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Synopsis

Today, it is widely accepted that proteins that lack highly defined, globular structures, 3D, termed 

“intrinsically disordered proteins (IDPs)”, play key roles in myriad biological processes. Our 

understanding of how intrinsic disorder mediates biological function is, however, incomplete. 

Here, we review disorder-mediated cell cycle regulation by two intrinsically disordered proteins, 

p21 and p27. A structural adaptation mechanism involving a stretchable, dynamic linker helix 

allows p21 to promiscuously recognize the various Cdk/cyclin complexes that regulate cell 

division. Disorder within p27 mediates transmission of an N-terminal tyrosine phosphorylation 

signal to a C-terminal threonine phosphorylation, constituting a signaling conduit. These 

mechanisms are mediated by folding upon binding p21/p27’s regulatory targets. However, residual 

disorder within the bound state contributes critically to these functional mechanisms. Our studies 

provide insights into how intrinsic protein disorder mediates regulatory processes and provide 

opportunities for designing drugs that target cancer-associated IDPs.
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INTRODUCTION

Over the past 15 years, there has been increasing awareness that globular 3D structure is not 

a prerequisite for protein function. While 3D protein structure is required for certain protein 

functions, another class of proteins lack stable secondary or ternary structure under 

physiological conditions and still perform important functions in cells. These proteins are 

termed intrinsically disordered proteins (IDPs). As the number of IDPs that play critical 

biological roles continues to grow, it has been proposed that the classic concept of structure-

function relationships needs to be revised and extended to include IDPs 1,2. Despite broad 

recognition of the biological importance of IDPs, our understanding of disorder-mediated 

biological processes is incomplete. In this review, we provide a general introduction to IDPs 

and discuss how the intrinsic disorder of two prototypical IDPs, p21 and p27, mediate cell 

cycle regulation. These IDPs are of particular importance due to their critical roles in cell 

cycle regulation but also due to their potential as anticancer drug targets 3.

1. IDPs

1.1. Functional features of IDPs

IDPs are involved in various cellular functions, notably in processes involving signaling and 

regulation 4. The highly dynamic features of IDPs enable diverse functions in cells. 

Although detailed information about how intrinsic disorder of an individual protein is 

associated with its specific function is limited, several examples provide insight into 

“disorder-function relationship”.

Often, a single IDP performs multiple functions by associating with various targets to 

perform a specific function, which is mediated by its intrinsic disorder. For example, the cell 

cycle regulatory IDP, p21Cip1 (p21), binds several different cyclin-dependent kinase (Cdk)/

cyclin complexes through structural adaptation to accommodate similar but topologically 

distinct binding sites 5.

Bioinformatics studies have shown that post-translational modifications (PTMs) 

predominantly occur within intrinsically disordered protein regions, which provides 

important regulatory mechanisms in cells 6,7. For example, the cell cycle regulatory IDP, 

p27Kip1 (p27), can switch the activity of Cdks from an inhibited state to an activated state 

through tyrosine phosphorylation 8.

Other biological processes mediated by intrinsic disorder are molecular movement and 

transport, as shown in, for example, motor proteins kinesin 9 and dynein 10, and FG-nups in 

the nuclear pore complex 11. Also, IDPs can serve as scaffolds for the assembly of multi-

component, macromolecular complexes. As shown in several examples, axin 12, CBP 13 and 

BRCA1 14, multiple short interaction motifs in the disordered scaffold proteins 15 confer the 

ability to interact with and promote the co-assembly of many different partners.

1.2. Structural features of IDPs

IDPs have distinct primary structural features compared with those of globular proteins. 

Based on an analysis of the IDPs and intrinsically disordered regions deposited in the 
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DisProt database 16, IDPs are primarily enriched in disorder-promoting residues (polar 

and/or charged amino acids: D, M, K, R, S, Q, P, and E) and are depleted in order-promoting 

residues (hydrophobic amino acids: C, W, Y, I, F, V, L, H, T, and N). Such distinct amino 

acid composition limits formation of highly defined protein structure by these proteins in 

isolation.

Although IDPs are highly disordered in solution, some retain partially populated secondary 

structure. For example, p21 and p27 in their free state do not exhibit completely random 

conformations but exhibit some degree of partially folded secondary structure, as evidenced 

by NMR spectroscopy, molecular dynamics (MD) simulations and circular dichroism (CD) 

spectroscopy 17–19.

Interestingly, in such many cases, nascent secondary structure in isolation is stabilized to 

form stable secondary structure upon binding to a target. This process is termed coupled 

folding and binding. In the case of p27, its partially populated secondary structure 18 is 

consistent with the secondary structure of its final bound state in p27/Cdk2/cyclin A crystal 

structure 20. This observation strongly suggests that the final bound state-like conformations, 

termed “intrinsically folded structural units” (IFSUs) when observed in isolation prior to 

binding 18, are populated and preferred for interaction with a binding partner. This is an 

example of conformational selection, one of two binding mechanism proposed to describe 

folding and binding by IDPs—conformational selection and induced folding—in which the 

target protein selects a conformation that is close to its bound state from the conformational 

ensemble of an IDP in its free state.

However, the partially populated secondary structure of an IDP does not always reflect the 

bound state. For the IDPs that adopt different conformations when bound to different 

partners, for example, the C-terminal region of p53 21, the secondary structure of the bound 

state and the intrinsic secondary structural propensity in the free state may differ. In this 

case, even if an IDP assumes a partially populated conformation consistent with binding to 

one of many targets, the generally flat energy landscape of IDPs enables other 

conformations to either be selected or induced to bind other targets. In the induced folding 

mechanism, an IDP binds to its target in a fully disordered state and is induced to fold upon 

binding to its target. For p27, only some regions exhibit IFSUs that suggests the 

conformational selection mechanism and other, highly disordered regions bind targets via 

the induced folding mechanism. Therefore, the p27 binding mechanism is likely a composite 

of the two extremes noted above and this complex behavior is likely exhibited in many other 

IDPs.

2. Functions of p21 and p27

2.1. p21 and p27 as complex regulators of cell cycle

Progression through the mammalian cell cycle is driven by the sequential activation of Cdk/

cyclin complexes (Fig. 1A). Cdk activity is negatively regulated by the Cip/Kip protein 

family. The Cip/Kip family members, including p21, p27, and p57, associate with the full 

repertoire of Cdk/cyclin complexes and inhibit their kinase activities at the G1/S and G2/M 
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checkpoints (Fig. 1A). The binding promiscuity of the Cip/Kip proteins is a functional 

advantage afforded by their disordered features.

Although p21 and p27 were first identified as negative regulators of the cell division cycle 
22,23, later studies have demonstrated that they can positively regulate Cdk/cyclin complexes 
8,24–28. Contrary to the nuclear roles of p21 and p27 in inhibiting Cdk/cyclin complexes, 

their cytoplasmic roles are to mediate the assembly and nuclear import of Cdk4(6)/cyclin D 

complexes 24–2629. Furthermore, phosphorylation of p27 on Tyr 88 relieves the catalytic 

inhibition of Cdk2 8 and Cdk4 (6)27. As for p21, p21 phosphorylation on Tyr 77 also 

partially restores the kinase activity of Cdk2/cyclin A (M. Yoon, C. Park and R. Kriwacki, 

manuscript submitted), providing a mechanism to positively regulate Cdk2 activity. 

Moreover, it has been widely believed that the stoichiometry of p21 relative to Cdk/cyclin 

complexes determines whether a Cdk is active or not. At high levels of p21, Cdk2/cyclin A 

or Cdk4/cyclin D1 have been reported to be active even in the presence of p21 26,28.

Taken altogether, the mechanisms of regulation of Cdk activity by p21 and p27 are much 

more complicated than initially thought, depending on subcellular localization and tyrosine 

phosphorylation of p21 and p27, and the relative levels of p21 and Cdk/cyclin complexes.

2.2. Non-cell cycle functions of p21 and p27

In addition to their roles in cell cycle regulation, p21 and p27 are involved in other cellular 

functions, many of which are independent of Cdk/cyclin complexes. For example, p21 and 

p27 regulate transcription by directly binding to transcription factors, in addition to their 

ability to indirectly suppress transcription of cell cycle-related genes through inhibition of 

Cdk/cyclin complexes. p27 directly interacts with Neurogenin-2 (Ngn-2) via its N-terminal 

region and promotes transcription of its target genes, whereas p21 directly interacts with 

E2F 30, c-Myc31, and signal transducer and activator of transcription 3 (STAT3) 32 and 

inhibits their transcriptional activities.

Both p21 and p27 enhance cell migration by inhibiting the Rho/ROCK/LIMK/Cofilin 

signaling pathway 33 in the cytoplasm. These functions require phosphorylation on specific 

residues to enforce cytoplasmic localization (e.g., Thr157 34 or Thr198 35 on p27; Thr 145 

on p21 36). Cytoplasmic p27 binds to RhoA and inhibits its activation by guanine-nucleotide 

exchange factors (GEFs), resulting in decreased actin stress fiber and focal-adhesion 

formation and subsequent increased cell migration 35. In contrast, cytoplasmic p21 binds to 

ROCK, a downstream target of RhoA, and inhibits its kinase activity, resulting in decreased 

actin stress fiber formation 37.

The unique C-terminal region of p21 directly associates with DNA polymerase δ 
processivity factor (PCNA) and inhibits its activity during DNA replication by blocking 

other DNA replication factors from binding PCNA 38. The C-terminal PCNA-binding region 

of p21 is overlapped with other interacting proteins, for example, the E7 oncoprotein of 

human papilloma virus 16 (HPV-16) 39 and c-Myc 31.

Interestingly, p21 has conflicting roles in apoptosis, having been demonstrated to both 

promote and inhibit programmed cell death. The pro-apoptotic activity of p21 has been 
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attributed to both p53-dependent and p53-independent regulation of the apoptotic effector 

protein, Bax 40. On the contrary, cytoplasmic p21 protects cells against apoptosis both by 

directly binding to pro-apoptotic proteins, including procaspase 3, caspase 8, caspase 10, 

stress-activated protein kinases (SAPKs) and apoptosis signal-regulating kinase 1 (ASK1), 

and inhibiting their pro-apoptotic activities, and by suppressing the induction of pro-

apoptotic genes by Myc and E2F1, thus inhibiting their transcription activity 41.

Other known p21 functions include regulation of DNA repair, senescence, cell 

differentiation, stem renewal and commitment 41–43. Furthermore, it is likely that other roles 

remain to be elucidated. It is remarkable that relatively small proteins such as p21 and p27 

are entangled in such complex interaction networks. Their disordered features enable 

promiscuous protein-protein interactions within complex functional networks.

2.3. p21 and p27 as dual regulators of oncogenesis

p21 was first identified as a mediator of p53 tumor suppressor function by serving as a 

downstream effector of p53-dependent inhibition of cell cycle progression through inhibition 

of Cdk/cyclin complexes at the G1/S and G2/M phase transitions and PCNA during S phase. 

However, such anti-proliferative activity of p21 was challenged by the later finding that it 

can also serve as an oncogene both by promoting cell growth and by inhibiting apoptosis, as 

discussed above.

Now it appears that the oncogenic function of p21 is associated with its cytoplasmic 

localization. As discussed above, when p21 is phosphorylated on Thr 145 by Akt, which lies 

downstream of the anti-apoptotic signaling protein PI3K, p21 is localized to the cytoplasm 
36. Subsequently, cytoplasmic p21 inhibits the activity of pro-apoptotic proteins, mediates 

the assembly and activation of Cdk4(6)/cyclin D, and increases cell migration, invasion and 

metastasis by inhibiting the kinase activity of ROCK.

Interestingly, cytoplasmic mislocalization is also associated with the oncogenic activity of 

p27. Phosphorylation of p27 on Thr 157, Ser 10, or Thr 198 leads to cytoplasmic 

localization of p27, resulting in proliferation of cancer cells 34, promoting migration of 

hepatocellular carcinoma cells 44, or RhoA-dependent promotion of cell migration 35, 

respectively.

Furthermore, Grimmler, et al. 8, discovered that Tyr 88 of p27 was phosphorylated by the 

BCR-ABL fusion oncoprotein in chronic myelogenous leukemia (CML) cells and that this 

modification was associated with p27 ubiquitination and 26S proteasome-dependent 

degradation. As will be discussed in more detail below, phosphorylation of p21 on Tyr 77 

may also lead to oncogenesis through a similar mechanism.

Taken altogether, although p21 and p27 exhibit tumor-suppressing activity by inhibiting 

Cdk/cyclin complexes in the nucleus, they also show oncogenic activity by altered 

subcellular localization and degradation.
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3. Disorder-mediated cell cycle regulation by p21 and p27

3.1. Primary structure of p21 and p27

The kinase-inhibitory function of p21 and p27 is mediated by a highly homologous N-

terminal KID (Fig. 1B). The KID consists of 3 sub-domains, D1, linker helix (LH), and D2. 

Sub-domain D1, spanning 10 residues at the N-terminus of the KID, interacts with cyclin A 

through the RxL cyclin binding motif. The ~30 residues at the C-terminus of the KID, 

termed the D2 sub-domain, bind Cdk2 and inhibit its catalytic activity. The D1 and D2 

domains are connected by sub-domain LH, which adopts a dynamic, helical conformation.

In contrast to conservation within the KIDs, the C-terminal domains of these proteins are 

more diverse, which is thought to mediate the unique aspects of their functions. The 

sequences of these proteins are rich in signaling and interaction motifs that encode diverse 

functionality within relatively short amino acid sequences. Different motifs are utilized 

differently in the three proteins, giving rise to their distinct biological roles.

3.2. Induced structure of p21 and p27 in the Cdk/cyclin-bound state

Highly disordered, isolated p27 19,45, is induced to fold upon binding to its target Cdk2/

cyclin A 20. In 1996, Russo, et al., reported the crystal structure of the p27-KID/Cdk2/cyclin 

A ternary complex (Fig. 2A), providing structural insight into the mechanism by which p27 

inhibits Cdk2 activity. Sub-domain D1 binds in an extended conformation on the surface of 

cyclin A, whereas sub-domain D2 forms a β-hairpin and an intermolecular β-sheet on the 

surface of the N-terminal lobe of Cdk2. Sub-domain LH forms a 22 residue-long α-helix, 

spanning the ~40 Å gap between Cdk2 and cyclin A. These structural features reveal that 

p27 inhibits Cdk2/cyclin A in three different ways. First, the RxL motif within sub-domain 

D1 blocks the substrate binding site on cyclin A. Second, sub-domain D2 displaces the first 

β-strand of Cdk2, remodeling the catalytic cleft. Finally, the inhibitory 310-helix occupies 

the ATP binding pocket of Cdk2.

The NMR secondary 13Cα chemical shift values of p21-KID bound to Cdk2/cyclin A 

indicate that the secondary structure of bound p21-KID is generally consistent with that of 

p27-KID complexed with Cdk2/cyclin A in the crystal structure 5. This suggests that the 

sequence similarity between p21- and p27-KID leads to structural similarity in the Cdk/

cyclin-bound state, and indicates that the two disordered proteins have similar intrinsic 

abilities to experience induced folding.

3.3. Nascent secondary structure of p21 and p27 in their free states

Despite being highly disordered, p21 and p27 do not completely lack secondary structure 

and exhibit partially folded secondary structure in their free states. CD spectra of p27 19 and 

p21 17 indicate a partially formed α-helix, within the LH sub-domain, as evidenced by the 
13Cα secondary chemical shift values 45 (For p21, M. Yoon, C. Park and R. Kriwacki, 

unpublished results). In contrast to the nascent helical conformation of the LH sub-domain, 

only sub-domain D1 exhibits negative {1H}-15N heteronuclear NOE (HetNOE) values 

consistent with a high degree of flexibility 45. Interestingly, this nascent secondary structure 

of p27 45 is similar to that of p27-KID bound to Cdk2/cyclin A, suggesting that, at least for 
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the motionally restricted regions of p27, the conformational selection mechanism provides a 

thermodynamic advantage by reducing the entropic penalty associated with folding upon 

binding. Furthermore, the 13Cα and 13C’ secondary chemical shift analyses of free p21-KID 

(M. Yoon, C. Park, and R. Kriwacki, unpublished results) demonstrate that the nascent 

secondary structure of p21-KID is generally consistent with that of its Cdk2/cyclin A-bound 

structure 5, again suggesting a significant role for the conformational selection mechanism in 

this coupled folding and binding process. Taken together, p21 and p27 may derive 

thermodynamic advantage by assuming highly populated conformations, even before 

associating with their targets, that are similar to their conformations when bound to Cdk2/

cyclin A.

3.4. Sequential binding mechanism of p27

Lacy, et al., provided insights into the mechanism associated with the binding of p27-KID to 

the Cdk2/cyclin A complex in terms of thermodynamics and kinetics, using isothermal 

titration calorimetry (ITC) 45 and surface plasmon resonance (SPR) 46. In the sequential 

binding mechanism identified in these studies (Fig. 2B), the highly dynamic D1 sub-domain 

rapidly binds to cyclin A though its RxL cyclin binding motif, and then LH sub-domain 

folds into an α-helix, finally followed by folding of three IFSUs, a β-hairpin, an 

intermolecular β-strand and a 310-helix within the D2 sub-domain. Rapid association of D1 

sub-domain with cyclin A may be due to the large capture radius of disordered p27 through 

the “fly casting” mechanism 47. This fast initial step is followed by the slow association of 

less flexible, D2 sub-domain with the surface of Cdk2. Furthermore, this sequential binding 

mechanism, which combines induced fit and conformational selection mechanism, is also 

observed for binding to the Cdk4/cyclin D1 complex (L. Ou, B. Waddell, R. Kriwacki, 

unpublished results).

3.5. Binding promiscuity mechanism of p21

Recently, Wang, et al., reported the structural mechanism by which p21 promiscuously binds 

to various Cdk/cyclin complexes 5 (Fig. 3). Unlike the D1 and D2 sub-domains, the LH sub-

domain of p21 exhibits sequence variation among Cip/Kip family members and highly 

dynamic features, as evidenced by analysis of HetNOE values. Inspection of B-factors for 

this region of p27 in the complex crystal structure revealed increased disorder, in contrast to 

a high degree of order observed for sub-domains D1 and D2 20. Furthermore, in this crystal 

structure, the LH sub-domain of p27 exhibited a conformation corresponding to a stretched 

α-helix, elongated over its 22 residue length by about 4 Å. Finally, Wang, et al. 5, deduced 

that helix stretching was responsible for the dynamic features of p21 when bound to Cdk2/

cyclin A, and that this “structural adaptation” by both p21 and p27 was associated with their 

ability to promiscuously bind to the entire Cdk/cyclin repertoire.

Experiments with p21 variants with different length LH sub-domains further confirmed this 

hypothesis. Also, the crystal structures of Cdk4/cyclin D1 48 and Cdk4/cyclin D3 49 revealed 

that the LH sub-domain would have to contract and pivot in order for the D1 and D2 sub-

domains to bind conserved surfaces on the D-type cyclins and Cdk4, respectively (Figure 3). 

The lack of tertiary contacts between the different sub-domains of the p21 and p27 KIDs 
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creates a flat energy landscape that enables structural adaptation while folding upon binding 

to Cdk/cyclin complexes.

3.6. p21 and p27 as flexible signaling conduits

It has been well known that the Ser/Thr phosphorylation of p21 and p27 regulate their 

stability, activity, and subcellular localization. For example, phosphorylation of p27 Thr 187 
50 or p21 Ser 130 51,52 by the Cdk2/cyclin E (A) complexes creates phosphodegrons, which 

are required for recognition by the SCFSkp2 E3 ubiquitin ligase complex for ubiquitination 

and subsequent proteasomal degradation of p21 and p27. Interestingly, Cdk2 phosphorylates 

p21 or p27 when bound to these so-called inhibitors. In other words, p21 or p27 serves as 

both an inhibitor and a substrate of Cdk2. This paradox was resolved by a previous study 

that demonstrated a molecular mechanism by which the activity and stability of p27 is 

regulated 8. In the two step phosphorylation mechanism (Fig. 4), p27 can be phosphorylated 

on Tyr 88 within the inhibitory 310-helix by Abl and Lyn when bound to Cdk2/cyclin A, 

leading to the restoration of Cdk2 activity by ejecting the 310-inhibitory helix from the active 

site of Cdk2. Subsequently, this reactivated Cdk2 phosphorylates p27 on Thr187 in the 

highly flexible C-terminal tail of p27 53 within the same ternary complex via a pseudo-

unimolecular mechanism, resulting in the ubiquitination by SCFSkp2 E3 ligase and 

subsequent degradation.

Furthermore, we reasoned that, due to the functional and sequence similarities between p21 

and p27, the same two-step phosphorylation mechanism may be applied also for p21. 

Indeed, there are critical Tyr and Ser/Thr residues that can participate in this signaling 

cascade in p21, Tyr 77 and Ser 130, equivalent to Tyr 88 and Thr 187 in p27, respectively. 

Also, the intrinsic disorder within the CTD of p21 54 may allow p21 to conduct the Tyr 77 

signal within the KID to Ser 130 signal within the CTD, as observed for p27. Furthermore, 

as discussed above, phosphorylation of Ser 130 has been reported to be a signal for p21 

ubiquitination and 26S proteosomal degradation 51,52. As expected, our biochemical and 

NMR studies show that p21 can be phosphorylated on Tyr77 and that the Tyr77-

phosphorylated p21 couples the signal for Ser 130 phosphorylation by partially restoring the 

Cdk2 activity (M. Yoon, C. Park and R. Kriwacki, manuscript submitted).

This molecular mechanism illustrates how the intrinsic disorder of p21 and p27 allows them 

to function as flexible signaling conduits, enabling transmission of an intramolecular N-

terminal Tyr phosphorylation signal to a C-terminal Ser/Thr phsophorylation site, followed 

by inter-molecular ubiquitination signaling.

CONCLUDING REMARKS

We have reviewed how the intrinsic disorder of p21 and p27 mediates cell cycle regulation 

and have highlighted functional advantages associated with disorder. p21 promiscuously 

binds to various Cdk/cyclin complexes through a helix stretching, structural adaptation 

mechanism. Also, p27 serves as a flexible signaling conduit by transmitting tyrosine 

phosphorylation signals to a threonine degradation signal through the protein, with this 

mechanism facilitated by flexibility and disorder. Although these studies provide molecular 

insights into disorder-function relationship for p21 and p27 in cell cycle regulation, it 
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remains to be elucidated how disorder mediates other cellular functions, for example, 

transcriptional regulation and control of apoptosis. Also, it would be interesting to address 

how p21 or p27 utilizes the same (as for cell cycle regulation) or different disordered regions 

to mediate their various functions and to compare these new functional mechanisms with 

those known to mediate cell cycle regulation.

More complex than initially found, p21 and p27 serve not only as negative regulators of cell 

cycle but also as assembly factors for and activators of several Cdk/cyclin complexes. This 

pro-proliferation effect for p21, due to the positive regulation of Cdk/cyclin complexes 

together with anti-apoptotic activity, makes p21 as an attractive therapeutic target in many 

cancers 55. We believe that the aforementioned studies involving disorder-mediated cell 

cycle regulation provide a structural basis for the design of anti-cancer drugs that target p21 

or p27. Additionally, it may be possible to utilize the concepts associated with disorder-

function relationships that have emerged from studies of p21 and p27 to develop molecules 

that target Cdk/cyclin complexes; such molecules hold promise against cancer as the Cdks 

are valid anti-cancer drug targets 56. The highly specific, potent peptide-based drug 

inhibiting Cdk activity may be designed using the intrinsically disordered features of p21 

and p27. We believe that this “disorder-based drug design” will open a new door for 

designing and developing anti-cancer drugs, as more intrinsic disorder is found in cancer-

associated proteins 4.

Abbreviations:

CD circular dichroism

Cdk cyclin-dependent kinase

CTD C-terminal domain

GEFs guanine-nucleotide exchange factors

HetNOE heteronuclear Overhauser effect

HPV-16 human papilloma virus 16

IDPs intrinsically disordered proteins

IFSUs intrinsically folded structural units

ITC isothermal titration calorimetry

KID kinase-inhibitory domain

LH linker helix

NLS nuclear localization signal

NMR nuclear magnetic resonance

NRTK non-receptor tyrosine kinase

PCNA DNA polymerase δ processivity factor
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Figure 1. The kinase-inhibitory domains (KIDs) of p21 and p27 regulate cell cycle progression .
(A) p21 and p27 inhibit the activity of Cdk1(2)/cyclin E(A) and Cdk1/cyclin B(A) that are 

required for progression from G1 to S phase and for mitosis, respectively. During G1 phase, 

p21 and p27 mediate assembly and activation of Cdk4(6)/cyclin D in the cytoplasm, as well 

as inhibiting their activity in the nucleus. (B) Sequence alignment of the KIDs of p21 and 

p27. Residues identical in two sequences are shaded pink and similar residues are shaded 

green. The sub-domains are schematically represented as D1 (cyan), linker helix (LH) (light 

yellow), and D2 (blue). The secondary structure of p27-KID bound to Cdk2/cyclin A 20 is 

illustrated. (C) Domain organization in p21 and p27. The KID, PCNA-binding domain 
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(PCNA), secondary cyclin–binding domain (Cy2), and QT domain (QT) are illustrated lime, 

pink, green, and purple, respectively.
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Figure 2. p27-KID binds to Cdk2/Cyclin A through a two-step mechanism.
(A) Crystal structure of p27-KID in complex with Cdk2 (orange) and cyclin A (magenta); 

PDB accession number 1JSU. Sub-domain D1 (cyan) binds and inhibits substrate binding to 

cyclin A, while sub-domain D2 (blue) binds Cdk2, inserting a 310 helix into the ATP binding 

pocket of Cdk2. Sub-domain LH (light yellow) connects the other two sub-domains. (B) 
Sequential mechanism of p27-KID association with Cdk2/Cyclin A; first, the highly 

disordered and dynamic RxL motif within sub-domain D1 rapidly associates with cyclin A; 

next, sub-domain LH fully folds, positioning sub-domain D2 near Cdk2; finally, sub-domain 
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extensively folds upon binding and remodeling Cdk2 (adapted and modified from Lacy, et 
al. 45). Cdk2 and Cyclin A are colored as in panel A.
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Figure 3. The stretchable linker helix of p21 mediates promiscuous binding to the various Cdk/
cyclin complexes.
(A) Comparison of a standard α-helix, 22 residues in length, with the LH sub-domain of p21 

that structurally adapts through helix stretching to accommodate binding to Cdk2/cyclin A. 

(B) The binding of p21 to different Cdk/cyclin complexes requires structural adaptation by 

the LH sub-domain through helix stretching/contraction and pivoting; the distance between 

conserved features of the p21 binding sites within the Cdk and cyclin subunits are illustrated 

for Cdk2/cyclin A (orange/magenta) and Cdk4/cyclin D3 (blue/pink). The locations of and 

distance between Val 30 and Leu 255, and Leu 34 and Leu 101, respectively, within these 

two complexes are illustrated. (adapted and modified from Wang, et al. 5).
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Figure 4. p27 serves as a signaling conduit that controls cell cycle progression.
Cell cycle is arrested by p27 inhibition of Cdk/cyclin complexes. The inhibitory effect is 

released through phosphorylation of p27 at Tyr 88 by NRTKs (Step 1). The now liberated 

kinase active site is able to phosphorylate p27 at Thr 187 (Step 2), which in turn recruits the 

SCFSkp2 ubiquitin ligase complex (Step 3). Poly-ubiquitinated p27 is finally degraded by the 

26S proteasome (Step 4). Note that the ubiquitination pattern shown in the figure is solely 

for illustrative purposes. Figure adapted and modified from Galea, et al.57.
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