totally abolished when both binding
sites are inactivated. Taken together these results
support a model in which either the cyclin A-SKP2
or CKS1-SKP2 interaction can mediate complex
9

formation, but that loss of both interaction sites
abrogates binding.
The cyclin A-SKP2 interaction recruits CDK2-
cyclin A and affects p27 phosphorylation

p27 can inhibit CDK1 and CDK2 bound to cyclins
A and B, or A and E respectively. Relief of p27
inhibition and cell cycle progression results from
CDK-dependent p27 phosphorylation at T187 and
its subsequent targeting to the SCFSKP2 E3
ubiquitin ligase. Our finding that p27 and the CAIM
of SKP2 share overlapping footprints on cyclin A
suggests that binding of p27 to a pentameric
CDK1/2-cyclin A-CKS1-SKP1-SKP2 complex
would displace the CAIM from its binding site on
cyclin A, making it available to form alternative
interactions. Because neither cyclin B nor cyclin E
possesses a site that binds the CAIM, we would
similarly expect the CAIM to be available in the
pentameric CDK1/2-cyclin B-CKS1-SKP1-SKP2
and CDK1/2-cyclin E-CKS1-SKP1-SKP2
complexes. A potential role for the CAIM in these



Figure 5. Characterization of the CDK2-cyclin A-SKP1-SKP2-CKS1 complex. (a) Size exclusion chromatography
to assess the contribution of the SKP2-cyclin A and SKP2-CKS1 interfaces to generation of a stable pentameric
complex. In the presence of an excess of CDK2-cyclin A-CKS1, SKP1-SKP2 forms a stable pentameric complex
(magenta trace). Mutation of SKP2 at the CKS1 interface (SKP2_C2, green trace) or mutation of cyclin A at the SKP2
binding site (cyclin Amut5, blue trace) has little effect on complex stability. However, simultaneous mutation of both
sites (orange trace) disassembles the complex into stable SKP1-SKP2 and CDK2-cyclin A-CKS1 sub-complexes.
The accompanying SDS-PAGE analyses are provided in the color-matched boxes. Proteins were visualized using
InstantBlue. Chromatograms are to the same scale but have been offset on the y-axis to aid comparison. Each
chromatogram is representative of 2 replicates carried out using independently prepared proteins. (b) HEK293T cells
were transfected with either an empty vector (EV) or FLAG-tagged cyclin A_WT or cyclin A_mut5. Twenty-four hours
post-transfection, cells were collected for immunoprecipitation (IP) and immunoblotting. WCE, whole-cell extract. (c)
HEK293T cells were transfected with either an empty vector (EV) or FLAG-tagged SKP2_6A, SKP2_C2, or
SKP2_C2/6A. The experiment was performed as described in (b).
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complexes might be to recruit a further complex of
CDK1/2-cyclin A (but not CDK1/2-cyclin B or
CDK1/2-cyclin E). This additional copy might play
a catalytic role in phosphorylating the C terminus
of p27.
To test this model, we carried out SEC to evaluate

whether a stable octameric complex might form
when SBP-tagged CDK2-cyclinA is incubated with
CDK2-cyclin A-CKS1-p27-SKP1-SKP2. Our
results confirm the formation of such an octameric
complex (Figure 6(a)), and further demonstrate
that complex stability is dependent on the integrity
of the SSMS site: no octameric complex is formed
when SBP-tagged CDK2-cyclin Amut5 is
incubated with CDK2-cyclin A-CKS1-p27-SKP1-
SKP2. We can also infer that the recruitment of
the second CDK2-cyclin A module is dependent
on p27 being present: SEC analysis of CDK2-
cyclin A-SKP1-SKP2-CKS1 in the presence of
excess CDK2-cyclin A does not indicate formation
of (CDK2-cyclin A)2-SKP1-SKP2-CKS1 complex
(Figure 5(a), magenta trace).
To test whether the recruitment of a catalytic

CDK2-cyclin A via the CAIM-cyclin A interaction
impacts the kinetics of phosphorylation of p27, we
next compared the rate of phosphorylation of p27
bound within complexes that incorporate
catalytically inactive (CDK2D127N)-cyclin A together
with either CKS1-SKP1-SKP2 or CKS1-SKP1-
SKP2_6A. These complexes were incubated
under initial rate conditions with either CDK2-
cyclin A or CDK2-cyclin E (Figure 6(b)). As
expected, CDK2-cyclin E did not distinguish the
two complexes, and p27 within each complex was
phosphorylated at an equivalent initial rate.
However, the initial rate of p27 phosphorylation
was different when p27 was presented in the
authentic complex than in the context of the
SKP2-6A mutant. This result supports a model in
which recruitment of CDK2-cyclin A to the
hexameric substrate results in a relatively long-
lived octameric complex. Such a complex would
be primed for rapid initial phosphorylation. We
hypothesize that the most plausible model to
explain our results is that the slower turnover in
steady state kinetics observed here may be
explained by a relatively slow product release step.
Discussion

Cell cycle transition from G1 to S phase is tightly
regulated by the sequential activation of CDK2 by
cyclin E and then by cyclin A. p27 is both a CDK2
inhibitor and a CDK2 substrate and the balance of
these activities ensures appropriate cell cycle
progression. Signals to arrest the cell cycle during
G1 are executed through p27-mediated CDK2
inhibition but, following checkpoint resolution, p27
is phosphorylated on T187 by CDK2-cyclin E and
CDK2-cyclin A targeting it for ubiquitination by the
SCFSKP2 E3 ubiquitin ligase and subsequent
11
degradation by the proteasome. SKP2 levels are
low in early G1 and increase late in G1.43

To characterize the molecular interactions that
distinguish these various CDK2-containing
complexes we set out to identify the SKP2 binding
site on cyclin A. We show that the SKP2 binding
site on cyclin A (the “SSMS site”), distinguishes
cyclin A from cyclin E and is distinct but
overlapping with the cyclin A binding site for p27.
We also note that the S. cerevisiae LP docking
site is co-located on this surface of the cyclin N-
CBF.38 Indeed, a homology model of Cln2 indicates
that Cln2 R109 (part of the R109, L112 and R113
LP docking site), is equivalent to M246 of the SSMS
motif (Figure 6(c)). Our study also revealed that
sequences that do not conform to the canonical
RXL motif can bind to the cyclin recruitment site.
This finding suggests that the recruitment site might
be important for the cyclin localization of a larger
number of proteins than might have been inferred
by sequence analysis. Taken together, these
results reveal that the N-terminal cyclin box fold
has an extended role in binding regulators. They
also suggest that the cyclin A sequence and struc-
ture are finely tuned to optimize interactions with
multiple binding partners. This site of direct interac-
tion between SKP2 and cyclin A, in addition to the
interaction between CKS1 and SKP2 shared with
other CDK-cyclin modules, strengthens the cyclin
A-SKP2 association and might explain why SKP2
was originally characterized as a component of a
pentameric complex containing cyclin A and not
cyclins B or E (Figure 6(d) “building”).1

Furthermore, we show that the cyclin A SKP2
binding site permits the recruitment of CDK-cyclin
A but not CDK-cyclin B or cyclin E complexes to
perform a catalytic function and promote the
phosphorylation of p27 on T187, a modification
that is a pre-requisite for its subsequent
degradation by the SCFSKP2 complex (Figure 6(d)
“recruiting”). This activity is unique to cyclin A,
whereas p27 recruitment to SKP2 is dependent on
CKS1 and independent of the identity of the CDK-
cyclin to which it is bound. Thus, our results agree
with a previous study in which it was shown that
the ability of SKP2 to bind to cyclin A could be
separated functionally from its ability to mediate
p27 degradation.20 Such amodel might also explain
earlier studies in G1-enriched cell cultures, where it
was found that CDK2-cyclin A overexpression was
more efficient at promoting p27 ubiquitination than
increasing the expression of CDK2-cyclin E and
SKP2.44

However, it should also be noted that the SKP2N-
terminal sequence binds to other cell cycle
regulators. Its occlusion within a pentameric
SKP1-SKP2-CDK2-cyclin A-CKS1 complex may
sequester it away from alternative interactions that
might execute some of its functions or regulate its
activity and thus perform an additional regulatory
role. For example, cyclin A but not cyclin E
competes with pRB and Cdh1 for binding to the
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SKP2 N-terminal sequence.18,19 This interaction
between pRB and SKP2 has been proposed as a
key mechanism mediating G1 arrest.21 Expression
of cyclin E in early G1 will not antagonize this inter-
action, but as the cell moves through to late G1,
cyclin A levels rise and SKP2 can now be assem-
bled into an alternative complex with SKP1,
CDK2, cyclin A and CKS1. This complex will both
12
hinder the ability of pRB to stabilize p27 and prime
SKP2 for its alternative role to mediate p27 degra-
dation. We hypothesize that both events could
relieve cell cycle control from pRB dependency
and promote S-phase entry. The SKP2 N-terminal
sequence is also phosphorylated (at S64, S72 and
S75) and acetylated (at K68 and K71), and it might
be hypothesized that anchoring the SKP2
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sequence on the surface of cyclin A affects the
accessibility of these residues to post translation
modification, thereby modulating its activity (Fig-
ure 6(d), “sequestering”). Perturbations to these
regulatory pathways may contribute in part to can-
cer progression seen in cells that overexpress
cyclin A,1 as the interactions that mediate these reg-
ulatory pathways would be in direct competition with
unphosphorylated p27 for binding to CDK2-cyclin A
as has been previously proposed.20,45

The cyclin recruitment site that binds substrates
and inhibitors containing an RXL motif is well
characterized and illustrates the principle that a
conserved site that is able to dock short peptide
motifs with varying affinities offers a hub to
integrate various signaling pathways. A similar
principle orchestrates CDK9-cyclin T regulation
by various activators and inhibitors that bind to
overlapping surfaces on the C-terminal CBF.46,47

We demonstrate that the SKP2 and p27 cyclin A
binding sites overlap permitting integrated regula-
tion of activity. To what extent this principle will
apply to any additional cyclin A protein binding
sites and to what extent the SKP2 binding site
or these other sites will further distinguish cyclins
A, B, D and E awaits further identification and
characterization of larger CDK-cyclin containing
complexes.
Figure 6. The cyclin A N-terminal cyclin box exploits an e
association with CDK2-cyclin A can drive the formation of
complex. p27 was first phosphorylated with an excess of CD
cyclin A complex was then purified by SEC before being in
CKS1. This hexameric complex purified by SEC (blue trac
cyclinA (orange trace) or SBP-CDK2-cyclinAmut5 (green t
complexes by SEC from CDK2-cyclin A bound to p27. SBP
SBP-tagged CDK2-cyclin Amut 5 does not (compare the ora
below the chromatograms). sbpCDK2 and cyclin A are iden
recruits CDK-cyclin A to affect p27 phosphorylation. An intac
module to phosphorylate p27 within a SKP1-SKP2-CDK2-c
cyclin A-p27-SKP1-SKP2-CKS1; 6A substrate, CDK2D127A-
by western blot analysis using an anti phospho-p27 antibody
was revealed using ECL reagent and quantified using ba
software (BioRad). Graph is representative of assays carried
CDK2-cyclin A and CDK2-cyclin E as control. (c) p27 and SK
yellow, the p27 binding surface ((L255, Q290, R293, M294, L
binds to SKP2 (S244, S245, M246, S247) and in magenta
W217. L297, mutation of which blocks both p27 and SKP2 bi
SKP2 binding path. S. cerevisiae CLN2 shares the docking
cyclin A but has an adjacent surface, defined by mutations R
substrates. These three sites form a continuous surface. Cy
structure. CLN1 model, highlighted in red, residues R109
implementing MODELLER60 in HHpred61 and then superimp
the cyclin A-SKP2 interaction in regulating the cell cycle. The
CDK-cyclin A complexes into SCFSKP2 (“building”). Incorpora
complexes generates complexes in which the CAIM can recr
binding site on SKP2 overlaps with SKP2 binding sites fo
concentration for alternative SKP2 regulators (“sequestering

13
Materials and Methods

Protein expression and purification

Full-length human GSTCDK2 co-expressed with
S. cerevisiae GSTCAK1 from a pGEX-6P-1
vector33,40 and untagged human cyclin A2 (residues
174–432),33 hexahistidine-tagged bovine cyclin A
(residues 174–432) and full-length human CKS140

all cloned into the pET21d vector; and full-length
p27 (residues 1–198, wild-type and T187A mutant),
p27M (residues 1–106), p27S (residues 23–106),48

and p27MS (residues 23–51, this paper) as GST-
fusions from a modified pGEX-6P1 vector, were
all expressed in E. coli BL21 (DE3) pLysS cells
and purified as previously described. Briefly, GST-
p27 constructs, bovine cyclin AHis6 and human
CKS1His6 were all purified by an initial affinity chro-
matography step exploiting their respective tags.
The GST constructs were subsequently digested
with 3C protease to cleave the tag. All constructs
were subject to a second SEC step. N-terminal
Avi-tagged CKS1 (residues 5–73) was expressed
as an N-terminally His6-tagged protein from the
pET21d vector. It was purified by affinity chro-
matography, subsequent 3C protease cleavage to
remove the His6 tag, then re-application on to the
affinity column to remove any uncleaved protein
xtended surface to interact with p27 and SKP2. (a) p27
an octameric (CDK2-cyclin A)2-SKP1-SKP2-CKS1-p27
K2-cyclin A and the ternary phosphorylated p27-CDK2-
cubated with equimolar SKP1-SKP2 and an excess of
e) was then incubated with either SBP-tagged CDK2-
race). The SBP tag distinguishes these CDK2-cyclin A
-tagged CDK2-cyclin A forms an octameric complex but
nge and blue traces, complex elution positions indicated
tified by stars in the relevant gels. (b) The SKP2 CAIM
t cyclin A-SKP2 interaction recruits a catalytic CDK-cyclin
yclin A-CKS1-p27 complex. WT substrate, CDK2D127A-
cyclin A-p27-SKP1-SKP2_6A-CKS1. p27 was detected
, lower panel, representative time-course. Band intensity
ckground adjusted total band volume with ImageLab
out with three biological replicates of catalytically active
P2 binding to cyclin A. Cyclin A structure, highlighted in
297 identified from PDB 1JSU), in red the SSMS site that
the RXL recruitment site identified by residues I213 and
nding, is colored orange. Dotted red arrow, the proposed
site that recognizes the RXL motif (the “HP region”38with
109, L112 and R113 that recognizes LP-motif containing
clin A M246 is equivalent to R109 in the CLN2 modelled
, L112, R113. The CLN2 structure was generated by
osed on the structure of cyclin A. (d) Proposed roles for
SKP2-cyclin A interaction promotes the incorporation of
tion of p27 into SKP1-SKP2-CDK1/2-cyclin A/B/E-CKS1
uit a catalytic CDK1/2-cyclin A (“recruiting”). The cyclin A
r pRB and Cdh1 and so may alter the effective SKP2
”).



M. Salamina, B.C. Montefiore, M. Liu, et al. Journal of Molecular Biology 433 (2021) 166795
before a final SEC step. The global human cyclin A
mutant sequence was synthesized by IDT, sub-
cloned into an IDTsmart vector and then PCR
amplified and inserted into pET21d to generate an
untagged protein. Other human cyclin A mutants
were prepared either starting from this template or
the authentic sequence by site-directed mutagene-
sis (SDM). All CDK2-cyclin A complexes were puri-
fied following the method described in Brown et al.
(1999).33 Briefly, GST-CDK2 was first loaded onto
a glutathione affinity column and washed to base-
line. This modified column was then used to affinity
purify untagged cyclin A. The glutathione eluate
(eluted with 20 mM HEPES, NaCl 300 mM, DTT
1 mM, 20 mM glutathione, pH7.6) was incubated
with 3C protease to release the CDK2–cyclin A from
GST, which was subsequently further purified by
SEC and glutathione affinity chromatography to
remove any co-eluting GST. All steps from re-
suspension of the bacterial cell pellets were carried
out in buffer containing 20 mM HEPES pH 7.6,
300 mM NaCl, 1 mM DTT. The CDK2 D127A
mutant was introduced into a modified pET3d vec-
tor that co-expresses GST-CDK2, His-tagged
bovine cyclin A and untagged p27 and the complex
subsequently purified by sequential glutathione
affinity and size exclusion chromatography steps.
Human cyclin E1 (residues 96–378) was cloned into
a modified pACEBac1 vector containing an N-
terminal MBP-3C tag. PCR of cyclin E1 (96–378)
from a modified pGEX vector was conducted using
primers: 50-TTCCAGGGGCCCATGGGCATTATT
GCACCATCCAGAGGCTCCC-30 (Forward) and
50-GTTAGCAGCCACTAGTTCAGGCTTTCTTTG
CTCGGGCTTTGTC-30 (reverse). pACEBac1_
MBP-3C-cyclin E was then transformed into
DH10_YFPEMBac E. coli for virus transposition,
with appropriate clones selected through blue/
white screening. 20 ml overnight cultures (in
Insect Xpress media (Lonza)) of selected clones
were grown. The virus was then extracted by iso-
propanol precipitation and amplified twice in Sf9
cells. For cyclin E expression, the virus was trans-
fected into Sf9 cells at approximately 1.5 million
cells ml�1 and grown for 72 h at 28 �C with gentle
mixing. Following incubation cells were harvested
via centrifugation (2600g, 15 min, 4 �C) and resus-
pended in 20 mM HEPES pH 7.6, 300 mM NaCl,
1 mM DTT, supplemented with protease inhibi-
tors. Cells were lysed by sonication and clarified
by centrifugation (100,000g). The soluble fraction
was incubated with GST-CDK2 and then purified
by affinity chromatography using Sepharose 4B
GST resin beads (GE Healthcare) and subse-
quently eluted in 20 mM HEPES, 300 mM NaCl,
1 mM DTT, 20 mM glutathione, pH7.6. Following
3C protease treatment CDK2-cyclin E was buffer
exchanged using SEC (Superdex 200 10/300)
and then loaded onto a GST-trap column (5 ml,
GE Healthcare) and then onto an amylose resin
14
(New England Biolabs). A final SEC step (Super-
dex 200 10/300) was performed in order to
remove any GST and MBP contamination. Full-
length SKP2 was co-expressed as a GST fusion
(cleavable with 3C protease) with untagged full-
length SKP1 from a modified pET3d backbone.
Each protein was expressed from separate tran-
scripts. A GSTSKP2N-SKP1 complex was
expressed from a pGEX-6P-1 vector in E. coli
BL21 (DE3) pLysS cells (Agilent Technologies).
This construct encodes SKP2 residues 1–140
(SKP2N) and SKP1 (residues 1–163, with internal
deletion of residues 38–43 and 69–83 as
described by Schulman et al.28 The two proteins
are translated from a single transcript, the SKP1
initiating at an internal ribosome binding site. This
construct was used as the template to make the
SKP1-SKP2N_4A (L32A, L33A, S39A and
L41A), and SKP1-SKP2N_6A (SKP2_4A and
W22A and W24A) mutants by SDM and the con-
structs starting at F20 (SKP1-SKP2N_D20) and
at S30 (SKP1-SKP2N_D30) by PCR. N-terminal
SKP2 peptides were either synthesized
(FTWGWDSSKTSELLSGMGVSALE) and modi-
fied by N-terminal acetylation and C-terminal ami-
dation (Severn Biotech Ltd) or generated by SDM
(SKP2 residues 20–51 and 20–64) starting with
the GSTSKP2N-SKP1 expression construct. For
the HTRF assay presented in Supplementary Fig-
ure S6, the SKP2 C-terminal sequence was
mutated by SDM to replace F393 with glycine and
serine (SKP2 F393GS) and co-expressed and puri-
fied with SKP1. The construct using the pGEX-6P-1
backbone is based on that described in Schulman
et al., that encodes SKP2 residues 89–424 and
SKP1 (residues 1–163, with internal deletion of resi-
dues 38–43 and 69–83).28 The SKP2 phosphoryla-
tion site mutant (S64A) was prepared by SDM
using the GSTSKP2-SKP1 co-expression construct
in the modified pET3d backbone described above
that encodes full-length SKP2. E2 R1 and all the
SKP1-SKP2 expression constructs described above
were purified by sequential glutathione affinity and
SEC chromatography steps in 20 mM HEPES,
300 mM NaCl, 1 mM DTT. The p107 substrate pep-
tide was prepared as described in 40. Briefly, the pro-
tein was expressed as a GST-fusion from the
pGEX6P-1 backbone in E. coli Rosetta (DE3) pLysS
cells at 20 �C overnight subsequent to induction with
0.1 mM IPTG. It was first purified by a glutathione-
affinity step and then subsequent to tag removal fol-
lowing incubation with 3C protease further purified on
a MonoS ion-exchange (GE Healthcare) column
equilibrated into 25 mM MES pH 6.5. The peptide
was stepped into 25 mM MES, 0.5 M NaCl, pH6.5
for rapid peptide release. Fractions containing the
peptidewere confirmed by SDS–PAGE, pooled, con-
centrated to a final peptide concentration between 1
and 2 mg ml�1 and then flash frozen and stored at
�80 �C in 100 ll aliquots. Protein concentrations
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were measured by A280 nm on a Nanodrop2000
(Thermo Fisher Scientific) using calculated extinction
coefficients (http://web.expasy.org/protparam/).
Isothermal titration calorimetry (ITC)

ITC was performed using a Malvern Microcal
PEAQ-ITC. Proteins were equilibrated in HEPES
20 mM pH 7.97, NaCl 300 mM, TCEP 0.5 mM.
The concentrations of CDK2-cyclin A or cyclin A in
the cell and SKP1-SKP2N in the syringe for each
experiment are provided in the accompanying
Table Legends. Protein concentrations (for this
and other biophysical techniques) were measured
by A280 nm on a Nanodrop2000 (Thermoscientific)
using calculated extinction coefficients (http://
web.expasy.org/protparam/). Experiments
(including ligand dilution controls) were carried out
at 25 �C. The titrations consisted of 20 injections,
an initial injection of 0.5 ll and then 19 injections
of 19.5 ll with 180 s between injections. The
stirring speed in the reaction cell was 1000 rpm.
Data were analyzed using non-linear least
squares regression using MicroCal PEAQ analysis
software. Drifts in the baseline were corrected
during data analysis. As detailed in Table 1, for
characterization of authentic interactions and
mutants that were characterized further by other
orthogonal techniques, Kd values are presented
as the average of two independent biological
replicates and SD of the population. For other
mutants, Kd values were derived from one
measurement where the error represents the
fitting error directly derived from the thermogram.
Significance was calculated at p < 0.05 using a
Student’s t-test.
Analytical size-exclusion chromatography

Size exclusion chromatography was performed
using a Superdex 200 (10/300, GE Healthcare) on
an AKTA Pure at controlled temperature of 4 �C,
pre-equilibrated in HEPES 20 mM pH 7.5, NaCl
300 mM, DTT 1 mM. Each complex was
reconstituted in vitro in 0.4 ml of HEPES 20 mM
pH7.5, NaCl 300 mM, DTT 1 mM and glycerol
10%, and incubated for 1 h at 4 �C prior to elution.
The complexes were combined at a molar ratio of
1:1.5 corresponding to SKP1-SKP2 (4 lM):CDK2-
cyclin A/E/mut5 (6 lM) in Figure 1(a); a molar
ratio of 1:1.5:2.25 corresponding to SKP1-SKP2/
C2 (4 lM):CDK2-cyclin A/mut5 (6 lM):CKS1
(9 lM) in Figure 5(a), and SKP1-SKP2/C2 (4 lM):
CDK-cyclin (6 lM):CKS1 (9 lM) in S6B; a molar
ratio 1:1.5 of the pre-purified hexameric complex
(SKP1-SKP2-CDK2-cyclinA-p27-CKS1) (4 lM)
and SBP-tagged CDK2-cyclin A/mut5 (6 lM) in
Figure 6(a) and a molar ratio of 1:1.5
corresponding to SKP1-SKP2 (4 lM):CDK2 or
cyclin A (6 lM) in Figure S1(A). For reconstitution
of the p27-containing complex the ratio was
adjusted to 1:1.5:2.25:3.375 using SKP1-SKP2
15
(4 lM):CDK2-cyclin A (6 lM):p27S (9 lM):CKS1
(13.5 lM) in Figure S6(C). Calibration of the
Superdex 200 (10/300) was performed using b-
Amylase (200 kDa), albumin (66 kDa) and
carbonic anhydrase (29 kDa) protein molecular
weights standards (Sigma Aldrich). Corresponding
fractions for each chromatogram between 12 and
18 ml with an interval of 0.5 ml were analyzed by
SDS-PAGE (Biorad) and InstantBlue coomassie
staining (Expedeon).
Surface plasmon resonance (SPR)

SPR analysis was carried out using a Biacore
S200 (GE Healthcare). The sensor chip CM5
surface was functionalized using an anti GST tag
antibody by amine-coupling. Routinely, ligand
capture on flow cell number 2 was carried out for
60 s followed by multiple buffer injection to
remove the excess of inactive protein, and the
intensity was normalized against flow cell number
1 (GST control as ligand to correct for non-specific
interactions and bulk effects). Experiments were
performed in HEPES 20 mM pH7.4, NaCl 150 mM
Tween20 0.01% at 20 �C. GSTp27M was
captured on the functionalized surface of flow cell
2 for 60 s at a flowrate of 5 ml min�1. CDK2-cyclin
A wild-type and mutants were then titrated as
analytes using a 4-fold dilution series and then the
chip was regenerated using glycine pH 2.1 for
60 s. The sample contact time (60 s) was
measured using high performance settings
followed by 240 s of dissociation time at
30 ml min�1. Two independent (biological
replicate) experiments were performed.
Sensorgrams were analyzed using Biacore S200
Evaluation Software 1.0 (GE Healthcare) and the
curves were fitted using 1:1 binding kinetics.
Homogenous time-resolved fluorescence
assay (HTRF)

In this format the HTRF assay measures the
interaction between GSTSKP2-SKP1 and N-
terminal Avi-tagged CKS1. Optimized buffer and
detection reagent conditions were 3 nM Tb-anti-
GST antibody, 50 nM SA-XL665, in 50 mM
HEPES pH 7.5, 100 mM NaCl, 1 mM DTT,
0.1 mg ml�1 BSA, 1% DMSO. Experiments were
carried out at GSTSKP2-SKP1 or GSTSKP2_C2-
SKP1 concentrations of 1, 5 or 25 nM into which
N-AviCKS1 was titrated from 1 to 1000 nM.
Reactions were set up in a volume of 20 ml in 384
well plates and incubated for 30 min at 4 �C.
Samples were excited using a wavelength of
337 nm and emission spectra measured at
620 nm and 665 nm using a PHERAstar plate
reader (BMG Labtech). Binding curves were
plotted using GraphPad Prism 6 from which the
Kds were determined.

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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Differential scanning fluorimetry

A protein/Sypro orange mix containing 5 lM
protein and a 1:5000 dilution of dye in DMSO (as
supplied by Sigma Aldrich) was prepared just
before plate setup in 20 mM HEPES pH 7.5,
150 mM NaCl and 0.5 mM TCEP. 14.5 lL of the
protein/Sypro orange mix was aliquoted into 384-
well plates and sealed. Each experiment was
done in triplicate. Thermal melting experiments
were carried out using a QuantStudio Real Time
PCR machine (Applied Biosystems). The plates
were first equilibrated at 25 �C for 2 min in the
PCR machine before starting the thermal melting
experiment upon which the plates were heated at
0.05 �C sec�1 from 25 to 99 �C. The fluorescence
intensity was recorded using the ROX filters under
continuous collection. Raw fluorescence data
were extracted from the QuantStudio Real-Time
PCR software and analysed using the Applied
Biosystems Protein Thermal Shift software.
Calculated derivative Tm values for each of the
three repeats were extracted and the average
values calculated.
Hydrogen-deuterium exchange mass
spectrometry

HDX-MS experiments were carried out using an
automated HDX robot (LEAP Technologies, Fort
Lauderdale, FL, USA) coupled to an M-Class
Acquity LC and HDX manager (Waters Ltd.,
Wilmslow, Manchester, UK). Analysis of the
CDK2-cyclin A-p27 and CDK2-cyclin A-SKP1-
D20SKP2 complexes was carried out separately
and so were plotted individually. All samples were
diluted to 10 mM in equilibration buffer (50 mM
potassium phosphate buffer pH 7.4) prior to
analysis. 30 ml sample was added to 135 ml
deuterated buffer (10 mM potassium phosphate
buffer pH 7.4) and incubated at 4 �C for 0.5, 1, 2,
10 or 60 min. Following the labelling reaction,
samples were quenched by adding 50 ml of the
labelled solution to 100 ml quench buffer (50 mM
potassium phosphate, 0.05% DDM pH 2.2) giving
a final quench pH ~ 2.5. 50 ml of quenched sample
(ca. 24 pmol) were passed through an
immobilized Ethylene Bridged Hybrid (BEH)
pepsin column (Waters Ltd., Wilmslow,
Manchester, UK) at 500 ml min�1 (20 �C) and a
VanGuard Pre-column Acquity UPLC BEH C18
(1.7 mm, 2.1 mm � 5 mm, Waters Ltd., Wilmslow,
Manchester, UK) for 3 min in 0.3% formic acid in
water. The resulting peptic peptides were
transferred to a C18 column (75 mm � 150 mm,
Waters Ltd., Wilmslow, Manchester, UK) and
separated by gradient elution of 0–40% MeCN
(0.1% v/v formic acid) in H2O (0.3% v/v formic
acid) over 7 min at 40 ml min�1. Trapping and
gradient elution of peptides was performed at 0 �
C. The HDX system was interfaced to a Synapt
G2Si mass spectrometer (Waters Ltd., Wilmslow,
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Manchester, UK). HDMSE and dynamic range
extension modes (Data Independent Analysis
(DIA) coupled with IMS separation) were used to
separate peptides prior to CID fragmentation in
the transfer cell.49 HDX data were analyzed using
PLGS (v3.0.2) and DynamX (v3.0.0) software sup-
plied with the mass spectrometer. Restrictions for
identified peptides in DynamX were as follows: min-
imum intensity: 1000, minimum products per MS/
MS spectrum: 5, minimum products per amino acid:
0.3, maximum sequence length: 25, maximum ppm
error: 5, file threshold: 3/3. Following manual cura-
tion of the data, PAVED was used42 to determine
areas of the protein showing significant differences
in exchange between the states. Briefly, for each
time point and each amino acid residue in the
sequence, the mean relative fractional uptake was
calculated from all peptides covering that amino
acid where the amino acid is not at the N terminus
of the peptide. Analysis of variance and post-hoc
Tukey tests were used to determine significant dif-
ferences (p < 0.05). For each region of significant
difference, a representative peptide was chosen
for the following discussion.

Small angle X-ray scattering and model
building

The SKP1(D38-43, D69-83)-SKP2 (20–140-D60-
74)-CDK2-cyclin A complex was purified by size
exclusion chromatography in 20 mM HEPES
150 mM NaCl 1 mM DTT pH 7.0 at a final
concentration of 5 mg ml�1. On the BL21
beamline at the Diamond Light Source the
complex was injected though a HPLC-size
exclusion column collecting 490 individual SAXS
frames (Supplementary Table 3). Fractions were
analyzed at 10 �C, using an X-ray wavelength of
12.4 KeV at a detector distance of 4.014 m,
resulting in the momentum transfer range of
0.004 �A�1 < q < 0.4420 �A�1. The average and the
median were calculated from peak fractions
subtracted from selected buffer frames of the
column void. Data were scaled, merged and
analyzed using Scatter3.50 To generate the model,
a SKP2 fragment (28–45) was built in MOE
(2018.1), energy minimized and subject to con-
former generation. A randomly selected conformer
was docked to cyclin A (PDB 1VIN) in MOE using
the MRAIL and SSMS motifs as targeted binding
sites. Best solutions were subject to molecular
dynamics for refinement and the resulting model
with the best interface area (as analyzed by PDBe-
PISA (v1.52)) was used as a starting model to
extend the peptide N-terminally to the full fragment
17–45 (ATSFTWGWDSSKTSELLSGMGVSALE
KEE). The extended model was refined in molecu-
lar dynamics simulation. A 35 dummy atom linker
was introduced to connect the peptide to
SKP1-SKP2(Fbox) (PDB 2AST). Ab initio molecular
bead models were generated using DAMMIF.51

Rigid body modelling carried out within CORAL52
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gave a Chi square fitting of 1.45 with the experimen-
tal data. The volume-adjusted (‘filtered’) average of
these models (damfilt.pdb) was converted into a
map using molmap and visualized in ChimeraX.53
Crystallization and structure determination

CDK2-cyclin Amut5 was concentrated to
5.6 mg ml�1 in HEPES 20 mM pH 7.6, NaCl
150 mM, DTT 1 mM. Crystallization trials were set
up at 4 �C using the sitting drop vapor diffusion
method. Crystals were grown in condition B10 of
the JCSG + crystallization screen (Molecular
Dimensions) composed of 200 mM K/Na Tartrate,
20% PEG 3350. They were subsequently
harvested using fibre loops and flash-cooled in
liquid nitrogen, using 20% PEG400 as cryo-
protectant. X-ray diffraction data were collected at
100 K at the Diamond Light Source (Didcot, UK),
beamline I04-1 operating at a wavelength of
0.92 �A. The automatic molecular replacement
program MOLREP (within the CCP4 suite.54 was
used to calculate molecular replacement solutions
and the correlation coefficients. Model building
was done using Coot.55 The final model has 0.3%,
1.8% and 1.4% defined as Ramachandran, side-
chain or RSRZ outliers (wwPDB X-ray structure val-
idation report). Structural figures were prepared
using the CCP4 molecular graphics program
CCP4MG.56 Statistics generated from X-ray crys-
tallography data processing, refinement, and struc-
ture validation are displayed in Supplementary
Table S1.
Kinase assays

Non-phosphorylated p27 substrate complexes
were assembled by incubating co-expressed
CDK2D127A-cyclin A-p27 with an excess of either
SKP1-SKP2-CKS1 or SKP1-SKP2_6A-CKS1 and
subsequently purified using a Superdex 200
column equilibrated in 20 mM Tris-HCl pH 7.8,
300 mM NaCl, 0.5 mM TCEP, 5% glycerol. Kinase
assays were carried out in SEC buffer
supplemented with 0.75 mM ATP, 2 mM MgCl2,
0.1mg ml�1 BSA. 2.5 nM CDK2-cyclin A was
incubated with a 2170 nM of substrate complex at
15 �C and the reaction was stopped after 5, 10
and 20 min by addition of Laemmli buffer at 95 �C
for 2 min, and subsequently analyzed by SDS-
PAGE (Criterion, Biorad). CDK2-cyclin E was
initially assayed using the same conditions and
then subsequently assayed at 0 and 5 min with its
concentration adjusted to 5 nM. Protein samples
were transferred and western blotted using anti
phospho-T187 p27 antibody (Merck, 06–996).
Band intensity was revealed using ECL reagent
(BioRad) and quantified using background
adjusted total band volume with ImageLab
software (BioRad). Assays were carried out with
three biological replicates of catalytically active
CDK2-cyclin A and CDK2-cyclin E as control.
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Other kinase assays were carried out as
described.40 Briefly, phosphorylated CDK2–cyclin
A, selected CDK2-cyclin A mutants, CDK2-cyclin
A-SKP1-SKP2 (full-length SKP1 and full-length
wild-type SKP2 and S64A mutant) and CDK2-
cyclin A-p27M (residues 1–106) were assayed
using the ADP-GloTM assay (Promega) using a
p107 peptide (peptide SPIK + RXL: IGSGVLFQG
PLGSMHPRVKEVRTDSGSLRRDMQPLSPISVH
ER WSSATAGSAKRRLFGEDPPKEMLMDKW)40

essentially as described by the manufacturers. In
brief, in a final volume of 5 ll, reactions were carried
out at room temperature in 40 mM Tris-HCl pH 7.5,
containing 20 mM MgCl2, 0.1 mg ml�1 BSA, and
1.5 nM CDK2–cyclin A or CDK2-cyclin A-SKP1-
SKP2 complex. Peptide dilutions (94–0 lM) were
added to the CDK–cyclin solution and the reactions
were initiated by the addition of 75 or 25 lMATP (as
indicated in Supplementary Table S2). All activity
assays were performed in duplicate or triplicate
(as indicated in Supplementary Table S2) in white
low volume 384-well plates using a PheraStar plate
reader (BMG). Km and Vmax values were obtained
by fitting the data to the equation v = Vmax/
(1 + (Km/[S]) using PRISM (GraphPad).

Cell-based studies

HEK293T (female) cells were propagated in
DMEM supplemented with 10% fetal bovine
serum (FBS) (Corning Life Sciences) and 1%
penicillin/streptomycin/L-glutamine (Corning Life
Sciences). Cyclin A, cyclin A_mut5, SKP2_6A,
SKP2_C2, and SKP2_6A_C2 cDNAs were
inserted into a modified pcDNA3.1 vector
containing an N-terminal FLAG tag by subcloning.
SKP2 cDNA was inserted into the pcDNA3.1
vector containing an N-terminal FLAG/Strep tag.
HEK293T cells were transiently transfected using
polyethylenimine. Twenty-four hours after
transfection, HEK293T cells were collected and
lysed with lysis buffer (50 mM Tris pH 8.0,
150 mM NaCl, 10% glycerol, 1 mM EDTA, 50 mM
NaF, and 0.2% NP-40) supplemented with
protease and phosphatase inhibitors. Lysates
were then immunoprecipitated with anti-FLAG
antibody conjugated to agarose. Elution of the
immunoprecipitation from the anti-FLAG agarose
resin was carried out with 3xFLAG peptide.
Immunoblotting was performed as previously
described.57 Briefly, samples were resolved under
denaturing and reducing conditions using 4–12%
Bis-Tris gels (NuPAGE�) and transferred to a
PDVF membrane (Immobilon-P, Millipore). Mem-
branes were blockedwith 5%nonfat driedmilk, then
incubated with primary antibodies overnight at 4 �C.
After washing the membranes, secondary antibod-
ies coupled with horseradish peroxidase were
applied (Amersham-GE). Immunoreactive bands
were visualized by enhanced chemiluminescence
reagent (Thermo Fisher Scientific) and signal was
acquired using ImageQuant LAS 400 (GE). The fol-
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lowing antibodies were used for immunoblotting:
anti-CUL1 (Santa Cruz Biotechnology, sc-11384,
1:500), anti-FLAG (Sigma, F7425, 1:2000), SKP2
(Invitrogen, 32–3300, 1:1000). Antibodies against
CKS1, SKP1, cyclin A, cyclin B, CDK1 and CDK2
are homemade from the Michele Pagano lab.

Accession Numbers

The coordinates and the structure factors have
been deposited in the Protein Data Bank under ID
code 6SG4. Other data are available from the
corresponding author upon reasonable request.
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