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Abstract

The protein p27, a prominent regulatory protein in eukaryotes and an intrinsically disordered protein (IDP),
regulates cell division by causing cell cycle arrest when bound in ternary complex with cyclin-dependent
kinase (Cdk2) and cyclins (e.g., Cdk2/Cyclin A). We present an integrative study of p27 and its binding to
Cdk2/Cyclin A complex by performing single-molecule multiparameter fluorescence spectroscopy, stopped-
flow experiments, and molecular dynamics simulations. Our results suggest that unbound p27 adopts a
compact conformation and undergoes conformational dynamics across several orders of magnitude in time
(nano-to milliseconds), reflecting a multi-step mechanism for binding Cdk2/Cyclin A. Mutagenesis studies
reveal that the region D1 in p27 plays a significant role in mediating the association kinetics, undergoing
conformational rearrangement upon initial binding. Additionally, FRET experiments indicate an expansion of
p27 throughout binding. The detected local and long-range structural dynamics suggest that p27 exhibits a
limited binding surface in the unbound form, and stochastic conformational changes in D1 facilitate initial
binding to Cdk2/Cyclin A complex. Furthermore, the post-kinase inhibitory domain (post-KID) region of p27
exchanges between distinct conformational ensembles: an extended regime exhibiting worm-like chain
behavior, and a compact ensemble, which may protect p27 against nonspecific interactions. In summary, the
binding interaction involves three steps: (i) D1 initiates binding, (ii) p27 wraps around Cdk2/Cyclin A and D2
binds, and (iii) the fully-formed fuzzy ternary complex is formed concomitantly with an extension of the post-
KID region. An understanding of how the IDP nature of p27 underpins its functional interactions with Cdk2/
Cyclin A provides insight into the complex binding mechanisms of IDPs and their regulatory mechanisms.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

A significant fraction of the eukaryotic proteome is
unable to adopt a proper fold autonomously. These
proteins are called intrinsically disordered proteins
(IDPs). In fact, in silico prediction estimates that
30e40% of eukaryotic protein sequences contain
long disordered regions under physiological condi-
tions [1], and, so far, more than 800 IDPs are
available in the DisProt database [2]. It is now widely
thors. Published by Elsevier Ltd. This is
ses/by-nc-nd/4.0/).
recognized that both disordered and ordered seg-
ments contribute to the activity of the proteins [3] and
that these disordered regions can adopt ordered
configurations or maintain functional disorder when
bound to ordered domains [4e8]. Further, investiga-
tions of IDPs have shown that they can switch
between conformational ensembles while maintain-
ing their dynamic, disordered nature [9e14]. This
switching behavior can occur stochastically for
isolated IDPs [12] or can be induced through binding
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Fig. 1. Schematic representation of p27 and labeling
sites, and cartoon representing p27 bound to Cdk2/
Cyclin A. (a) Schematic diagram for p27 full-length
protein. We show cysteine substitutions used for labeling
along with the kinase inhibitory domain (KID). KID contains
domain 1 (D1, light red), linker helix (LH, blue), domain 2
(D2, dark red). We refer to the remaining C-terminal
residues as the post-KID region (PKR, dark yellow). (b)
The interaction of p27KID with Cdk2/Cyclin A complex is
shown based on the deposited crystal structure in the PDB
(PDB: 1JSU) [18] and molecular dynamics simulations
[59].
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interactions [13] or post-translational modifications
like phosphorylation [14].
A prominent example of such a disordered-to-

ordered transition upon binding is the multistep
binding mechanism of p27Kip1 (p27). p27 is a
prototypical IDP that belongs to the Kip family of
cyclin-dependent kinase inhibitor proteins. p27
regulates eukaryotic cell division by interacting with
several cyclin-dependent kinase Cdk2/Cyclin com-
plexes, phosphorylation, ubiquitination, and protea-
somal degradation [15,16]. Mis-regulation of p27
function is significant in the progression of epithelial
cancers, including those of colon, breast, prostate,
lung, and ovary, as well as of brain tumors and
lymphomas [17]. The crystal structure of the p27
kinase inhibitory domain (KID) in complex with Cdk2/
Cyclin A has provided insights into the mechanism
by which p27 blocks the activity of the complex. p27
binds the Cdk2/Cyclin A complex by inserting Tyr88
of the KID domain into the ATP-binding pocket of
Cdk2, thereby preventing catalytic activity [18]. This
binding mode was among the first to be studied due
to its functional importance and involvement in
disease [19]. Regulation of p27 occurs via Tyr88-
phosphorylation by nonreceptor Tyr kinase (NRTK)
Lyn and oncogene product BCR-ABL followed by
intramolecular phosphorylation by Cdk2 at Thr187.
Recently, we have proposed that bound p27
dynamically anticipates its phosphorylation through
its intrinsic flexibility; hence, integrating various
biological signaling inputs that result in altered
Cdk2 activity, p27 stability, and, ultimately, cell
cycle progression [20].
For investigating the mechanism of p27 binding

with Cdk2/Cyclin A, we used single-molecule F€orster
Resonance Energy Transfer (smFRET) [21,22],
single-molecule Fluorescence Anisotropy (smFA),
stopped-flow kinetics studies, and replica-exchange
discrete molecular dynamics simulations (rxDMD)
[23]. Previously, we used a similar approach to
identify distinct conformational states in a protein
exhibiting fast dynamics by integrating smFRET and
rxDMD [20]. Results of this study suggest that p27
undergoes a multi-step binding mechanism involving
initial Cdk2/Cyclin A complex recognition by con-
formational selection followed by local induced
folding in the binding region and further expansion
to complete the ternary complex. Moreover, we find
that the fully disordered region D1 in p27 serves as
the guiding region for interaction with Cyclin A. In
each step, the intrinsic flexibility in p27 dictates the
interactions with the Cdk2/Cyclin A complex. This
mechanism steers the interaction pathway toward a
tightly bound inhibitory complex, with Cdk2/Cyclin A
as the template for the final configuration of p27. In
summary, the binding interaction involves three
steps: (i) binding is initiated by domain 1 (D1), (ii)
p27 wraps around Cdk2/Cyclin A by the binding of
domain 2 (D2) and finally (iii) extension of the post-
KID region (PKR) to reach the fully-formed ternary
complex.
Results

Local flexibility of p27 reduced upon binding to
Cdk2/Cyclin A

For detailing how the local structural dynamics of
p27 are affected by interactions with the Cdk2/Cyclin
A complex, we performed single-molecule fluores-
cence anisotropy (smFA) experiments with time-
correlated single-photon counting (TCSPC) data
registration for the unbound p27. We compared
them with recently published results for the bound
form [20]. For these experiments, we labeled
residues in and near the KID region of p27 with
BODIPY-FL, namely sites C29, C40, C54, C75, and
C93, mutated to cysteines (Fig. 1). Fluorescence
emission from each single-molecule event was
collected into parallel and perpendicular detector
channels and used to calculate the average aniso-
tropy per burst. The resulting distributions were
quantified using photon distribution analysis (aniso-
tropy PDA) [24,25]. smFA studies have been
successfully employed to map protein mechanics



Fig. 2. Single-molecule fluorescence anisotropy reveals local dynamics. (a) Two-dimensional frequency
histograms correlate the average fluorescence lifetime (CtGDf) of the BODIPY label on the x-axis vs. scatter-corrected
anisotropy (rG) on the y-axis. We present one-dimensional frequency histograms along the axis and number of bursts at
the right top corner. In grey are the Perrin equation (Eq. (10)) lines for the average rotational correlation time CrGD. There is
a clear shift toward higher CrGD for bound p27 compared to the free form. (b) Both average anisotropy CrGD and rotational
correlation time CrGD of p27 BODIPY-labeled samples increase when bound to Cdk2/Cyclin A (blue) compared to free p27
(green), indicating loss of flexibility throughout p27. Table S1 summarizes fit results and Fig. S1 shows the other variants.

Error bars represent the uncertainties as calculated by error propagation from Table S1, according to s2x ¼ P
i

�
dx
dyi

�2

s2yi .
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and hydrodynamics in a benchmark study [26]. Fig. 2
summarizes the results of the experiments with p27.
For sites C29 and C40 in D1, apparent shifts were

observed in the mean scatter-corrected fluores-
cence anisotropy ðCrGDÞ to higher values in the
bound p27 compared to the unbound protein. C54 in
the LH region shows a similar increase in CrGD, albeit
to a lesser extent. In each case, there was a definite
shift in the rG distribution, exemplified by that shown
in the MFD histogram in Fig. 2a. For C75 and C93 in
D2, the mean values of rG showed little change and
no apparent shift in the overall rG distribution. These
changes were also reflected in the mean rotational
correlation times (CrGD) of the samples (Fig. 2b,
Fig. S1). PDA revealed two long-lived states with
distinct anisotropies, high and low, respectively (rG

H,
rG
L). Further, each free p27 sample exhibited a
significantly higher fraction of the low anisotropy
population compared to bound p27 (Table S1). The
variants with labels in the p27KID region (C29, C40,
C54) showed apparent increases in rG

H, which do not
occur for the samples with labels in or close to the
PKR.
The profound changes in CrGD, calculated accord-

ing to the Perrin equation (Eq. (10)), for the D1 and
LH regions, in contrast to D2, indicate a distinct loss
of local flexibility upon p27 binding with Cdk2/Cyclin
A, suggesting the importance of these regions for
recognition and binding of the complex. Further,
anisotropy results show that p27 was free to sample
high and low anisotropy states both when free and
bound. However, binding resulted in a bias toward
the high-anisotropy, low-flexibility states in the
p27KID region. We conclude that rapid conforma-
tional sampling in the free form is essential for initial
Cdk2/Cyclin A recognition and binding. At the same
time, the high-anisotropy state is necessary for the
binding interaction, becoming rotationally stabilized
in the bound form.

Expansion of p27 upon binding to Cdk2/Cyclin A

For monitoring the overall conformation of p27 and
its long-range dynamics, we used time-resolved,
smFRET experiments (detailed in Methods). We
engineered p27 variants with pairs of cysteine
mutations at the residue pairs 29e54, 54e93, and
75e110 for FRET pair labeling [20]. These samples
were labeled with Alexa 488 and Alexa 647 as donor
and acceptor respectively, as previously reported
[20]. These three FRET variants allowed us to probe
the dynamics and relative distances of residues in
the D1/LH (linker helix) (p27-C29-C54), LH/D2 (p27-
C54-C93) and D2/PKR (p27-C75-C110), represent-
ing the different regions of interaction with the Cdk2/
Cyclin A complex.
We monitored long-range dynamics by observing

correlated changes of two FRET indicators of p27,
the intensity-based FRET efficiency (E) versus the
donor fluorescence-weighted average lifetime (Ct-
D(A)Df). We performed experiments for FRET variants
in the free form and compared them to the data that
we had obtained previously for p27 bound to Cdk2/
Cyclin A (Fig. 3). For example, p27-C29-C54
displayed a unimodal distribution at a high FRET
efficiency with a maximum at E ¼ 0.85 and CtD(A)Df
¼ 1.5 ns in the free form. When bound to Cdk2/
Cyclin A, the population peak shifted to a lower



Fig. 3. Single-molecule F€orster Resonance Energy Transfer reveals the expansion of p27 when bound to Cdk2/
Cyclin A. (a) The two-dimensional frequency histogram correlates the average fluorescence lifetime (CtD(A)Df) with the
FRET efficiency. The mean FRET efficiency for the sample p27-C29-C54 decreases significantly from the free to the
bound form, indicating a longer inter-fluorophore distance. For each FRET indicator, we present the one-dimensional
frequency histograms along the axes and number of bursts at the right top corner. Static FRET lines are in black. In grey,
we display the bleaching line for both conditions. For the p27 alone, we added the dynamic WLC line in magenta, and for
the Cdk2/Cyclin A bound to p27, the dynamic line as a dashed cyan line. (b) Time-resolved fluorescence decays for
extracted DA (dark green), and DOnly populations (light green) from MFD histograms. The instrument response function
(IRF) is shown in grey. Weighted residuals for the respective fit model (multi-exponential for DOnly (Eq. (9)), WLC for free
p27) are shown on top. All bursts from the 2D histograms below E of ~0.18 were considered to belong to the DOnly
population, i.e., either missing an active acceptor and too far D-A distances to allow for significant FRET to happen. Details
are in Methods; Table S2 summarizes fit results. (c) FRET-induced donor decays as a function of critical distance, e(RDA,

C), for seTCSPC analysis (Eqs. (7) and (8)). The black fit lines correspond to the WLC model for the free p27 and the two
Gaussian states model for the p27 bound to Cdk2/Cyclin A. Raw data for free and bound p27 are shown in green and blue,
respectively. We qualitatively compare the D-A distance with the highest probability from e(t) for the different double
cysteine variants of p27 free and bound to Cdk2/Cyclin A. There is a clear shift toward longer RDA;c for bound p27
compared to free p27. (d) The mean interdye distances and error bars calculated according to the WLC model for free p27
(Table 1) in green and according to data in previous work for the complex [20] in blue.
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FRET efficiency at E ¼ 0.45 with CtD(A)Df ¼ 2.5 ns
(Fig. 3a). These changes in the FRET indicators
indicate that, on average, the donor and acceptor are
in closer proximity in the free form of p27 as
compared to p27 bound to Cdk2/Cyclin A. A similar
trend occurred in the two other FRET variants, p27-
C54-C93 and p27-C75-C110, as shown in Fig. S2. It
is worth noting that each of these samples contained
a significant population of molecules with either
donor label only or inactive acceptor, identified by
E~0.0 and CtD(A)Df~ 3.5e4.0 ns.
To quantify the extension between the FRET

labels, we used sub-ensemble time-correlated sin-
gle-photon counting (seTCSPC, see Methods).
Here, we selectively analyzed the “DA” and
“DOnly” (E< ~ 0.15) populations and constructed
photon arrival time histograms. The fluorescence
decays were fit with an interdye distance model that
considers p27 as a Worm-Like-Chain (WLC, Eqs.
(4)e(6)) in the free form (Fig. 3b) and we compared
them with the recently reported population distance
distributions for the complex form [20]. To best
identify the mean interdye distance, we treated the
FRET-induced (DA) donor fluorescence decay, e(t),
via a model-free approach. We obtained e(RDA, C) as
a function of the critical distance by a transformation
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of the time axis to a critical distance axis, as detailed
in Peulen et al. (2017) [27]. We found that the
distribution peaked at 46 Å for the shown variant
p27-C29-C54 (Fig. 3c). For the complex form, the
peak shifted to 51 Å while the shape of the
distribution was unchanged. In contrast, p27-C54-
C93 showed both a shift of the maximum to higher
distance and a reduction of tailing toward high FRET
efficiency in the bound form. Bound p27-C75-C110
exhibited a similar shift again, but with an additional
sharpening of the distribution. Thus, in all cases,
complex formation led to a greater interdye distance,
suggesting a general elongation of p27 molecules
(Fig. S3).
For connecting the sub-ensemble representation

of the WLC with the FRET efficiency distribution, we
overlaid a FRET line on the MFD histograms using
the relevant WLC parameters (Methods). This line
(magenta) describes the polymeric characteristics of
a WLC with a maximum extended length, L, and
persistence length, lp (Fig. 3a and Table 1). The
WLC FRET line accurately captures the distribution
of the FRET population in the MFD histogram for the
free form. In contrast, the previously published
dynamic FRET line (cyan) describes the dynamics
in the ternary complex [20]. Additionally, we calcu-
lated the predicted mean interdye distance from the
WLC model for each sample for later comparison to
simulation (Table 1).
In summarizing the structural changes indicated

by the FRET distributions and fitted models, we
observed that for each labeled variant, the interdye
distance increased significantly upon binding to the
Cdk2/Cyclin A complex. In Fig. 3d, we compared the
average mean interdye distance observed for all
FRET variants in the free form using the WLC model
and bound to the Cdk2/Cyclin A using a weighted
average of the limiting states as previously deter-
mined [20]. Thus, we concluded that p27 acquires a
more expanded configuration when in the ternary
complex. Further, the WLC nature of free p27 allows
the protein to sample a large ensemble of config-
urations spanning from compact to extended,
Table 1. Interdye distances calculated from experiment and fro
worm-like chain model. The maximal length is the fully extend
with a 95% confidence interval. k and lP are reported for both fit
agreement between lP from experiment and simulation, and t
interval set by the experiment. Further, CRDA;SimD calculated dir
from the WLC model. All distances are expressed in angstrom

Sample/value C29eC54

CRDA;ExpD[Å] 30.9 (27.6e38.1)
CRDA;SimD[Å] 37.6
Max Length [Å] 73.8 (62.0e104.0)
kDA;Exp 0.39
kDA;Sim 0.50
lP;Exp[Å] 29.0 (19.0e47.0)
lP;Sim[Å] 37.0
suggesting that p27 stochastic conformational
changes are required for binding with Cdk2/Cyclin
A through in the extended conformation. Addition-
ally, the continuation of intrinsic p27 dynamics,
although biased toward extended configurations
upon binding, is compatible with a dynamic fly-
casting mechanism in the transition to a final, in-
complex, induced configuration.

A dynamic binding to Cdk2/Cyclin A

The interdye distance distributions described
above indicate a dynamic system that exchanges
between an ensemble of local and long-range
configurations on timescales that are faster than
the observation times of individual molecules as
determined by their diffusion properties. To further
quantify the dynamics of p27 in its free form,
including the diffusion time, we used filtered fluores-
cence correlation spectroscopy (fFCS) [28e31].
For fFCS, we deconvolved the observed fluores-

cence signal based on polarization- and spectrally-
resolved fluorescence decays into component sig-
nals assigned to different fluorescence species.
These sorted signals were, in turn, correlated with
standard fluorescence fluctuation algorithms. By
using a multiexponential relaxation model to char-
acterize exchange processes between various
populations at different FRET efficiencies (see
Methods), we globally fit the species Auto- (sACF)
and species Cross-Correlation functions (sCCF) with
Eqs. (11) and (12) for each FRET variant. Fig. 4
shows an exemplary set of correlation curves for the
FRET variant p27-C29-C54 (other variants in
Fig. S4). The fit model includes factors associated
with structural fluctuations, diffusion parameters,
and photophysical effects. The factor associated
with structural fluctuations, and thus, changes in
FRET efficiency, is given by a sum of four
exponential decay terms.
Fig. 4b shows the timescales and amplitudes

associated with these terms as a bar plot. We note
that out of the four relaxation terms, only the fastest
m AV simulations, as well as persistence lengths from the
ed polymer length for the worm-like chain model, reported
s of experimental data and AV simulations. There is general
hose derived from simulation fit well within the confidence
ectly from AV simulations agree with CRDA;ExpD determined
s (Å).

C54eC93 C75eC110

41.8 (40.3e44.8) 39.3 (35.3e44.6)
44.4 37.4
56.1 (50.0e62.0) 67.7 (63.0e73.0)
1.02 0.60
1.00 0.56
57.0 (42.0e94.0) 41.4 (36.0e49.0)
56.1 37.8



Fig. 4. Filtered fluorescence correlation spectroscopy reveals sub-millisecond conformational dynamics. (a)
Filtered FCS auto (left) and cross (right) correlations. Residuals of the fits for species-specific auto (sACF) and cross-
correlation functions (sCCF) are shown at the top of each correlation curve. Global fitting allowed internally consistent
identification of timescales of conformational dynamics and photophysical effects. (b) Extracted anticorrelation terms for
the p27-C29-C54, p27-C54-C93, and p27-C75-C110 variants free in solution. Bar plot for population fractions vs.
correlation time is shown at the top. p27-C29-C54 exhibits the fastest dynamics in the timescale typical of fast chain
dynamics. (c) Characteristic diffusion time for p27 free and bound to Cdk2/Cyclin A was determined by fFCS. The diffusion
time is faster for the free form (green) in all double cysteine variants compared to the bound form (blue). Table S3
summarizes all fFCS fit parameters.
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terms exhibit significant differences between the
FRET variants. In contrast, the amplitudes of the
respective relaxation terms are very similar among
the variants. In particular, we observe that the fastest
term corresponded to the FRET variant p27-C29-
C54, followed by the p27-C54-C93, and lastly, p27-
C75-C110. Because these FRET pairs indicated the
timescales of dynamics observed in the regions D1/
LH, LH/D2, and D2/PKR respectively, we can
conclude that fast exchanges occurring in D1 are
critical in guiding the expansion of p27. In contrast,
the PKR dynamics would serve as the rate-limiting
step in the overall opening.
As part of the fFCS analysis, we also obtained the

characteristic diffusion time tdiff that can be related to
the hydrodynamic radius of p27 free and in complex
using the Stokes-Einstein relationship (Table S3,
S4). A comparison of tdiff for each sample corrobo-
rated our findings from smFRET and seTCSPC data
that p27 expands from its free form to the complex
form (Fig. 4c and Table S3).

Weak interactions guiding p27KID binding with
Cyclin A

Next, to understand the mechanistic details of the
transition between unfolded and bound, expanded
conformations of p27KID, we performed a series of
rapid-mixing experiments with truncated p27KID
(Fig. 1). Intrinsic tryptophan fluorescence in Cyclin
A (W217, W372), Cdk2 (W167, W187, W227,
W243), and p27KID (W60, W76) allowed direct
monitoring of the kinetics of binding. Upon p27KID
binding to Cyclin A, we detected both a very fast and
a slow phase associated with a decrease and an
increase in fluorescence, respectively (Fig. S5). For
p27KID binding, fluorescence kinetics could be
adequately fitted by two exponentials at 25 �C. The
dependence of the observed fast rate on p27KID
concentration is linear, whereas the slow rate is
independent of p27KID concentration (Fig. 5a, dark
grey lines correspond to increasing concentrations
of p27; yellow line for experiments at increasing
concentration of Cyclin A). These data suggest that
after the initial fast binding reaction of p27KID with
Cyclin A, one of the proteins undergoes slower
structural rearrangements associated with less
quenching of the tryptophan fluorescence. The
slope of the linear fit gives the association rate
constant of the reaction (kon¼ 5� 107 M�1s�1), and
the intercept of the line with the Y-axis gives the
dissociation rate constant (koff). Here, the intercept
with the x-axis is close to 0, and therefore, it was not
possible to determine the off-rate precisely. We
measured kinetic traces of p27KID with Cdk2 at a
range of protein concentrations in 5� excess of
p27KID or Cdk2. In these experiments, the binding
kinetics followed a mono-exponential increase in
fluorescence, and a linear regression model was
used to fit the rate constants (Fig. 5a and b and
Fig. S5). The kon of this reaction was very slow
(1 � 10�2 M�1s�1), in agreement with previous
surface plasmon resonance results [19].
In further kinetic experiments, we measured the

intrinsic tryptophan fluorescence during the binding
reaction of p27KID with Cdk2/Cyclin A complex
(Fig. 5c and d). As observed with Cyclin A alone, the
kinetic traces again exhibited a rapid decrease in
fluorescence followed by a slower increase,
although with a relatively smaller amplitude



Fig. 5. p27KID exhibits two-phase binding kinetics with Cyclin A and Cdk2/Cyclin A complex, but slower overall
interaction kinetics with Cdk2 as observed by tryptophan fluorescence. (a) Binding interaction of p27KID with Cyclin
A exhibits a fast phase with a linear dependence on p27KID concentration (kon¼ 5� 107 M�1s�1) and a slow phase that is
independent of p27KID concentration, suggesting that initial recognition is followed by conformational rearrangement in
one of the two proteins. The binding interaction at constant p27KID concentration exhibits linear dependence on the
concentration of Cyclin A. (b) Observed rate constants for the interaction of p27KID with Cdk2 shows only a mono-
exponential increase with Cdk2 or p27KID concentration at constant p27KID or Cdk2, respectively, and overall slower
kinetics (kon ¼ 1 � 10�2 M�1s�1) than p27KID with Cyclin A or complex. Constant concentration conditions for Cdk2 or
p27KID were maintained at 5� molar excess of p2KID and Cdk2, respectively. (c) The kinetic trace of full-length p27
(3.5 mM) mixed with Cyclin A (3.5 mM) shows a rapid decrease followed by a slow increase in the tryptophan fluorescence.
At long times, the fluorescence levels off. (d) The kinetics for the interaction of p27KID with Cdk2/Cyclin A complex. The
rate constant kobs1 is fast, linearly dependent on the concentration of p27, and similar to the rate observed in interaction
with Cyclin A. kobs2 saturates at high concentration of p27KID with a hyperbolic dependence. In contrast, kobs3 has a very
low, concentration-independent phase. We have summarized these data in Table S5.
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(Fig. 5c). Linear regression of the observed fast
initial phase resulted in an apparent kon1 ¼ 3.5 � 10-
7 M�1s�1, which is very similar to the value
observed for the Cyclin A binding reaction. However,
this time we obtained koff1 ¼ 26 s�1. Interestingly,
the kobs2 saturated at higher p27KID concentrations
and the rate constants as a function of protein
concentration fit to a hyperbolic binding model with
Kd1 ¼ 7 mM ± 3 mM and koff1þkoff2 ¼ 32 s�1 (Fig. 5d).
The Kd1 obtained from the hyperbolic fit was like the
Kd1 obtained from apparent koff1 and kon1 (koff1/
kon1 ¼ 0.7 mM). The slowest phase, kobs3, was
concentration-independent and was challenging to
measure due to its small amplitude; it most likely
corresponds to the slowest phase also observed in
the Cyclin A/p27KID binding reaction. The curvature
of the second binding reaction (kobs2, Fig. 5d) implies
that the accompanying Cdk2 is essential for the
conformational transition concomitant with the bind-
ing of p27KID with Cdk2, in agreement with the
previously published induced-fit mechanism [19].
The overall Kd of p27KID with Cyclin A is 20 nM [19],
and our new data suggest that the initial binding step
leads to the formation of a weak encounter complex
(~1e10 mM) with high dissociation rate constant.
Further conformational rearrangements in p27KID
and folding of some residues upon binding con-
tribute to the stronger binding of nM affinity.

Long-range conformational rearrangements in
p27 upon binding to Cyclin A

Since both p27 and Cyclin A contain tryptophan
residues, we used designed cysteine variants of
p27, which accommodate fluorescent dyes at
specific locations in the amino acid sequence. We
used the single cysteine variants with the fluorescent
dyes Alexa 488 (charged) at positions C93 and C75
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and BODIPY-FL (hydrophobic) at positions C29 and
C54. First, we measured the association reaction of
p27 with Cyclin A, followed by dye fluorescence at
>530 nm (Fig. S6). The on-rates observed are very
similar to the ones previously measured by trypto-
phan fluorescence, suggesting that labeling with the
dye does not significantly affect the binding mechan-
ism (Table S5, Figure S7). Interestingly, although the
dyes at positions C54, C75, and C93 were not in the
proximity of the Cyclin A interaction site in D1, all the
kinetic reactions displayed significant changes in
fluorescence upon binding. The C54 data set
displayed an increase, rather than a decrease, in
fluorescence, pointing to a difference in structural
rearrangements in the LH to D1 and D2 regions in
p27 (Fig. S6). These data suggest that long-range
allostery is present in the binding reaction of p27 D1
and LH with Cyclin A in the regions of p27 away from
the binding site and folding of the linker helix at least
partially occurs in the interaction with Cyclin A.

D1 in p27 is the leading recognition site for
binding initiation

We performed the mutagenesis of p27 and
analyzed the fast binding kinetics with Cyclin A by
tryptophan fluorescence, to define the first interac-
tion site in the binding reaction,. The mutants located
in D1 (e.g., A28G, C29A, E39A) and LH (E40A,
A55G, M52A) did not have a significant effect on the
first very fast or the second, slow rate constants
(Fig. S7). Therefore, we designed a truncated variant
of p27 lacking D1 (p27KIDDD1) and measured its
association kinetics with Cyclin A and Cdk2 alone
and with Cdk2/Cyclin A complex (Fig. 6). The
association kinetics of p27KIDDD1 with Cyclin A
alone did not give any fluorescence change,
indicating that the binding did not occur. The binding
reaction of p27KIDDD1 with Cdk2 showed a rapid
increase in tryptophan fluorescence and the con-
Fig. 6. Truncation of p27KID to exclude D1 slows initia
interaction phase of p27KIDDD1 with Cdk2/Cyclin A complex a
fold (kobs ¼ 1.5 � 10�2 M�1s�1) increase in kobs, res
(kobs ¼ 1.0 � 10�2 M�1s�1). (b) The association kinetics for
p27KIDDD1 complex. The binding traces show two exponentia
with p27KID (Fig. 5).
centration dependence of rate constants on protein
concentration resulted in a linear behavior with 1.5
times increase in the kon1 (1.5 � 10�2 M�1s�1) rate
in comparison to the kon1 ¼ 1 � 10�2 M�1s�1 of
p27KID with Cdk2 (Fig. 6a). When we monitor the
binding of p27KIDDD1 with Cdk2/Cyclin A, the
fluorescence increase was mono-exponential,
although the kon rate was now five times faster
(5 � 10�2 M�1s�1) than the kon for Cdk2/p27KID
interaction. The very fast phase was again not
present. In further experiments, we followed the
association of p27KID with the Cdk2/Cyclin A/
p27KIDDD1 preformed complex. Again, we monitor
the binding by tryptophan fluorescence and fit the
binding traces with two exponentials with a very fast
and a slow phase. The very fast phase showed a
linear dependence on protein concentration with the
kon of 1.6 � 107 M�1s�1, whereas the slow phase
was concentration-independent (Fig. 6b). These
data indicate that D1 interaction with Cyclin A is
the main driving force in the association kinetics, and
LH contributes only marginally to the interaction with
Cyclin A and the Cdk2/Cyclin A complex.

Simulations exhibit conformational dynamics of
LH and PKR in free p27

For bridging the smFA, smFRET, fFCS, and
binding kinetics experiments of free p27 through
independent validation, we performed Replica-
Exchange Discrete Molecular Dynamics (rxDMD)
[23] simulations for the full-length p27, totaling 1 ms
of simulation time (Fig. 7a; Methods). The radius of
gyration, Rg, was calculated as a measure of
compactness throughout the trajectory (Fig. 7b).
Qualitatively, p27 rapidly exchanges between at
least two state ensembles with distinct Rg (Fig. 7c).
Fits to Gaussian-distributed states suggested a 3-
ensembles model (Fig. 7d) with population means
Rg of 2.4 nm, 3.0 nm, and 4.4 nm, respectively
l binding to Cyclin A and Cdk2/Cyclin A. (a) The fast
nd Cdk2 shows 5-fold (kobs ¼ 5.0� 10�2 M�1s�1) and 1.5-
pectively, over the interaction of p27KID with Cdk2
the interaction of p27KID with preformed Cdk2/Cyclin A/
l decays with a very fast and a slow phase like experiments



Fig. 7. p27 simulations show rapid changes in the degree of compactness through Rg. (a) Time traces for
simulation bath temperature. Alternating grey and white vertical bars indicate different simulation replicas in 16
temperature baths from 275 K to 350 K. (b-c) Rg and CRDAD traces indicate fast changes in conformation, mirroring FRET
experiments. (d) Rg distribution from simulations, fitted to a three Gaussian-distributed state model (solid red). Individual
Gaussians, with means 23.8 ± 0.3 Å, 30.0 ± 0.6 Å, and 44.2 ± 0.5 Å, respectively, are shown as dotted curves. Three
Gaussians were chosen based on improvement in confidence given by the F-test when compared to one or two-Gaussian
models. Fits were performed with the optimize.curve_fit algorithm from the SciPy Python package [60], and uncertainties
were computed as the square roots of the diagonals of the output covariance matrix. (e) AV-derived FRET distance
distributions for comparison to experiment. Table 1 summarizes the calculated mean interdye distances and persistence
lengths for each FRET variant calculated from simulated and experimental data. The relative persistence lengths
calculated from simulated and experimental data are in general agreement.

3006 p27 multi-step binding mechanism to Cdk2/Cyclin A
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(Table S6). To estimate the diffusion characteristics
of p27, we calculated the ratio of Rg and Rh. Rh, in
the biophysical sense, is calculated as the Stokes
radius under the assumption of hard sphere-like
diffusion, while Rg tells us about the overall
compactness of the molecule. Thus, the ratio Rg/Rh
Fig. 8. Free p27 simulations exhibit conformational e
formation. (a) Time trace of a-helical content for the three pro
well as for the full p27KID region. The C29eC54 range has the
ranges exhibit rapid switching between high and low a-helic
content in each region for each frame of the simulation. p27
content, while both p27-C29-C54 and p27-C54-C93 exhibit lar
structures from simulation representing the trends seen in (b) a
the distribution with lower a-helical content in both (b) and (e)
were identified by screening the trajectory from basins indicate
short segment of a-helical LH in “E”. (g) Experimental MFD plo
dynamic FRET lines (black and cyan, respectively; see Method
cyan dynamic FRET line is calculated for two Gaussian-d
conformation observed in FRET experiments for p27 in comple
of the WLC model. Input parameters for FRET lines can be fo
WLC. We observe the transition between dynamic ensembles
provides shape information indicating how the
diffusive properties of a molecule deviate from the
compact hard-sphere model [32]. The mean Rg was
calculated directly from simulation, as opposed to
the typical methods like SAXS, giving 36.28 Å. The
Rh determined from FCS data is 17.9 Å (Table S4).
nsemble switching and nascent a-helical structure
tein sections encompassed by the FRET labeling sites, as
highest helical content throughout the trajectories, but all

al content. (b-e) Contour plots showing Rg and a-helical
-C29-C54 accounts for most of the maintained a-helical
ge overall changes in a-helical content. (f) Representative
nd (e). “E” corresponds to the extended, higher Rg peak in
while “C” represents the more compact state. Structures
d in (b) and (e) simultaneously. They are aligned along the
t for free p27-C75-C110. Here we have fitted the static and
s), as well as the dynamic WLC model line (magenta). The
istributed states, one corresponding to the bound-like
x with Cdk2/Cyclin A, and the other the fully-extended limit
und in Table S2a for the static line and Table S2b for the
in the compaction and elongation of the PKR.
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The ratio Rg/Rh ¼ 2.03 indicates that the free p27
has an average diffusion behavior deviating quite far
from the compact sphere model; hence, behaving
like a more elongated shape like a prolate ellipsoid
[32]. The elongated shape is consistent with the
behavior observed in the Movie S1, showing switch-
ing between extended and compact configurations
and, even in the compact structures, the LH helix
extending from the compact post-KID region. Addi-
tionally, in silico interdye distances were calculated
via Accessible Volume (AV) simulations (Fig. 7c and
e; see Methods) [33,34] for each simulated structure
and used to calculate the effective persistence
lengths between the labeling sites for direct compar-
ison with experimental persistence lengths accord-
ing to the worm-like chain model (Fig. 3, Fig. S2 and
Table 1). Both regions C29eC54 and C75eC110
exhibited relatively short persistence lengths (l-
P,DA,Sim,29-54 ¼ 37.0 Å, lP,DA,Sim,75-110 ¼ 37.8 Å)
while the region 54e93 exhibited a longer persis-
tence length (lP,DA,Sim,54-93 ¼ 56.1 Å). Further, there
is a general agreement between the mean interdye
distances calculated for experiments and simula-
tions according to the worm-like chain model. More-
over, the simulation displayed that the PKR of p27
undergoes a slow elongation and contraction pro-
cess characterized by residues “bunching” near the
LH (Movie S1). Such secondary structure reorgani-
zation may be crucial in changing the accessibility of
binding sites in the helix for interaction with the Cdk2/
Cyclin A complex or other binding partners and
provide a possible explanation for timescales in the
100s of ms observed by fFCS experiments.
Supplementary video related to this article can be

found at https://doi.org/10.1016/j.jmb.2020.02.010.
To probe the role of secondary structural flexibility

in the structural dynamics of free p27, we processed
the rxDMD simulation trajectories using secondary
STRuctural IDEntification (STRIDE) [35]. The
STRIDE algorithm assigns secondary structures to
a file of protein atomic coordinates through con-
sideration of hydrogen bond energy and backbone
geometric information based on comparison to
protein structures deposited in the PDB. It has
been hypothesized that binding to the Cdk2/Cyclin
A stabilized the LH of p27KID following the folding-
upon-binding mechanism [36], but is unstable in the
free form, and thus, undergoes rapid folding and
unfolding (Fig. 8a). Thus, the percentage helical
contents of p27 regions were plotted with Rg to
identify the subpopulations differentiated by helical
structure formation and p27 compaction (Fig. 8bee).
Across the entire KID region and between the
residue pair C29eC54 used for FRET labeling
sites (the region containing the LH), we identified
subpopulations by correlating the percentage helical
content with Rg (Fig. 8b and e). Changes in Rg were
primarily due to changes in the compactness of the
PKR, leading to two distinguishable ensembles, one
extended and one compact.
Further, the LH appears conserved in a nascent

sense, with the total helical content varying except in
a small region where the LH helix was conserved. In
Fig. 8f, we display representative structures, visua-
lized using VMD [37], for the two major basins. Such
unfolding and refolding of the helical region may be
necessary for target recognition in binding to Cdk2/
Cyclin A, compatible with conformational selection
and induced-fit mechanisms.
Further, for the p27-C75-C110 variant, we observe

switching between conformational ensembles with
extended and compact PKR (Fig. 8g). The dynamic
FRET line (cyan) connects a Gaussian distributed
state intersecting the static FRET line (black line
Fig. 8g) with the FRET line of the WLC model
(magenta line). We conclude that the compact
ensemble may protect against post-translational
modification and nonspecific interactions of p27
before global extension occurs in the bound form.
Discussion and Conclusions

Global expansion in p27 upon binding: a
compact state as a protection against proteoly-
sis and nonspecific interactions

Cyclin A displays a short recognition element for
12 residues of disordered D1 in p27 that is also able
to recognize multiple targets with different structures.
Here, we report that D1 is crucial in initiating the
binding reaction and facilitating short- and long-
distance conformational rearrangements in p27,
leading to folding of specific segments in p27 for
binding to the Cdk2/Cyclin A complex. It is not a
coincidence that the recognition motif lies in the fully
disordered D1 of p27 and does not acquire any
structural elements upon binding to Cyclin A [18].
The fluctuating ensemble of conformations in this
segment even persists in the bound form as a fuzzy
complex [8,20,38]. The structural disorder in D1
presents many advantages to the functionality of
p27, such as specificity without excessive binding
strength and the ability to fulfill more than one
function by binding to different cyclin proteins, so-
called moonlighting [39]. However, p27 contains
residual a-helical structure in its free form [40],
offering some protection from proteolytic degrada-
tion by shielding specific segments and exposing
others. smFRET data and rxDMD simulations show
that p27 samples a mostly compact structural
ensemble in its free form, rather than the

https://doi.org/10.1016/j.jmb.2020.02.010
https://doi.org/10.1016/j.jmb.2020.02.010
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conformation with fully opened-stretched D1-D2
regions and PKR as in the bound form, providing a
limited binding surface and preventing p27 from
having multiple contact points on the target proteins
Cdk2 and Cyclin A at the same time. Therefore, it is
not surprising that the kon rates of p27KID with Cdk2
and Cyclin A differ by many orders of magnitude,
although the Kd values are very similar. The compact
configurational ensemble in p27 may regulate the
interaction pathway with the preferred regions in the
IDP.
Our data demonstrate that a long IDP can interact

with its binding partner by combining conformational
selection and induced-fit mechanisms. Binding of
IDPs is generally characterized by high specificity to
multiple partners, as is the case for p27. IDPs are
frequently involved in signal transduction and cell-
cycle regulation, gene expression, and chaperone
action [4,41] in which high kon and koff rates would be
beneficial. However, many IDP-protein interactions
have sub-mM affinities. The stabilization of these
interactions is usually accompanied by the formation
of transient structural elements, as it is the case for
p27. However, the newly acquired single-molecule
fluorescence data indicate that not all of the
Fig. 9. Cartoon models for the conformational dynamics
Cdk2/Cyclin A. p27 stochastically samples numerous confor
dynamic transitions between distinct compact and extended en
(green). Numbering corresponds to the ordering of conformation
Cyclin A complex. I) Conformational selection of D1 to initiate
from Fig. 8f, to p27(2). II) Induced-folding of LH to facilitate bin
extended PKR corresponds with basin E in Fig. 8f. III) Expans
fuzzy ternary complex. Cartoon models were generated using
segments are immediately accessible, likely shield-
ing p27 from unspecific interactions. The exposure
of D1 may lead to binding recognition and serves as
the primary contact point with Cyclin A. Moreover,
the segmental nature of D1 increases the associa-
tion rate by anchoring only a few amino acids and
forming an encounter complex, which facilitates
further interactions with the complex through pro-
gressive elongation. Interestingly, both electrostatic
and hydrophobic amino acids steer the interaction of
D1 of p27 with the Cyclin A protein.

Multistep mechanism of p27 binding with Cdk2/
Cyclin A

The p27 protein can interact with more than one
partner, and it also connects two globular proteins,
Cdks, and cyclins, via a linker helix (LH) that imparts
structural variability depending on the type of
interacting partner, similar to p21 [42]. Therefore,
the most plausible mechanism to explain the binding
of p27 to Cdk2/Cyclin A complexes engages the
combination of several previously described models.
First, from the ensemble of p27 conformations,
conformational selection takes place in initial binding
of free p27 and the multi-step binding interaction with
mations in the unbound form. Nevertheless, we observed
sembles for unbound p27 via FRET and DMD simulations
al changes during the binding interaction of p27 with Cdk2/
binding corresponds to the transition from p27(1), basin C
ding of D2 to Cdk2 occurs next. p27(3) with folded LH and
ion of the PKR following binding of D2 results in the final,
Illustrate [61].
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to Cdk2/Cyclin A (Fig. 9, transition from p27(1) to
p27(2)) by exposing D1. Next, the local induced
folding mechanism happens through structural
adaptability of the LH in p27 and the binding of D2
to Cdk2 (p27(3)). Finally, extension, characterized by
extension of the PKR wrapped near the Cdk2, allows
for additional interactions of the p27 with other
molecules while bound in the fuzzy complex (Fig. 9).
In line with our results, previous studies have

reported that the unbound form of p27KID behaves
with IDP characteristics for D1 and D2. Further, the
LH region exhibits nascent helical conformation
[43e46], such as that observed in rxDMD simula-
tions performed in this study. Also, circular dichroism
studies [40,46,47] and isothermal titration calorime-
try [47] confirmed the disordered conformation for
p27KID in solution. While we do not observe the
formation of significant secondary structure in the
PKR, rxDMD simulations and FRET variant p27-
C75-C110 corroborate switching between conforma-
tional ensembles in which the PKR is either
generally extended, acting like a worm-like chain,
or compact. This switching may protect free p27 from
nonspecific interactions and post-translational mod-
ifications, which lead to degradation while also
providing the necessary flexibility to expose phos-
phorylation sites in the bound form. Other IDPs have
been observed to exhibit ensemble switching con-
comitant with post-translational modifications like
phosphorylation [9e13]. Our findings suggest that
the dynamics of many IDPs may play a key role in
their biological functions.
The complexity of the interaction opens the

opportunity for a variety of regulation events in
response to cellular signals. For example, fluctua-
tions in D2 allow Y88 to be phosphorylated by NRTK
to reactivate the Cdk2/Cyclin A complex. Further-
more, this phosphorylation event induces long-range
conformational rearrangements and shifts the equili-
brium from bound D1 to an unbound conformation.
Nonetheless, the folded LH in p27 remains tightly
bound to the complex, especially on the interface
with Cyclin A [20], providing the option for p27 to
perform other functions in a partially bound
conformation.
Control of the cell cycle requires flexible architec-

tures rather than rigid assemblies that can be easily
regulated, for example, by post-translational mod-
ifications and degradation. Assembly of p27 with
Cdk2/Cyclin A complexes involves a set of highly
specific and weak transient interactions at play with
more stable interactions, manifesting via conforma-
tional selection followed by induced folding for the
complete binding pathway. p27 functions through
the recognition of a highly flexible disordered
segment in D1 to form a pre-initiation complex, as
shown by smFRET and fast kon rates, in response to
the rapid information flow in the cell. If the interaction
appears to be favorable, further steps take place,
and LH and D2 in p27 adapt to the complex due to
their structural and functional flexibility to precisely
coordinate the activity of the kinase complex. The
dynamics and flexibility of IDPs provide an elegant
mechanism through which they may simultaneously
maintain binding specificity and the ability to interact
with multiple partners under specific conditions. This
type of binding mode is a likely mechanism for many
such regulatory IDPs containing binding motifs in
disordered regions that may adopt partially or fully
folded secondary structural elements upon interac-
tion with their binding partners.
Materials and Methods

Sample preparation

p27 KID (residues 22e104) and full length
(residues 1e198) constructs were prepared by
inserting in the pET28a vector (Novagen) [48] as
described earlier [20,49]. We substituted single or
double cysteine mutations for fluorescence labeling
via site-directed mutagenesis at the positions Glu40,
Glu54, Glu75, and Arg93. Position 29 was a native
cysteine and replaced by Alanine in all constructs
where Cys29 was not used as a labeling site.
All p27 constructs along with human Cdk2 and

human Cyclin A (residues 173e432) are produced in
E. coli and purified using Ni2þ-NTA affinity chroma-
tography followed by the removal of (His)6-tag using
thrombin protease (Novagen) [19]. We further
purified p27 constructs by using reverse-phase
HPLC. Gel filtration method was used to purify
further Cdk2 and Cyclin A. Buffers containing 25 mM
Tris-HCl, 100 mM NaCl, and 0.5 mM TCEP, pH 8.0,
were used for all purification steps. We eluted p27
using 250 mM Imidazole in the Ni2þ-NTA affinity
chromatography.
For fluorescence labeling, we diluted p27 to

50e70 mM in 20 mM Tris-HCl, 10 mM NaCl, pH 8.0
(buffer A) containing additionally 10 mM DTT to
reduce the cysteine residues. Directly before label-
ing, the DTT was removed by buffer exchange to
buffer A using a PD10 column (GE Healthcare)
according to the manufacturer's instruction. Next, we
labeled each variant with Alexa Fluor 647 (acceptor)
maleimide fluorophore (Invitrogen) at a 1:1 ratio
followed by a 1:2 ratio of Alexa Fluor 488 (donor)
maleimide fluorophore (Invitrogen). In between the
two labeling steps, nonlabeled, single- and double-
labeled protein was separated using ion-exchange
chromatography. Only single labeled protein was
subjected to labeling with the two-fold molar excess
of the donor fluorophore.
For anisotropy experiments, single cysteine var-

iants were labeled with BODIPY-FL or Alexa Fluor
488 (Invitrogen) and purified as mentioned above.
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Also, the labeled p27 was analyzed using gel-
filtration chromatography to check for the absence
of degradation or oligomerization.
The presence of F€orster resonant energy transfer

in the FRET samples was verified by observing the
fluorescence emission of the donor (515 nm) and
acceptor (666 nm) after excitation of the donor at
485 nm using a PerkinElmer LS55 Luminescence
Spectrometer.

Single-molecule fluorescence measurements

We performed single-molecule fluorescence ani-
sotropy (smFA) and F€orster resonance energy
transfer (smFRET) measurements by diluting
labeled p27 to a pM concentration in charcoal-
filtered 20 mM Tris-HCl, 10 mM NaCl, pH 8.0. pM
concentration ensured we observed only a single
molecule in the confocal volume at a time. We
observed the proteins in solution for several hours
(2 he10 h), as previously described [20]. For
maintaining kinetic equilibrium when measuring
p27 bound to Cdk2/Cyclin A, we added a preformed
complex with unlabeled p27 at mM concentration.
Single-molecule TCSPC measurements utilize syn-
chronized detectors to time-tag photons collected
from molecules as they diffuse through a confocal
volume in solution. Traversal of this confocal volume
by a single fluorescently-tagged molecule, which is
excited by the laser pulse, results in a rapid increase
in the collected signal, called a burst [50]. This
photon signal was filtered into and collected in
channels corresponding to parallel or perpendicular
polarizations, as well as green (donor) or red
(acceptor) color. We then used data collected from
each channel to calculate a multitude of parameters
characterizing the behavior of the labeled molecules,
including constructing fluorescence decay histo-
grams, calculating fluorescence anisotropy as a
measure of local flexibility and FRET efficiency as
a distance reporter between label fluorophores (Eqs.
(1)e(3)) (for FRET-labeled molecules), and more.
Because we observe only a single molecule at a
time, unlike ensemble methods, we can characterize
the states of individual molecules during their
traversal through the confocal volume. Constructing
multidimensional histograms of fluorescence para-
meters corresponding to these bursts allows sub-
ensemble analysis of molecules with specified
fluorescence characteristics [51,52].
FRET efficiency is related to the inter-fluorophore

distance and can be calculated via time-resolved
donor fluorescence lifetime measurements, as well
as via the intensity-based approach, by calculating
the ratio of acceptor photons overall fluorescence
photons.
E¼ 1

1þ R6
DA

�
R6

0

(1)

ETR ¼ 1� tDðAÞ
tDð0Þ

(2)

EI ¼
FAjD

FDjD þ FAjD
(3)

FDjD and FAjD are the corrected donor and acceptor
fluorescence intensities under donor excitation.
Background correction is performed by subtracting
the relevant mean background signal in the corre-
sponding detection channel (BG and BR for green
and red, respectively) from the raw signal. The
correction parameters a, g, d account for leakage of
donor fluorescence into the acceptor channel,
normalization of the fluorophore quantum yields,
and direct excitation of the acceptor fluorophore by
the donor excitation source, respectively. The
calculation of these correction parameters has
been described in a recent benchmark study [21].
Correction parameters used in this work are detailed
in Table S7. g ¼ gR

gG

FF;A

FF;D
, with gR

gG
as the ratio of red and

green detection efficiencies and FF;A

FF;D
the ratio of

acceptor and donor fluorescence quantum yields, is
calculated for each experiment as the quantum yield
values differ for each sample.
Deviations from the static FRET line, which

describes the relationship between EI and the
donor fluorescence lifetime for static FRET popula-
tions, result from the overestimation of the donor
lifetime due to dynamics that cause changes in the
donor lifetime during individual bursts. The traditional
dynamic FRET line describes the relationship
between EI and the donor fluorescence lifetime
when conformational dynamics occur between two
discrete conformational states and lead to deviation
from the static FRET line. We modeled the two
states as Gaussian-distributed states, and each
point on the dynamic FRET line represents a degree
of fractional mixing between the two states, ranging
from 0% of the first and 100% of the second state to
100% of the first and 0% of the second state. Both
the static and dynamic lines account for variations in
the observed FRET efficiency due to the fluorophore
linker dynamics while tethered to the labeled
molecule. We generated static and dynamic FRET
lines based on the seTCSPC results using the
fluorescence fitting software ChiSurf (https://github.
com/Fluorescence-Tools/chisurf) as described in
https://github.com/Fluorescence-Tools/chisurf/wiki/
Calculation-of-FRET-lines.

https://github.com/Fluorescence-Tools/chisurf
https://github.com/Fluorescence-Tools/chisurf
https://github.com/Fluorescence-Tools/chisurf/wiki/Calculation-of-FRET-lines
https://github.com/Fluorescence-Tools/chisurf/wiki/Calculation-of-FRET-lines
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The worm-like chain (WLC) model describes how
a dynamic population that exhibits WLC dynamics
would diverge from the static FRET line. This model
for calculation of FRET lines additionally corrects for
the effects of fluorophore linker dynamics on the
observed FRET efficiency. As described elsewhere
[27,53] and also as previously [20], the fluorophores
are coupled to the protein by a flexible linker, and
thus, show Gaussian chain like characteristics. In
pWLCðRDAÞ¼ 1� c$R2
DA�

1� R2
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�
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contrast, for p27, we expect some residual and
transient structures to be present. Thus, for fitting,
we decouple the fluorophore motion from the motion
of p27. Using the concept of accessible volumes
d¼

8><
>:

1 k< 1=8

1� 1

0:177
�ðk� 0:111Þ þ 6:40ðk� 0:111Þ0:783 otherwise
[53], we describe the spatial probability distributions
of the dyes by 3-dimensional Gaussians with uniform
width for the donor sD and the acceptor sA (sD¼ sA¼
6 Å) [53]. The resulting distance distribution p(RL,
RDA) between the donor and the acceptor for a single
conformation with a separation distance RL is given
by:

where
pðRL;RDAÞ¼

8>>><
>>>:

if RDA > 0
RL

RDA
,½NðRL;RDA; sAV Þ �NðRL;�RDA; sAV Þ�

if RDA ¼ 0 2

�
RL

sAV

�2

NðRL; 0; sAV Þ
(4)
NðRL;RDA; sAV Þ¼ 1ffiffiffiffiffiffi
2p

p exp
�
� ðRL � RDAÞ2

2,sAV 2

�

and
sAV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Donor þ s2Acceptor

q

Now, we consider for the WLC-distribution (p-
WLC(RDA)) the dye-linker effects by:

pðRDAÞ¼
ð
pWLCðRRDAÞ,pLðRL;RDAÞdRDA (5)

where pWLC(RDA) is given by:
with
a¼ 14:054; b¼ 0:473c¼ 1�ð1þð0:38,k�0:95Þ�5Þ�1=5

and
I0 :Bessel� functionofOrder Zero

We calculated the FRET-induced donor decay of
DA-populations selected from smFRET experi-
ments, as described in reference [27]. Briefly, in a
first step, the fluorescence decay of the FRET
sample IDA(t) is divided by the (modeled) decay of
the single-labeled sample ID0(t) (or from the DOnly
population in smFRET experiments, respectively).
Next, the DOnly fraction, xD0, is subtracted, and
finally, this ratio is multiplied with the time axis t to
yield the FRET-induced donor decay e(t):(7)
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eðtÞ¼
�
IDAðtÞ
ID0ðtÞ � xD0

�
*t (7)

For an intuitive display, we converted the x-axis
from time t to the critical distance RDA,c by the
following relation:

RDA;c ¼R0*

�
t

tD

�1=6

(8)

where R0 is the F€orster radius of the used FRET dye
pair (here 52 Å) and tD the reference fluorescence
lifetime of the donor fluorophore (here, 4 ns). Plotting
e(t) against RDA,c results in a peaking distribution,
which reflects the probability density function of the
underlying distance distribution of the original decay
IDA(t).
For non-WLC fits of seTCSPC Donor Only (DOnly)

data (Table S2), we used a multiexponential model
to describe the donor fluorescence decay:

F ðtÞ¼F0

X
i

aie
�t=tD (9)

where F is the total number of photon counts at time t
after the donor excitation pulse summed over all
excitation pulse cycles, F0 is the number of photon
counts immediately after excitation, and ai are
amplitudes for each exponential decay term.
For fluorescence anisotropy calculations, the

Perrin equation describing the relationship between
fluorescence anisotropy, fluorescence lifetime, and
the rotational correlation time of a molecule is given
by:

r¼ r0
1þ t=r

(10)

r is the observed anisotropy, r0 is the fundamental
anisotropy of the fluorophore, t is the fluorescence
f ¼ bþ 1

NBr

�
1þ t

tdiff

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t

ðu0=z0Þ2tdiff

q
0
B@1þ

X
i

jACije�
t
ti � jACij

1
CA
0
B@1� jBj þ jBje� t

tB

1
CA (11)
lifetime, and r is the rotational correlation time. The
grey lines in Fig. 2 relate the anisotropy and
rotational correlation time as a function of donor
f ¼ bþ 1

NCC

�
1þ t

tdiff

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t

ðu0=z0Þ2tdiff

q
0
B@1�CC

X
i

jXije�
lifetime using Eq. (10). Shown curves are for r ¼
CrGD for each measurement. The mean anisotropy
for each sample, CrGD, was calculated as the
population-weighted average of the corresponding
high and low r values in Table S1.

Fluorescence analysis for single-molecule ex-
periments

We carried out fluorescence analysis for smFA
and smFRET using smMFD, as previously
described [20,51]. We have calculated the aniso-
tropy, distance distribution, and their corresponding
uncertainties using photon distribution analysis
(PDA) [24,25]. PDA utilizes multiple, differently
sized time windows, as well as consideration of
shot noise and background contributions, to con-
struct accurate fluorescence parameter histograms
from single-molecule data and determine the under-
lying populations.
The species-specific interconversion rates were

detected using filtered Fluorescence Correlation
Spectroscopy (fFCS) [30]. fFCS functions similarly
to traditional fluorescence correlation spectroscopy,
except correlations are between signals correspond-
ing to filtered species defined by their characteristic
fluorescence and fluorescence anisotropy decay
characteristics. The total observed signal is treated
as a linear combination of signals from constituent
species, and correlations between these species
exhibit increased relative contributions from kinetic
transitions between species on timescales shorter
than the diffusion time, increasing the ability to
resolve the timescales of these fast transitions
compared to traditional FCS [30]. We performed
the analyses using in-house software that is avail-
able from http://www.mpc.hhu.de/software.html.
fFCS curves were fit according to the following
functions:
Species Auto-correlation:
t
Ri

1
CA
0
B@1� jBje� t

tB

1
CA;

X
i

jXij ¼ 1 (12)

http://www.mpc.hhu.de/software.html
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Species Cross-correlation:

Here, b is the correlation baseline value (typically
1), N is the average number of molecules in the
confocal volume, t is the correlation time, tD is the
diffusion time, u0=z0 is the ratio of the axial to radial
dimensions of the confocal volume, and AC and X
are correlation amplitudes for the corresponding
decay times in exponentials. AC and X terms are of
interest for dynamic changes in FRET. B in the auto-
correlation accounts for photophysical effects of the
dyes and in the cross-correlation for additional long-
timescale processes. The Xi are the cross-correla-
tion amplitudes normalized to 1, with the relative
scaling of the cross-correlation factor CC.

Analysis of sub-ensemble fluorescence decay
histograms (seTCSPC)

The photon arrival time histograms of the donor-
only (Donly) and donor-acceptor (DA) populations
exported from the smFRET experiments were
analyzed using different fit models using the Burst-
Integrated Fluorescence Lifetime scatter-correction
(BIFL-scatter) approach [50]. BIFL-scatter explicitly
takes into consideration the background photons,
which constitute a significant fraction of signal in
single-molecule experiments. We analyzed the DA
populations of both free p27 and p27 in complex with
a multiexponential fit. p27 in the complex was
modeled by two Gaussian distributed distances, as
described previously [20]. Free p27, in contrast, was
modeled using a linker-corrected worm-like chain
model (WLC). We implemented the WLC model as
described by reference [54] and Eqs. (5) and (6).

Discrete molecular dynamics simulations

Discrete Molecular Dynamics (DMD) [23] utilizes
the Medusa force field with discretized potentials
and implicit solvent to calculate interatomic forces in
all-atom molecular dynamics simulations. The impli-
cit solvent model employed in DMD is a CHARMM
19-based energy function and Gaussian solvent-
exclusion model detailed in reference [55]. In this
approach, charge-charge interactions are approxi-
mated by a distance-dependent dielectric constant,
while self-energy contributions are handled by the
exclusion model. For this study, we used the pDMD
software package to run all-atom replica exchange
simulations [56] for the full-length p27. We obtained
the simulation input structure by using pDMD to
construct the p27 sequence found at UniProtKB e
P46527 as an extended chain [57]. After an initial
equilibration run of 50000 time steps (~2 fs per time
step), sixteen replicas of the input structure were
allowed to exchange between sixteen temperature
baths equally spaced from 275 K to 350 K, held at
constant temperatures according to the Andersen
Thermostat [58]. The exchange probability for each
pair of replicas with temperatures Ti and Tj and
energies Ei and Ej is given by

p¼min
�
1;exp

��
Ei �Ej

�� 1

kBTi
� 1

kBTj

���
(13)

We calculated the exchange probability every
1000 time steps in the trajectory. The sum of
simulation time from all replicas was 1.027 ms. All
data analysis was performed using VMD [37] scripts
and AvTraj [33] with MdTraj [34] (Python packages).
We performed simulations on the Palmetto Cluster at
Clemson University.

Accessible volume simulations

Accessible Volume (AV) simulations were per-
formed using the AvTraj Python package [33,34].
These AV simulations probe the geometrically
accessible volume for dyes modeled by conjoined
spheres attached to the labeled atom via a linker of
fixed length. This volume is calculated on a grid for
each frame in the simulation trajectory and sampled
for each frame to obtain the mean interdye distance
for that frame and build the FRET distance distribu-
tions for the entire trajectory. The Alexa dyes were
modeled using the Alexa488 and Alexa 647 dye
parameter sets included in the AvTraj package.

Data and code availability

Software for analysis of single-molecule experi-
ments, written in house, can be downloaded from
http://www.mpc.hhu.de/software.html. The fluores-
cence decay histograms were analyzed using
ChiSurf (https://github.com/Fluorescence-Tools/
chisurf). Original data is available upon request
from the authors.
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Figure S1. smFA 2D histograms of p27 single cystein variants free and in complex with 
Cdk2/Cyclin A. (a-f) The average fluorescence lifetime (átD(A)ñf) of the BODIPY label on the 
x-axis vs. scatter-corrected anisotropy (rD) on the y-axis are shown. One-dimensional frequency 
histograms along the axis and number of bursts at the right top corner are shown for each. In 
black, the Perrin equation is added through the center of the population to guide the eye. (f) 
Anisotropy and respective fractions for p27 free and bound to Cdk2/Cyclin A give information 
about local dynamics for the molecule based on global fits using PDA for three time windows 
(Δt =1, 2, and 3 ms) . The corresponding fractions and anisotropy values (rs) for the Low and 
High rs are presented in dark and light colors, respectively. Fit results are collected in Table S1. 
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Figure S2. smFRET efficiency and sub-ensemble fluorescence decays for p27 double 
cysteine variants free and in complex with Cdk2/Cyclin A. (Left) The 2D histogram shows 
that the FRET efficiency E is decreasing from free (green) to the complex-bound form (blue). 
The average fluorescence lifetime (átD(A)ñf) are shown on the x-axis and FRET efficiency E on 
the y-axis (left). For each FRET indicator, 1D frequency histograms along the axis and number 
of bursts at the right top corner are shown. In black the static FRET line and in grey the 
bleaching/folding line for both conditions is shown, while for the free p27 we added the dynamic 
WLC line (magenta) and for the Cdk2/Cyclin A bound p27 the dynamic Gaussian distances line 
(orange). (Middle, Right) Time resolved fluorescence decays for extracted DA (dark green/blue) 
and DOnly populations (light green/blue) are shown. Instrument response function (IRF) is 
shown in grey. Weighted residuals for the respective fit model (multiexponential for DOnly, 
WLC for free p27 and Gaussian distances for bound p27) are shown on top. All burst from the 
2D histograms below E of ~ 0.18 were considered to belong to the DOnly population, i.e. either 
missing an active acceptor and/or a too far D-A distance to allow for FRET to happen. Details 
see Methods and Supporting Methods, fit results are summarized in Table S2. 
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Figure S3. FRET-induced donor decays ε(t) for seTCSPC analysis. (Left) WLC fit of DA-
population, in green the raw data and in black the fit is shown. (Middle) Fit of two Gaussian 
distributed distances for p27 in complex with Cdk2/Cyclin A, in blue the raw data and in light 
grey the fit is shown. (Right) Normalized ε(t) for free (black) and bound (light grey) p27 for 
easier comparison. All p27 FRET variants show a shift to longer distances when bound to 
Cdk2/Cyclin A and a decreased width in distribution. Fit results are summarized in Table S2. 
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Figure S4. Filtered FCS species-specific auto and cross correlation functions of smFRET 
for p27 double cysteine variants free and bound to Cdk2/Cyclin A. Filtered FCS auto (left 
panels) and cross (right panel) correlations for a) p27 C29-C54, b) p27 C54-C93 and c) p27 
C75-C110. Filters were selected by “burstwise” selection based on the FRET efficiency arbitrary 
cutoffs to select for low-FRET (LF) or high-FRET (HF) populations. The integrated 
fluorescence of these bursts corresponds to two independent species. The two sCCF (right, LF- > 
HF and HF->LF) and the sACF (LF->LF and HF->HF) where fitted globally as described in [1]. 
Residuals of the fits for sACF and sCCF are shown at the top of each correlation curve. (d) 
Fractions of the relaxation times. Fit results are summarized in Table S3. 
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Figure S5. Tryptophan fluorescence during binding experiments for the interaction of 
p27KID with Cyclin A, Cdk2, and in ternary complex of Cdk2/Cycline A/p27KIDDD1. a) 
Intrinsic tryptophan fluorescence increases with a very fast phase upon binding of p27KID to 
Cyclin A, followed by a slower phase, indicating fast initial binding followed by internal 
configurational changes. b) Fluorescence increases mono-exponentially for the interaction of 
p27KID with Cdk2. c) Tryptophan fluorescence shows a rapid decrease and a slow increase in 
the binding traces upon the interaction of p27KID with Cdk2/cyclinA/p27KIDDD1 complex. 
 



8 
 

 
Figure S6. The association reactions and kinetics for the interaction of fluorescently 
labeled p27KID with Cyclin A.For these experiments, we labeled residues in and near the KID 
region of p27 with BODIPY-FL, namely sites C29, C40, C54, C75, and C93, mutated to 
cysteines (Fig. 1). Although the C54, C75 and C93 sites are not in the binding region of Cyclin 
A, the kinetic reaction shows a significant change in the fluorescence upon binding. The 
increased fluorescence for C54 in contrast to the other positions represents a different structural 
arrangement in the LH domain of p27 KID. 
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Figure S7. Binding kinetics study for the initial interaction of p27 with cyclin A is 
performed for different mutants of p27 by tryptophan fluorescence. The mutants in p27, 
A28G, C29A & E39G (located in D1) and E40A, M52A & A55G (located in LH), do not show 
any significant effect on the first, very fast or the second, slow rate constants. 
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Table S1. smFA fit parameters for free p27and bound to Cdk2/Cyclin A. 
a) Fit parameter for two state model. Uncertainties were estimated by calculating the cr2 
distribution resulting from variation of each fit parameter and using twice the standard deviation 
as the uncertainty to establish a 95 % confidence interval. Parameters were varied by sampling a 
normal distribution centered at the mean (fit) values given in the table. 

Residue 
number 

free p27 
Anisotropy (Fraction (%)) cr2 

p27 Cdk2/Cyclin A 
Anisotropy (Fraction (%)) cr2 

Low rG High rG Low rG High rG 

29 0.05±0.004 
(80.5±4.0) 

0.17±0.010 
(19.5±16.4) 

1.12 0.08±0.008 
(12.9±10.8) 

0.26±0.002 
(87.1±1.6) 

1.26 

40 0.07±0.002 
(88.3±2.7) 

0.19±0.014 
(11.7±20.4) 

1.22 0.13±0.006 
(57.7±6.9) 

0.25±0.006 
(42.3±9.5) 

1.54 

54 0.06±0.004 
(74.5±4.8) 

0.18±0.010 
(25.5±14.1) 1.32 0.04±0.008 

(30.8±8.4) 
0.23±0.004 
(69.2±4.9) 1.45 

75 0.06±0.0006 
(74.6±5.1) 

0.22±0.012 
(25.4±14.9) 

0.94 0.07±0.010 
(27.2±13.2) 

0.20±0.004 
(72.8±4.9) 

1.26 

93 0.07±0.004 
(43.1±4.2) 

0.26±0.004 
(56.9±3.2) 

1.68 0.08±0.008 
(33.3±7.8) 

0.28±0.004 
(66.7±3.9) 

1.18 

 
b) Comparison of average Anisotropy: (〈"#〉 = &'"#,)*+ + &-"#,./01) and average rotational 
correlation time (〈23〉 = &'2#,)*+ + &-2#,./01), where ρG,Low and ρG,High have been calculated by 
the Perrin equation ("4 "5 = 1 + 7# 2#,5⁄⁄ ). The overall tumbing of the observed molecule is 
reflected by árGñ. For a larger molecule, árGñ is larger. Uncertainties were propagated from a) 
according to the propagation rule 95- = ∑ (<5<=>)

-9=>-/ . 

Samples Free Cdk2/Cyclin A 
árGñ áρGñ [ns] árGñ áρGñ [ns] 

p27 C29 0.07±0.028 1.44±0.75 0.24±0.010 9.31±0.360 
p27 C40 0.09±0.039 1.64±1.17 0.18±0.026 6.45±1.150 
p27 C54 0.09±0.026 1.93±0.70 0.18±0.012 7.05±0.530 
p27 C75 0.10±0.033 2.77±1.17 0.16±0.014 5.20±0.410 
p27 C93 0.17±0.009 8.11±0.54 0.21±0.013 11.51±0.93 
Average 0.10 3.18 0.19 7.90 
stdev 0.02 0.87 0.02 0.68 
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Table S2. seTCSPC fit parameters for free samples. 
a) Fluorescence lifetime fit for DOnly-labeled molecules free in solution 
Sample 
free τ1 [ns] x1 τ2 [ns] x2 τ3 [ns] x3 áτfñ [ns] áτxñ [ns] cr2 

p27 C29 C54 3.80 0.669 1.21 0.331   3.45 2.94 0.99 
p27 C54 C93 3.75 0.762 1.21 0.238   3.52 3.15 1.08 
p27 C75 C110 4.00 0.626 2.43 0.132 1.33 0.242 3.66 2.89 1.09 
 
b) Worm-like chain model for DA-labeled molecules free in solution 
Sample 
free Length* [Å] persistence* [Å] flexibility** xDOnly cr2 

p27 C29 C54 73.8  
[62.0-104.0] 

29.0  
[19.0-40.7] 0.393 0.145 1.08 

p27 C54 C93 65.7  
[62.8-69.4] 

30.4  
[28.9-31.9] 0.463 0.060 1.14 

p27 C75 C110 67.7  [63.0-73.0] 
41.4  
[36.0-49.0] 0.612 0.268 1.21 

*values in brackets show show 95 % confidence interval 
**flexibility is defined as the ratio of persistence length divided by total length 
 
b) Maximum and width of FRET-induced donor decay 

Sample free Cdk2/Cyclin A complex 
Maximum [Å] width* [Å] Maximum [Å] width* [Å] 

p27 C29 C54 46.8 19.0 51.2 18.5 
p27 C54 C93 46.9 18.5 52.1 15.8 
p27 C75 C110 48.9 19.0 53.1 17.0 
*width is determined at 50 % of the maximal height of the converted FRET-induced donor decay 
curve 
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Table S3.  
a) Relaxation rate constants obtained from filteredFCS fit for free p27 and bound to Cdk/Cyclin A. Data was analysed as described 
previously [1]. 

Correlation b NCC/NBr tdiff[ms] ω0/z0 CC tR1 
[µs] X1/AC1 tR2 [µs] X2/AC2 tR3 [µs] X3/AC3 tR4 [µs] X4/AC4 B tB 

[ms] 
p27 C29 C54 

Cdk2/ 
Cyclin 
A 

LF-HF 1.01 0.37 

1.76 3.70 

1.24 

0.058 

0.52 

1.96 

0.17 

22.7 

0.24 

207 

0.07 0.10 

4.03 
HF-LF 1.01 0.29 1.27 0.30 
LF-LF 1.01 0.049 

 
0.35 0.078 0.066 0.047 0.10 

HF-
HF 1.00 0.060 0.37 0.062 0.10 0.023 0.00 

free 

LF-HF 1.00 1.86 

1.36 6.93 

4.94 

0.022 

0.75 

2.63 

0.13 

23.1 

0.069 

297 

0.049 0.16 

5.12 
HF-LF 1.00 0.30 5.72 0.04 
LF-LF 0.99 0.030 

 
0.23 0.080 0.038 0.073 0.01 

HF-
HF 0.97 0.049 0.18 0.087 0.069 0.005 0.81 

p27 C54 C93 

Cdk2/ 
Cyclin 
A 

LF-HF 1.00 0.34 

1.77 3.42 

0.82 

0.058 

0.50 

1.39 

0.12 

18.3 

0.29 

247 

0.09 0.01 

5.76 
HF-LF 1.02 0.20 0.89 0.44 
LF-LF 1.01 0.039 

 
0.30 0.075 0.086 0.084 0.10 

HF-
HF 1.01 0.041 0.35 0.065 0.096 0.033 0.05 

free 

LF-HF 1.01 2.29 

1.29 4.68 

4.60 

0.070 

0.73 

2.27 

0.15 

25.7 

0.07 

363 

0.05 0.12 

4.96 
HF-LF 1.00 0.43 4.66 0.00 
LF-LF 1.00 0.04 

 
0.22 0.05 0.03 0.08 0.00 

HF-
HF 1.01 0.07 0.25 0.10 0.07 0.00 0.79 
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p27 C75 C110 

Cdk2/ 
Cyclin 
A 

LF-HF 1.00 0.69 

1.52 4.05 

2.30 

0.043 

0.77 

1.06 

0.14 

15.1 

0.05 

188 

0.04 0.00 

2.53 
HF-LF 1.01 0.35 0.96 0.35 
LF-LF 1.01 0.076 

 
0.17 0.072 0.11 0.10 0.03 

HF-
HF 1.00 0.053 0.39 0.12 0.088 0.049 0.10 

free 

LF-HF 1.01 1.67 

1.29 6.71 

1.91 

0.13 

0.72 

1.96 

0.12 

23.4 

0.12 

331 

0.04 0.00 

3.80 
HF-LF 1.02 0.57 1.68 0.61 
LF-LF 1.01 0.06 

 
0.24 0.11 0.05 0.07 0.13 

HF-
HF 1.01 0.08 0.24 0.16 0.06 0.01 0.06 

 
b) Errors calculated for a). Errors were calculated by simultaneously sampling all parameters from normal distributions centered at each 
fit value, calculating the χ2 distribution for all sampled paramer values, and using the F-test for the ratio of sampled curve χ2 values to 
the χ2 value for the curves corresponding to the value in a) to define the 95% confidence interval.  
 

Correlation b NCC/NBr tdiff[ms] ω0/z0 CC tR1 
[µs] X1/AC1 tR2 [µs] X2/AC2 tR3 [µs] X3/AC3 tR4 [µs] X4/AC4 B tB 

[ms] 
p27 C29 C54 

Cdk2/ 
Cyclin 
A 

LF-HF 0.18 0.20 

0.23 0.47 

0.11 

0.04 

0.03 

0.82 

0.10 

3.24 

0.14 

49.65 

0.01 0.03 

1.02 
HF-LF 0.09 0.11 0.22 0.19 
LF-LF 0.06 0.01 

 
0.01 0.01 0.01 0.02 0.01 

HF-
HF 0.01 0.02 0.01 0.01 0.01 0.02 0.00 

free 

LF-HF 0.03 0.71 

0.30 0.54 

0.47 

0.03 

0.21 

0.28 

0.05 

2.78 

0.01 

92.76 

0.02 0.06 

0.79 
HF-LF 0.24 0.09 0.52 0.01 
LF-LF 0.35 0.07 

 
0.01 0.03 0.03 0.01 0.01 

HF-
HF 0.01 0.02 0.01 0.01 0.05 0.01 0.09 
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p27 C54 C93 

Cdk2/ 
Cyclin 
A 

LF-HF 0.08 0.10 

.16 0.70 

.013 

0.04 

0.24 

0.61 

0.05 

2.93 

0.17 

52.10 

0.06 0.01 

1.44 
HF-LF 0.08 0.04 0.33 0.02 
LF-LF 0.01 0.01 

 
0.01 0.01 0.01 0.01 0.02 

HF-
HF 0.01 0.01 0.01 0.01 0.01 0.01 0.02 

free 

LF-HF 0.05 0.08 

0.51 3.02 

0.23 

0.04 

0.03 

0.44 

0.11 

5.60 

0.02 

23.87 

0.01 0.03 

1.76 
HF-LF 0.07 0.08 0.17 0.19 
LF-LF 0.26 0.01 

 
0.06  0.03 0.08 0.38 

HF-
HF 0.24 0.01 0.11  0.07 0.01 0.32 

p27 C75 C110 

Cdk2/ 
Cyclin 
A 

LF-HF 0.41 0.02 

0.19 0.98 

0.29 

0.03 

0.17 

0.60 

0.02 

5.55 

0.02 

54.45 

0.01 0.01 

0.98 
HF-LF 0.43 0.13 0.89 0.19 
LF-LF 0.03 0.01 

 
0.01 0.01 0.01 0.02 0.02 

HF-
HF 0.06 0.01 0.01 0.01 0.01 0.01 0.01 

free 

LF-HF 0.10 0.92 

0.22 1.09 

0.28 

0.03 

0.36 

0.67 

0.03 

6.39 

0.03 

81.26 

0.03 0.01 

1.79 
HF-LF 0.06 0.48 0.44 0.60 
LF-LF 0.39 0.01 

 
0.13 0.08 0.02 0.04 0.13 

HF-
HF 0.48 0.01 0.01 0.01 0.01 0.01 0.06 
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Table S4. Radii of hydration (determined from smFRETmeasurements) and gyration. 
 29-54 54-93 75-110 Simulation 
Rh* [Å] 18.86 17.90 17.90  
Rg [Å]    36.28 

*Values for Rh calculated according to Rh=4kB τD T/(6πηω2), with T=298.15 K, τD the diffusion 

time for each sample, η=0.85 mPa*s, and ω2=73900 nm2 the square of the width of the confocal 
volume, determined by measuring the diffusion time of a standard sample with known diffusion 

time (Rhodamine-110, D = 4.7x10-6 cm2/s).\ 
 
Table S5. Kinetic parameters determined by rapid mixing experiments. 
Interacting molecules Ka[M-1s-1] 
p27KID + Cyclin A 5.0x107 

p27KID + Cdk2 1.0x10-2 

p27KID + Cdk2/Cyclin A 3.5x107 

p27KIDΔD1 + Cyclin A  - 

p27KIDΔD1 + Cdk2 1.5x10-2 

p27KIDΔD1 + Cdk2/Cyclin A 5.0x10-2 

p27KID + Cdk2/Cyclin A /p27KIDΔD1  1.6x107 

 
Table S6. Multiple Gaussian Fits for Rg. 
Number of 
Gaussians Means [Å] Amplitudes Standard 

Deviation [Å] p-Value 

1 34.8 1 15.9 0.85 

2 28.1, 43.5 0.58, 0.42 7.1, 10.6 0.91 

3 23.8, 30.0, 44.2 0.22, 0.44, 0.34 3.6, 6.4, 9.8 0.97 

 

Table S7 Correction parameters for smFA and smFRET experiments 
Correction parameters are calculated and implemented as described in [2] 

Sample Correction Parameter Value 
All samples   

 Ratio of green vs. red detection efficiencies 

(gG/gR) 

0.8 

 Ratio of green perpendicular vs. parallel 

detection efficiencies (Gg) 

1.069 

 Spectral cross-talk, α 1.7 % 

 Direct acceptor exchitation, β 1.3 % 

 Optical element depolarization factor, l1 0.0176 

 Optical element depolarization factor, l2 0.0526 

All free single-
labeled BODIPY 
for smFA 

  

 Mean green channel background signal, BG 0.55 kHz 
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All complex single-
labeled BODIPY 
for smFA 

  

 Mean green channel background signal, BG 1.07 kHz 

p27-C29-C54 free   

 Mean green channel background signal, BG 1.62 kHz 

 Mean red channel background signal, BR 1.03 kHz 

 Donor fluorophore quantum yield, ΦF,D 0.61 

 Acceptor fluorophore quantum yield, ΦF,A 0.46 

p27-C54-C93 free   

 Mean green channel background signal, BG 1.62 kHz 

 Mean red channel background signal, BR 1.03 kHz 

 Donor fluorophore quantum yield, ΦD 0.66 

 Acceptor fluorophore quantum yield, ΦF,A 0.46 

p27-C75-C110 free   

 Mean green channel background signal, BG 0.65 kHz 

 Mean red channel background signal, BR 0.42 kHz 

 Donor fluorophore quantum yield, ΦF,D 0.69 

 Acceptor fluorophore quantum yield, Φ F,A 0.42 

p27-C29-C54 + 
Cdk2/Cyclin A 

  

 Mean green channel background signal, BG 1.57 kHz 

 Mean red channel background signal, BR 0.94 kHz 

 Donor fluorophore quantum yield, ΦF,D 0.61 

 Acceptor fluorophore quantum yield, ΦF,A 0.46 

p27-C54-C93 + 
Cdk2/Cyclin A 

  

 Mean green channel background signal, BG 1.57 kHz 

 Mean red channel background signal, BR 0.94 kHz 

 Donor fluorophore quantum yield, ΦF,D 0.61 

 Acceptor fluorophore quantum yield, ΦF,A 0.47 

p27-C75-C110 + 
Cdk2/Cyclin A 

  

 Mean green channel background signal, BG 0.65 kHz 

 Mean red channel background signal, BR 0.42 kHz 

 Donor fluorophore quantum yield, ΦF,D 0.69 

 Acceptor fluorophore quantum yield, ΦF,A 0.42 

 

 
Movie S1 
The supplementary movie represents ~65 ns of the total simulation time. It shows various aspects 
of the p27 dynamics on different timescales, including transient formation and loss of LH helical 

secondary structure, bunching and elongation of the post-KID region near the helix, and global 
compaction and elongation.  
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