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Intrinsically disordered proteins (IDPs) that lack a unique 3D
structure and comprise a large fraction of the human proteome
play important roles in numerous cellular functions. Prostate-
Associated Gene 4 (PAGE4) is an IDP that acts as a potentiator of
the Activator Protein-1 (AP-1) transcription factor. Homeodomain-
Interacting Protein Kinase 1 (HIPK1) phosphorylates PAGE4 at
S9 and T51, but only T51 is critical for its activity. Here, we identify
a second kinase, CDC-Like Kinase 2 (CLK2), which acts on PAGE4 and
hyperphosphorylates it at multiple S/T residues, including S9 and
T51. We demonstrate that HIPK1 is expressed in both androgen-
dependent and androgen-independent prostate cancer (PCa) cells,
whereas CLK2 and PAGE4 are expressed only in androgen-
dependent cells. Cell-based studies indicate that PAGE4 interaction
with the two kinases leads to opposing functions. HIPK1-phosphorylated
PAGE4 (HIPK1-PAGE4) potentiates c-Jun, whereas CLK2-phosphorylated
PAGE4 (CLK2-PAGE4) attenuates c-Jun activity. Consistent with the
cellular data, biophysical measurements (small-angle X-ray scattering,
single-molecule fluorescence resonance energy transfer, and NMR)
indicate that HIPK1-PAGE4 exhibits a relatively compact conformational
ensemble that binds AP-1, whereas CLK2-PAGE4 is more expanded and
resembles a random coil with diminished affinity for AP-1. Taken
together, the results suggest that the phosphorylation-induced
conformational dynamics of PAGE4 may play a role in modulating
changes between PCa cell phenotypes. A mathematical model
based on our experimental data demonstrates how differential
phosphorylation of PAGE4 can lead to transitions between
androgen-dependent and androgen-independent phenotypes by
altering the AP-1/androgen receptor regulatory circuit in PCa cells.
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Contrary to conventional wisdom that structure defines pro-
tein function (1), it is now increasingly evident that a large
fraction of the human proteome is composed of intrinsically disor-
dered proteins (IDPs) lacking rigid 3D structure (2-4). IDPs exist as
conformational ensembles that are highly malleable, facilitating their
interactions with multiple partners. These interactions are “wired” to
form scale-free networks (5, 6) that represent the main conduit of
information flow in the cell. Furthermore, the organization and
properties of such protein interaction networks are evolutionarily
conserved, underscoring their functional significance (7).

By occupying hub positions in such networks, IDPs play critical
roles in many biological processes, such as transcription, translation,
and signaling (8, 9). IDPs also participate in higher order phenom-
ena, such as regulation of the cell division cycle (10-12), circadian
rhythmicity (13, 14), and phenotypic plasticity (15, 16). Recent evi-
dence suggests that several IDPs can act in a prion-like manner to
create protein-based molecular memories that drive the emergence
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and inheritance of biological traits (17), further emphasizing their
importance in state (or phenotype) switching. Moreover, if overex-
pressed, IDPs have the potential to engage in multiple “promiscuous”
interactions with other proteins, which can lead to changes in phe-
notype and pathological states (18, 19). Therefore, there is consid-
erable interest in understanding how IDPs interact with their
biological targets.

The most prevalent view is that IDPs can undergo transitions
from disordered conformational ensembles to folded structures
upon binding to their cognate targets, a phenomenon referred to as
“coupled folding and binding” (20). Two conceptually opposing
ideas have been advanced to explain this phenomenon (21).
Whereas the “induced fit” mechanism envisages folding of the IDP
after association with the target, the “conformational selection”
mechanism suggests that all potential conformations of the en-
semble exist a priori and the ligand selects the most favored pre-
folded state from these conformations. However, as observed in the
case of pKID/KIX and KIX/Myb interactions (22) and those in-
teractions involving the C-terminal domain of the measles virus
nucleoprotein (23), some combination of these two extremes may
also be possible, suggesting that the intrinsic secondary structure
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propensities of the IDPs determine their binding mechanisms.
Furthermore, some IDPs can shift the overall conformation of their
ensembles while remaining disordered (24). Thus, some IDPs may
be only marginally unstable and can be tipped to populate preferred
conformations to become functionally active. Such changes in the
structural ensemble sampled by the IDPs are similar conceptually to
the conformational (fold) switching events seen in some marginally
stable (“metamorphic”) folded proteins in response to mutation or
environmental triggers that result in new functions (25). On the
other hand, some IDPs, such as the nematode anhydrin (26), an
N-terminal region of the human c-Myc (27), and the human Prostate-
Associated Gene 4 (PAGE4) (28), that have important and pleo-
tropic functions have been shown to remain largely disordered even
while interacting with their biological targets.

PAGEA4 is a cancer/testis antigen that is intrinsically disordered
(>95%) (29) and is remarkably prostate-specific in the human male
(30). It has the hallmarks of a protooncogene, with important roles
in development and differentiation. Thus, the protein is highly
expressed in the human fetal prostate, trophoblasts, and placenta
(31, 32), as well as in reprogrammed induced pluripotent stem cells,
but it is undetectable in the parent somatic cells used for reprog-
ramming (reviewed in ref. 33). However, PAGE4 protein expres-
sion is elevated in prostate cancer (PCa) (31, 34-36), where it is up-
regulated in response to a variety of stress factors (29, 31).
PAGE4 is phosphorylated at S9 and T51 by Homeodomain-
Interacting Protein Kinase 1 (HIPK1), a component of the cellu-
lar stress—response pathway, and functions as a strong potentiator of
the oncoprotein c-Jun (32, 37). c-Jun is also a component of the
stress—response pathway, and forms a heterodimer with members of
the Fos family to produce Activator Protein-1 (AP-1). This group of
early response transcription factors represents a paradigm for
signal-responsive factors with important roles in the control of cell
growth, apoptosis, and stress response (38). Phosphorylation at
T51 is necessary because mutation of this residue to an alanine
abolishes its activity by >90% (37).

By NMR spectroscopy, we had observed that although
PAGE4 occupies a very heterogeneous conformational space, the
polypeptide has local and long-range conformational preferences
that are perturbed by phosphorylation, resulting in population
shifts and altered intramolecular conformational dynamics (28).
Thus, the population of transient turn-like structures increases
upon phosphorylation in an ~20-residue acidic region centered on
T51. Further, consistent with our single-molecule fluorescence
resonance energy transfer (sSmFRET) microscopy results (37), this
central region becomes more compact and more negatively
charged upon phosphorylation with increasing intramolecular
contacts to basic sequence motifs near the N and C termini.
Furthermore, we observed that although flexibility is decreased in
the central region of the phosphorylated ensemble, the poly-
peptide chain remains disordered and highly dynamic overall.
PAGEA uses a transient helical structure adjacent to the central
acidic region to bind c-Jun in vitro.

In this paper, we report that PAGE4 is also phosphorylated by
CDC-Like Kinase 2 (CLK2), a dual-specificity kinase that phos-
phorylates serine-rich (SR) proteins of the spliceosome complex (39,
40). We show that in contrast to HIPK1, CLK2 phosphorylates
PAGEHA at multiple S/T residues, including S9 and T51. Furthermore,
we demonstrate that HIPK1 and CLK2 are differentially expressed in
PCa cells that are either androgen-dependent or -independent, and
that both kinases are up-regulated in PCa. Using multiple bio-
physical and biochemical techniques, we determined the conforma-
tional preferences of the differentially phosphorylated PAGE4
ensembles. Using a cell-based reporter assay, we demonstrate that
phosphorylation of PAGE4 by HIPK1 and CLK2 has opposing
functions with regard to c-Jun transactivation. Thus, in response to
differential phosphorylation by HIPK1 and CLK2, PAGE4 is
remodeled to populate distinct conformational ensembles with sep-
arate cellular functions. Overall, our results suggest that the
phosphorylation-induced conformational dynamics of PAGE4 may
play a role in modulating phenotypic plasticity in PCa (Fig. 1). Using
mathematical modeling based on our experimental data, we dem-

Kulkarni et al.

HIPK1-PAGE4 CLK2-PAGE4
- N
7 ae
N
% ®
C =
N4
®
[

c

c-Jun attenuation
(rapid degradation)

oscillatory
dependenteells | ; . ics | independent cells

Fig. 1. PAGE4 conformational dynamics and phenotypic heterogeneity in PCa
cells. The stress—response kinase HIPK1 phosphorylates PAGE4 at S9 and T51,
resulting in a relatively compact PAGE4 ensemble that can potentiate c-Jun
(AP-1) in androgen-dependent PCa cells such as LNCaP. In contrast, the dual-
specificity kinase CLK2 hyperphosphorylates PAGE4 at eight different S/T resi-
dues, including S9 and S51, leading to a more random-like PAGE4 ensemble that
attenuates c-Jun transactivation and is likely to be degraded rapidly (9, 37, 77).
Differential phosphorylation of PAGE4 by HIPK1 and CLK2 results in oscillations
of the levels of HIPK1-PAGE4, CLK2-PAGE4, and CLK2 that can be modeled
mathematically to correlate with the experimentally observed heterogeneity in a
population of isogenic PCa cells (details are provided in the main text). Phos-
phorylated residues are indicated as solid orange circles.

c-Jun potentiation

onstrate how differential phosphorylation of PAGE4 can lead to
transitions between androgen-dependent and androgen-independent
phenotypes by altering the AP-1/androgen receptor (AR) regulatory
circuit in PCa cells.

Results

Identification of a Kinase CLK2 Acting on PAGE4. From a panel of
190 S/T kinases (Dataset S1), we identified CLK2 as a second
kinase that phosphorylates PAGE4. CLK2 is a dual-specificity
kinase known to phosphorylate SR proteins that are compo-
nents of spliceosomes (40). As shown in Fig. 24, phosphorylation
was only observed in the presence of recombinant PAGE4 as a
substrate and not when it was omitted from the in vitro reaction.
The data also ruled out the possibility that the increase in phos-
phorylation is due to autophosphorylation of CLK2. Of note, the
related kinases HIPK3, CLK1, and CLK3 that were part of the
kinase panel do not phosphorylate PAGE4, highlighting the spec-
ificity of this posttranslational modification (Figs. S1-S4).

HIPK1 and CLK2 Are Differentially Expressed in Androgen-Dependent
and Androgen-Independent PCa Cells. PAGE4 is up-regulated in
primary (organ-confined or localized), androgen-dependent PCa
but not in advanced (metastatic), androgen-independent disease
both at the mRNA level and at the protein level (31, 35, 36).
Therefore, to discern the relevance of the posttranslational
modification of PAGE4 by the two kinases in PCa, we de-
termined their expression in both PCa cell lines and a benign
prostatic hyperplasia (BPH) cell line. Three different PCa cell
lines (LNCaP, DU145, and PC3) that are either dependent or
independent on androgen and have different propensities for
aggressiveness were examined. In addition, BPH-1, a non-
tumorigenic cell line established from a patient with BPH, was
interrogated. When whole-cell lysates from these cell lines were
probed with specific antibodies by immunoblotting (Fig. 2B),
HIPK1 protein was detected at almost the same level in BPH-1 cells
and in the LNCaP cells that are androgen-dependent and non-
aggressive, as well as in the androgen-independent and aggressive
DU145 and PC3 cells. In contrast, CLK2 was expressed only in
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Fig. 2. CLK2 activity and expression profile compared with HIPK1. (A)
CLK2 phosphorylates PAGE4 in vitro. No enzyme control (blue) and the pres-
ence of enzyme (red) are shown. (B) Immunoblotting using specific antibodies
against HIPK1, CLK2, and beta-actin as described in Materials and Methods.
(C) Detection of CLK2 and HIPK1 protein expression in prostate tissue by qIHC
in 80 paired cases of PCa and benign adjacent tissue obtained from radical
prostatectomies. (Magnification: 20x, 0.5 pm/pixel resolution.)

BPH-1 cells and in the androgen-dependent LNCaP cells, which
parallels the expression pattern of PAGE4 (35).

HIPK1 and CLK2 Are Up-Regulated in Primary, Androgen-Dependent
PCa. To corroborate the cell line expression patterns in human
prostate tissue, quantitative immunohistochemistry (qIHC) was
performed with tissue microarrays (TMAs) that were constructed
using 80 paired cases of localized PCa and adjacent normal tissue
obtained from radical prostatectomies. The same antibodies that
were used for immunoblotting were used to stain the TMAs. As
can been seen from Fig. 2, both CLK2 (Fig. 2 C, 1 and 2) and
HIPK1 (Fig. 2 C, 3 and 4) were up-regulated in primary PCa
compared with the adjacent normal prostate tissue. CLK2 showed
strong positive nuclear staining, whereas HIPK1 localization was
both cytoplasmic and nuclear. Both proteins were restricted to the
epithelial cells, the main cell type afflicted by PCa, and no staining
was noted in basal and/or tumor stromal cells.

More importantly, however, we observed significant heteroge-
neity in the staining pattern and quantified these differences. In
many cases, we observed stronger intensity in some regions (cores
in the TMA) than in other regions of the same tumor, but we also
detected different levels of protein expression in different samples.
Such differences in intensity and frequency of positive staining
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were observed over a wide range both between the two groups of
samples (cancer vs. benign) as well as within the same group (either
cancer or benign) (Fig. S5). In addition, CLK2 stained differen-
tially in different regions of the tumor from the same patient (Fig.
S6). This heterogeneity in CLK2 (and HIPK1) expression in terms
of both intensity and frequency is also captured in the same patient
(Dataset S2). Consistent with the immunohistochemistry data,
heterogeneity in the levels of HIPK1, CLK2, and PAGE4 was also
confirmed at the mRNA level by quantitative RT-PCR (qRT-
PCR) in 20 independent clinical samples of organ-confined PCa
(Fig. S7). Taken together, the data underscore the differential
expression, as well as up-regulation, of the two kinases in PCa.
Furthermore, the scatter plots and the individual measurements for
each core from the samples included in the TMA clearly demon-
strate that CLK2 and HIPK1 expression is very heterogeneous and
that the differences are significant, especially when evaluating
different regions (cores) from the sample tumor.

CLK2 Hyperphosphorylates PAGE4. Having determined that PAGE4 is a
substrate for CLK2 kinase and that CLK2 mirrors PAGE4 expression
in PCa cells, we set out to elucidate the pattern of CLK2-mediated
phosphorylation in PAGEA4. As in our previous work on phosphor-
ylation of PAGE4 with HIPK1 (HIPK1-PAGE4) (28, 37), we found
that coexpression of the CLK2 kinase domain with PAGE4 in
Escherichia coli BL21DE3 cells provided the most efficient route to
obtaining CLK2-phosphorylated PAGE4 (CLK2-PAGEA). Mass
spectrometric analysis of the resulting phosphorylated material by
MALDI showed that CLK2 phosphorylates PAGE4 at a minimum of
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Fig. 3. Characterization of CLK2-phosphorylated PAGE4 by MALDI mass
spectrometry. (A) Mass spectrum of CLK2-phosphorylated PAGE4 obtained by
coexpression in E. coli BL21DE3 cells. (B) Mass spectrum of Myc-DDK-tagged
PAGE4 isolated by immunoprecipitation from LNCaP cells. a.u., arbitrary units.
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eight distinct sites (Fig. 34). This finding is in contrast to HIPKI,
which phosphorylates only at the S9 and T51 positions in PAGEA4.
The phosphorylation of PAGE4 in PCa cells was also investigated.
Myc-DDK-tagged PAGE4 was overexpressed in LNCaP cells that
express CLK2 endogenously (Fig. 2B), and the resulting modified
PAGE4 was then isolated and purified by immunoprecipitation. The
mass spectrum of the tagged PAGE4 from LNCaP cells indicated
that multiple sites are also phosphorylated in vivo (Fig. 3B), although
the distribution of these phosphorylated species is somewhat different
from the distribution in the E. coli experiment.

The specific sites for CLK2 phosphorylatlon (Fig. 44) were
readily determined by comparing the 2D 'H-'"N heteronuclear
smgle quantum coherence spectroscopy (HSQC) spectrum of

N-labeled CLK2-PAGE4 with the previously assigned spectrum
of HIPK1-PAGE4 (Fig. 4 B and C). Most CLK2-PAGEA4 reso-
nances could be assigned using this approach. The downfield-
shifted peaks in these spectra (Fig. 4, boxed regions) are due to
main chain amides for phosphorylated S and T residues. In CLK2-
PAGEH4, there are at least eight peaks in this region, consistent
with observations from the MALDI spectrum. Relative to the
HIPK1-PAGE4 spectrum, the loss of peak intensity for specific
serine and threonine residues at their nonphosphorylated chem-
ical shifts identifies which residues are phosphorylated by CLK2.
The results show that CLK2-PAGEH4 is hyperphosphorylated, with
phosphorylation at S7 (>95%), S9 (>95%), T51 (>95%),
T71 (~50%), S73 (~75%), S79 (~50%), T85 (>95%), and
T94 (~60%).

CLK2-PAGE4 and HIPK1-PAGE4 Have Opposing Functions. We had pre-
viously observed that PAGE4 phosphorylated by HIPK1 prefers a
more compact conformation relative to the WT PAGE4 ensemble
(37) and potentiates transactivation of c-Jun in a cell-based trans-
activation assay using a luciferase reporter (32). Therefore, we de-
termined the effect of hyperphosphorylation of PAGE4 on c-Jun
potentiation using the same luciferase reporter assay in PC3 cells
that were cotransfected with full-length human CLK2 cDNA.
However, as shown in Fig. 5, in contrast to HIPK1-PAGE, CLK2-
PAGEA4 attenuated potentiation by ~50%, suggesting that hyper-

phosphorylation by CLK2 remodels the ensemble to populate a
different conformation that hinders its interaction with AP-1.

Hyperphosphorylation of PAGE4 Shifts the Conformational Ensemble.
Given that CLK2-phosphorylated PAGE4 and HIPK1-PAGEA4 have
opposing regulatory functions, we wanted to understand the bio-
physical basis for these differences. Our earlier NMR results showed
that although PAGE4 is an IDP without a unique 3D structure, its
conformational ensemble has distinct local and long-range prefer-
ences. The longer range preferences in WT-PAGE4 and HIPK1-
PAGE#4 appear to be driven by favorable electrostatic interactions
between a central acidic region and N- and C-terminal basic motifs
(28). Therefore, to assess the effects of CLK2-phosphorylation
on PAGE4 conformation, small-angle X-ray scattering (SAXS),
smFRET, and NMR paramagnetic relaxation enhancement (PRE)
experiments were used. Radius of gyration (R,,) values extracted
from the SAXS data (Fig. 64) demonstrate that WT-PAGE4 and
HIPK1-PAGE4 both adopt relatively compact conformational en-
sembles (Rgyy: 36.2 + 1.1 A'and 34.7 £ 1.2 A, respectively), consistent
with previous smFRET (37) and NMR (28) studies. However,
CLK2-PAGEH4 is significantly less compact and more like a random
coil (Rg,: 49.8 + 1.9 A).

To validate the results obtained with SAXS, an ensemble-averaged
technique, we used smFRET microscopy, a complementary tech-
nique that reports on the conformation of individual molecules. We
previously have applied snFRET to PAGEA4 fluorescently labeled at
cysteine mutations at either residue Al18 or residue P102 to pair with
the native cysteine at C63, resulting in two constructs with a FRET
pair spanning either the N-terminal (A18:C63) (Fig. 6B, Upper) or
C-terminal (C63:P102) (Fig. 6B, Lower) region. FRET measurements
repeated here had FRET efficiency of 0.55 (A18:C63) and 0.65
(C63:P102) for WT-PAGE4 and FRET efficiency of 0.52 (A18:
C63) and 0.65 (C63:P102) for HIPK1-PAGE4. These smFRET
values were consistent with our previous studies (32, 37). Using the
same labeling sites with CLK2-PAGE4, we found FRET efficiency
of 0.35 (A18:C63) and 0.58 (C63:P102). The decreased FRET
efficiency indicates a larger size for CLK2-PAGE4 compared with
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Fig. 4. PAGE4 phosphorylation sites from NMR. (A) PAGE4 amino acid sequence highlighting the primary HIPK1 phosphorylation site (blue) and CLK2 phosphorylation sites
(blue and red). Boxed regions denote key structural features. (B) Two-dimensional "H-">N HSQC spectrum of HIPK1-PAGE4 with assignments for backbone amides. As-
signments in crowded regions are omitted for clarity. (C) Two-dimensional "H-">N HSQC spectrum of CLK2-PAGE4 with tentative assignments for likely CLK2 phosphorylation
sites (red). Circled positions highlight where there is a significant loss of peak intensity relative to HIPK1-PAGE4, indicating CLK2 phosphorylation at that residue.

Kulkarni et al.

PNAS | Published online March 13, 2017 | E2647

wv
=2
=
a
%)
<
=
[

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY




L T

Rektive Luciferase Units

/

D\

450

350
300
250
200
150

100

NN B .
0 < .
Mock Lc LUC+clUN LUC+clUN+ LUC+clUN+

PAGE4 PAGE4 + CLK2

Fig. 5. CLK2-PAGE4 attenuates c-Jun transactivation. GAL4-cJun (aa 1-223) was
cotransfected with either PAGE4 cDNA alone or with PAGE4- and CLK2-expressing
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(lane 2) represents background due to luciferase reporter. Potentiation of c-Jun
transactivation in the absence of PAGE4 (lane 3) is compared with potentiation in
the presence (lane 4) of PAGE4, and the effect of PAGE4 hyperphosphorylation by
CLK2 (CLK2-PAGEA4) on c-Jun potentiation is shown in lane 5.

HIPK1-PAGE4 and WT-PAGEA4, and confirms that hyper-
phosphorylation by CLK2 expands PAGEA4.

We used these FRET measurements to estimate the R,y for
PAGEH4 treated with CLK2 or HIPK1. Similar to our previous work
(32), we assumed a Gaussian probability distribution for a random
fluctuating chain without self-avoidance to convert the FRET effi-
ciencies to rms fluorophore separation distances, and then to the
Ry, for the entire protein (details are provided in Materials and
Methods). This analysis resulted in smFRET-derived estimates for
the PAGE4 gyration radius as Ry, = 34 A (WT-PAGEA), Ry =35
A (HIPK1-PAGE4), and Ry = —$3A (CLK2-PAGE4). These values
compare well with the SAXS results above. In particular, smFRET
experiments agree with SAXS observations that CLK2-PAGE4 is
substantially expanded compared with WT and HIPK1-PAGEA4.

PRE measurements also support a more random-like ensem-
ble of conformers for CLK2-PAGE4 than for WT-PAGE4 and
HIPK1-PAGE4 (Fig. 6C). In these experiments, a stable nitro-
xide spin label [in this case, 1-oxy-2,2,5,5-tetramethylpyrroline-3-
methyl)methane-thio-sulfonate (MTSL)] was covalently attached
to the lone naturally occurring cysteine in PAGE4 at C63. Peak
intensities were then determined for amide resonances in the
paramagnetic species (I,x) and in the reduced diamagnetic spe-
cies (I;eq)- The PRE results for CLK2-PAGE4 were compared
with the PRE results obtained previously for WT-PAGE4 and
HIPK1-PAGE4 (28). They show that the long-range interactions
detected between C63-MTSL and the N- and C-terminal basic
motifs of WT-PAGE4 and HIPK1-PAGE4 are substantially at-
tenuated in the corresponding CLK2-phosphorylated protein.
Most likely, this attenuation is because the negatively charged
phosphoryl groups at S7 and S9 in the N-terminal motif and the
negatively charged phosphoryl groups at T85 and T94 in the
C-terminal motif serve to weaken any electrostatic attraction
with the central acidic region adjacent to C63. Thus, even though
WT-PAGE4 and HIPK1-PAGE4 are flexibly disordered, they
are relatively compact, and CLK2 hyperphosphorylation remodels
the conformational ensemble to a more open state.

PAGE4 Binding to c-Jun/c-Fos Depends on Its Phosphorylation State.
NMR binding experiments between differentially phosphorylated
PAGE#4 and the c-Jun/c-Fos heterodimer (AP-1) were carried out
to gain insight into the underlying reasons for the observed differ-
ences in transactivation function. Truncated constructs were used
for c-Jun (residues 150-331) and c-Fos (residues 1-220), which
encompassed the coiled-coil and basic regions of each component
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of the heterodimer. Our previous studies (28) indicated that resi-
dues 1-150 of c-Jun were not required for potentiation by PAGE4.
NMR spectroscopy offers advantages over other methods in that it
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Fig. 6. Conformational expansion of PAGE4 upon hyperphosphorylation by
CLK2. (A) Experimental X-ray scattering data for the WT-PAGE4 (bottom
curve, cyan/blue), HIPK1-PAGE4 (middle curve, light green/dark green), and
CLK2-PAGEA4 (top curve, pink/red). For each of the variants, the two colors
denote independent data collections probing lower-q and medium-q ranges
of the scattering data. The curves are offset for clarity. (Inset) Guinier fits of
the lowest g data that yield model-free estimates of the ensemble-averaged
radii of gyration for the three variants. (B) smFRET measurements. (Upper)
Distributions of smFRET efficiency measurements for PAGE4 with donor and
acceptor sites at positions 18 and 63 WT-PAGE4 (black), HIPK1-PAGE4
(green), and CLK2-PAGE4 (red). (Lower) Donor and acceptor sites are at
positions 63 and 102 for WT-PAGE4 (black), HIPK1-PAGE4 (green), and CLK2-
PAGEA4 (red). (C) PRE data for CLK2-PAGE4 (black) with an MTSL spin label at
C63. Results are compared with earlier observations (28) for WT-PAGE4 (red)
and HIPK1-PAGE4 (green).
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can detect interactions with a wide range of binding affinities. A
control 2D 'H-'"N HSQC spectrum was recorded for *N-labeled
WT-PAGE4, HIPK1-PAGE4, or CLK2-PAGEA4. Unlabeled c-Jun/
c-Fos was then added, HSQC spectra were collected after each
addition (Fig. 74), and the chemical shift perturbations (CSPs) were
plotted for each residue (Fig. 7B). The NMR data indicate that
WT-PAGE4 and CLK2-PAGE4 have little or no interaction with
AP-1. However, HIPK1-PAGE4 shows a series of CSPs centered
around pT51 that are experimentally significant. Based on the
NMR titration for HIPK1-PAGE4 with AP-1, we estimate a Ky of
~10 uM (Fig. 7B, Inset). Therefore, the data indicate that although
HIPK1-PAGE4 binds to AP-1, hyperphosphorylation with CLK2
weakens this binding (Ky > 150 pM), even though both HIPK1-
PAGEA4 and CLK2-PAGEA4 have the T51 site phosphorylated. This
finding suggests that the N- and C-terminal basic motifs also play a
role in the interaction with the AP-1 complex, and that phosphor-
ylation in these regions regulates the extent of the binding in-
teraction. This idea is also supported by small but experimentally
significant CSPs in the N- and C-terminal motifs for HIPKI-
PAGEH4, but not for CLK2-PAGEA4 (Fig. 7B). Overall, the results
from the binding experiments parallel the observations from the
c-Jun transactivation assay. Whereas HIPK1-PAGE4 binds to
AP-1 and stimulates c-Jun transactivation, CLK2 has weakened
binding to AP-1 and attenuates activity.

Mathematical Modeling Supports the Role of PAGE4 in Generating
Phenotypic Heterogeneity in PCa Cells. Previous studies have shown
that AP-1 can negatively regulate AR activity (41, 42), and gene
expression microarray data revealed that AR can transcriptionally
inhibit CLK2 expression (Fig. S8). Furthermore, cells resistant to
androgen deprivation therapy (ADT) often have enhanced AR
activity (AR protein expression can increase >25 fold), suggesting
a positive correlation between ADT resistance and AR activity
(43, reviewed in ref. 44). Incorporating these interactions with the
results presented here, we constructed a circuit representing the
PAGEA4/AP-1/AR interactions that drive nongenetic phenotypic
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heterogeneity in PCa cells (Fig. 84) and developed a mathemat-
ical model to represent the dynamics of this circuit. The model
predicts that this circuit can display sustained or damped oscilla-
tions (i.e., androgen dependence of a cell need not be a fixed state,
but can vary temporally). Thus, cells can enter and exit the
androgen-independent state or phenotype continually (Fig. 8B
and Fig. S9). Even in the case of damped oscillations that even-
tually settle to one state, as seen in the deterministic model pre-
sented here (Fig. 8B, Lower), the system can display sustained
oscillations under the effect of biological “noise.” Such noise can
originate from multiple sources, such as (i) limited quantities of
PAGEA4, HIPK1, or CLK2, and (ii) conformational dynamics of
PAGEA4. Noise has been shown previously to increase the fitness
of bacterial populations by expanding the range of stress levels
to which bacteria can respond dynamically (45, 46). Similarly,
noise can be expected to increase the fitness of the PCa pop-
ulation treated with ADT by driving phenotypic heterogeneity be-
tween androgen-dependent and androgen-independent states.

The intracellular oscillations of the levels of CLK2, PAGE4
monophosphorylated by HIPK1 (PAGE4y,, also referred to as
HIPK1-PAGE4), and PAGE4 hyperphosphorylated by CLK2
(PAGEA4y, also referred to as CLK2-PAGE4) need not be syn-
chronized across cells. Therefore, it is expected that individual
cells in an isogenic population would have different levels of
androgen dependence or independence at a given time point,
consequently giving rise to nongenetic phenotypic heterogeneity
or cellular diversity in PCa cells. In other words, androgen de-
pendence is a trait whose values can display a broad distribution
across the population of PCa cells (Fig. 8C). Indeed, this predicted
heterogeneity in the levels of HIPK1, CLK2, and PAGE4 is cor-
roborated by qIHC and qRT-PCR data. Of note, for modeling
purposes, we have referred to the HIPK1-PAGE4 as “mono-
phosphorylated.” The fact that T51 phosphorylation is critical for the
transcriptional activity of PAGE4 further justifies this terminology.

The model (SI Text) is based on the following assumptions:
(i) Initially (i.e., before the effect of HIPK1 begins), all of the
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Fig. 7. PAGE4 binding to cJun/c-Fos monitored by
NMR spectroscopy. (A) Regions from 2D 'H-">N HSQC

spectra for '°N-labeled WT-PAGE4, HIPK1-PAGE4, and
CLK2-PAGE4 as a function of unlabeled Jun/Fos con-
centration. Ratios of WT-PAGE4 to c-Jun/c-Fos are 1:0
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(black) and 1:12.4 (red). Ratios of HIPK1-PAGE4 or CLK2-
PAGE4 to c-Jun/c-Fos are 1:0 (black), 1:4 (red), and 1:8
(green). (B) Plot of CSP, A8y, Versus residue for c-Jun/c-
Fos titrations with HIPK1-PAGE4 (black), CLK2-PAGE4
(red), and WT-PAGE4 (green). (Inset) Binding curves
for HIPK1-PAGE4 (O) and CLK2-PAGE4 (@).
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Fig. 8. Modeling the PAGE4/AP-1/AR/CLK2 regulatory circuit. (A) Regulatory circuit for PAGE4/AP-1/AR/CLK2 interactions. Dashed red lines denote enzymatic
reactions, and solid black lines denote nonenzymatic reactions. CLK2 and HIPK1, the two enzymes involved, are shown in dotted rectangles. (B) Dynamics of
the circuit showing sustained and damped oscillations for HIPK1-PAGE4 (PAGE4y,, shown in blue), CLK2-PAGE4 (PAGE4y, shown in red), and CLK2 (shown in
green). Parameters are given in Fig. S9. (C) Distribution of androgen dependence for an isogenic population over a spectrum, as indicated by the shade of
green. Dark green boxes denote highly androgen-dependent (i.e., ADT-sensitive) cells, and white boxes denote androgen-independent cells.

available PAGEA4 is unphosphorylated; (i) total levels of PAGE4
are in a quasi-steady state (i.e., phosphorylation dynamics are much
faster compared with the production of PAGEA); and (iii) the pro-
duction of CLK2 by HIPK1-PAGEA4 includes a delay, due to in-
termediary transcriptional mechanisms. Thus, in androgen-dependent
cells, when PAGEA is phosphorylated by HIPK1, HIPK1-PAGE4
potentiates c-Jun and represses AR activity. Consequently, the re-
pression on CLK2 is relieved and induced CLK2 can hyper-
phosphorylate HIPK1-PAGE4 to form CLK2-PAGE4, thereby
reducing the levels of HIPK1-PAGE4 and leading to the onset of
oscillations in HIPK1-PAGE4 levels (Fig. 8B). These oscillatory
levels of HIPK1-PAGE4 control the levels of CLK2 and CLK2-
PAGEA4, setting them to oscillate as well. The oscillations of
CLK2 and CLK2-PAGE4 are in phase with one another, and out
of phase with HIPK1-PAGE4, because CLK2, an indirect target
of HIPK1-PAGE4, converts HIPK1-PAGE4 to CLK2-PAGEA4.

Discussion

In this paper, we have interrogated the role of IDP conformational
dynamics in driving phenotypic heterogeneity using PAGE4 and
androgen sensitivity in PCa as the respective paradigms. Androgen,
by acting via the AR, also an IDP (47, 48), is known to play important
roles not only in the development and differentiation of the prostate
gland but also in its disease pathology. Thus, a central issue in PCa is
that although the disease appears to be androgen-dependent and is
initially responsive to ADT, it loses responsiveness over time and
eventually becomes refractory to androgen, which can prove fatal.
However, the development of hormone resistance remains quite
elusive (44, 49, 50). Therefore, elucidating the molecular mechanisms
underlying the transition from androgen sensitivity to androgen re-
sistance in PCa is paramount to developing effective medical mo-
dalities to treat and manage the disease.

Earlier attempts to understand the relationship between AP-1
and AR in PCa had revealed that AP-1 can negatively regulate
AR activity (41, 42, 51), but the role of PAGEA4, a remarkably
prostate-specific protein expressed only in androgen-dependent
cells, had not been suspected, much less considered. The present
study has not only uncovered a previously unappreciated role of
PAGEA4 in driving phenotypic heterogeneity (i.e., responsiveness
to androgen in PCa) but also underscores the importance of
conformational dynamics of this IDP. Such heterogeneity might
be better able to evade the effects of ADT, and therefore drive
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androgen resistance, compared with a homogeneous PCa pop-
ulation. Furthermore, contrary to a “binary” model that assumes
PCa cells to have an androgen-dependent or -independent
phenotype, subpopulations of partially androgen-dependent and
androgen-independent cells can also drive tumor progression
synergistically through cell-to-cell communication as observed in
some cases. For example, two E. coli strains can protect each
other in the presence of two antibiotics (52). Similarly, a cluster
of circulating tumor cells (CTCs) with “partial” phenotypes
forms 50-fold more secondary tumors compared with the same
number of individual CTCs (53).

The results also shed light on an important question in the field
that remains equivocal: Is androgen resistance a later step in the
linear “progression” of PCa as is generally held, or do slow-
growing cells with different extents of androgen independence
preexist in a population of androgen-dependent cells as has been
reported by Terada et al. (54)? Our mathematical model suggests
that, similar to bacterial persisters that form stochastically due to
phenotypic switching and are highly tolerant to antibiotics (55, 56),
a subpopulation of androgen-independent cells can exist a priori
in a population of androgen-dependent cells. As the levels of
monophosphorylated and hyperphosphorylated PAGEA4 vary, the
cells go on excursions of phenotypes with varying androgen dep-
rivation sensitivities (as described in the legend for Fig. 8B). Thus,
phenotypic plasticity in PCa may be driven by the underlying os-
cillatory dynamics in the PAGE4/AP-1/AR regulatory circuit
rather than by genetic changes alone, supporting the idea that IDP
conformational dynamics may play a role in driving state switching
(57). Consistent with this argument, a growing number of studies
focusing on well-studied systems that have been analyzed using
multiple quantitative measurement and perturbation approaches
demonstrate that cells can send and receive information by con-
trolling the temporal behavior (dynamics) of their signaling mol-
ecules, without involving genetic changes (58). Additional studies
that are outside the scope of the present work are needed to
validate our model experimentally in PCa cells.

Although our model predicts the existence of a subpopulation
of “persister-like” cells, the size of this subpopulation relative to
the total population is highly dynamic and would depend on
several factors, both extrinsic and intrinsic. Furthermore, whether
the oscillations can induce phenotypical changes en masse or not
would depend on several factors. For example, the amplitude of
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these oscillations (i.e., the fold change in levels of CLK2) needs to
be robust to alter AR activity in a significant manner. Second, a
negative feedback loop that can drive oscillations often involves a
delay. We have assumed a delay in transcriptional production of
CLK2 by HIPK1-PAGEH4, but the relative time scale still needs to
be measured experimentally. The lack of PAGE4 in metastatic
disease that is resistant to ADT is consistent with our model
predictions, but, of course, attaining that state may involve addi-
tional genetic/epigenetic changes in a population of PCa cells.

Interestingly, a recent study reported that a situation paral-
leling the preexistence of hormone-resistant cells in PCa is also
encountered in breast cancer (59). When CTCs from patients
with estrogen receptor-positive/human epidermal growth factor
receptor 2-negative (HER2™) breast cancer who developed
metastatic multidrug-resistant disease were cultured in vitro,
they maintained a discrete population of Her2* and Her2™ cells
that interconvert spontaneously with significant consequences
for disease progression and drug response. Although the un-
derlying mechanisms driving spontaneity in state switching were
not elucidated, the study by Jordan et al. (59) and several other
studies in different types of cancer (60-63) suggest that the
phenomenon of state switching driven by nongenetic variability
need not be restricted to bacterial “persisters” and may be fairly
common in cancer. For example, cancer cells in a hybrid epi-
thelial/mesenchymal state, when cultured, can give rise to epi-
thelial and mesenchymal cells predominantly (64). Mathematical
models have proposed that multistability emerging from the
underlying gene regulatory circuit of epithelial-to-mesenchymal
transition can drive such state switching (65, 66).

Our model suggests that an isogenic population of PCa cells
displays a continuum of phenotypes with varying androgen de-
pendence. These cells can reversibly switch between androgen-
dependent and androgen-independent states, without any specific
genetic perturbation. The findings might help explain why a new
paradigm for treating patients with PCa, referred to as bipolar
ADT (67), in which patients undergoing chemotherapy cycle
through ADT followed by a supraphysiological dose of androgen,
proved more beneficial than ADT alone. Because the function of
AR in DNA replication is to help repair double-strand breaks, it
has been argued that binding of testosterone to AR under
supraphysiological conditions could prevent its normal function of
repairing double-strand breaks, which, in turn, can lead to cell
cycle failure and programmed cell death (43, 68), as seen in pa-
tients who responded to bipolar ADT. However, it has also been
reported by others (69) that supraphysiological levels of androgens
can induce cell cycle arrest and up-regulate markers of cellular
senescence in human PCa cells. Therefore, the growth inhibitory
role of androgens could also be due to cells entering dormancy
rather than due to programmed cell death alone.

Thus, according to our model, it is possible that there exists a
subset of “dormant” cells in this population in which bipolar
ADT could restore the normal functioning of AR and reinitiate
the PAGE4/AP-1/AR regulatory circuit and consequent oscilla-
tions. Furthermore, such cells with restored AR activity can also
lower drug resistance because androgen-dependent cells are also
more sensitive to chemotherapy than are androgen-independent
cells (70). A corollary to the bipolar ADT treatment (67) that
stems from our model is that higher levels of PAGE4 would
predict a better prognosis. Indeed, PAGE4 expression is signifi-
cantly correlated with longer biochemical recurrence-free time
(71). Moreover, it has been noted that in hormone-naive PCa, the
median survival of patients with tumors expressing high PAGE4
levels was 8.2 y compared with 3.1 y for patients with tumors
expressing negative/low levels of PAGE4 (36), adding further
support to our model. The present study demonstrates a plausible
link between IDP conformational dynamics and oscillatory dy-
namics, and consequent state switching, in cancer. Thus, PAGEA4,
its phosphorylation status, and the kinases that modulate its con-
formational dynamics represent unique therapeutic and/or prog-
nostic targets for the treatment and management of PCa.
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Materials and Methods

Kinase Assay. To identify the kinase(s) that phosphorylates PAGE4, the ProQinase
GmbH service was utilized to screen a panel of 190 S/T protein kinases (Dataset S1)
that were expressed in Sf9 cells as human recombinant GST-fusion proteins or
His-tagged proteins by means of the baculovirus expression system. The kinases
were purified by affinity chromatography using either glutathione-agarose
(Sigma) or nickel-agarose (Qiagen). The purity and identity of each kinase was
verified by SDS/PAGE, followed by Coomassie staining and immunoblotting. A
kinase assay using >Py-ATP was used to assess the recombinant enzyme’s ability
to phosphorylate bacterially expressed 6HIS-PAGE4.

Immunoblotting. Total protein from whole-cell lysates was obtained using radio-
immunoprecipitation assay (RIPA) buffer. Cells were collected from 75-cm? flasks
during the exponential growth phase (~80% confluent). After washing with 1x
PBS, 1 mL of RIPA buffer containing protease inhibitors was added and cells were
incubated in ice for 1 h. Supernatant was collected after centrifugation to elim-
inate cell debris. Total protein was quantified by the bicinchoninic acid assay for
protein estimation method according to the manufacturer’s instructions (Pierce,
Thermo Fisher Scientific). For each cell line, 20 pg of total protein was used for
SDS/PAGE in a 12% (wt/vol) polyacrylamide gel (12% Mini-PROTEAN TGX Precast
Gels; Bio-Rad). Transfer to a nitrocellulose membrane was performed using a
semidry system (Trans-Blot Turbo Transfer System; Bio-Rad). The membrane was
blocked with 5% milk (5 mg of powder fat free milk/100 mL of PBS) for 1 h at
room temperature. Primary antibody was diluted in 5% (wt/vol) milk containing
0.2% Tween 20 (1:100 HIPK1, 1:500 CLK2, 1:1,000 ActinB) and incubated over-
night at 4 °C. After serial washes in 1x TBST (Tris-buffered saline, 0.1% Tween),
secondary fluorescent antibody (1:10,000 dilution) was added and incubated for
1 h at room temperature. The membrane was washed several times in 1x TBST
and scanned using the Li-Cor Odyssey Infrared System (Li-Cor Biotechnology).

Immunohistochemistry. For immunohistochemistry, CLK2 and HIPK1 protein ex-
pression in prostate tissue was performed by gIHC in 80 paired cases of PCa and
normal adjacent tissue obtained from radical prostatectomies. The TMA slides were
deparaffinized using xylene, and tissues were rehydrated in decreasing concen-
trations of ethanol (100%, 75%, 50%, and 25%; all vol/vol). Antigen retrieval was
performed at controlled pH values under heat, followed by endogenous peroxi-
dase inhibition using 0.3% hydrogen peroxidase. An unspecific protein block used
Protein Block Serum Free reagent (Dako) for 1 h at room temperature. Primary
antibody incubation was performed at 4 °C overnight using the ideal dilution for
each antibody. Primary antibody was washed with 1x PBS, and secondary anti-
body (1:200) was added to the slides and incubated for 1 h at room temperature.
Antigen localization was developed using 3,3’-diaminobenzidine chromogen.
Tissue samples were counterstained in hematoxylin and dehydrated in ethanol
and xylene. Rabbit anti-CLK2 polyclonal antibody (ab188141; Abcam) dilution in
all immunohistochemistry staining reactions was diluted at 1:100, and mouse anti-
HIPK1 monoclonal antibody (ab58136; Abcam) was diluted at 1:10.

For gIHC analysis, slides were scanned using the Aperio Scanscope XT (Leica
Biosystems) and the staining quantifications were performed using Aperio
Imagescope v12.3 software (Leica Biosystems). Intensity and frequency of
positive staining are determined by the pixel count of the delimited area se-
lected for analysis. Intensity (different brown-staining shades) for a determined
area is given as the total brown pixel count for that region. The frequency (area
of positive staining) is given by the ratio of positive brown region and the total
area selected for analysis (positive + negative area). CLK2 and HIPK1 protein
expression differences were compared using the Wilcoxon matched-pairs test,
because tumor and benign adjacent tissues were collected from the same
patient. The average for all cores available from each patient for qIHC analysis
was calculated, and the values were used to compare medians between the
groups (tumor vs. benign). Protein expression (frequency or intensity) was
considered significantly different for a P value <0.05.

RNA Isolation and Gene Expression Analysis by qRT-PCR. Total RNA from
20 organ-confined (localized PCa) samples was obtained from the Department of
Urology at The University of Washington. One microgram of total RNA was
utilized for cDNA synthesis using the iScript cDNA Synthesis Kit (Bio-Rad). The PCR
reactions were performed with 0.2 uL of cDNA template in 25 uL of reaction
mixture containing 12.5 pL of iQ SYBR Green Supermix (Bio-Rad) and 0.25 pmol/L
each primer. PCR reactions were subjected to a hot start at 95 °C for 3 min,
followed by 45 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30,
and extension at 72 °C for 30 s using the CFX96 Real-Time PCR Detection System
(Bio-Rad). Analysis and fold differences were determined using the comparative
threshold cycle method. Beta-actin (ACTB) was the housekeeping gene used for
normalization. All reactions were performed in triplicate.
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Transactivation Assays. Potentiation of c-Jun by PAGE4 was determined using
the luciferase reporter assay as described previously (32). Briefly, PC3 cells
(8,000 cells per well) were seeded in 100 uL of RPMI/10% (vol/vol) FBS/PS
(penicillin, streptomycin mix) in a 96-well plate and incubated overnight at
37 °Ciin a humidified, 5% (vol/vol) CO, incubator. On the next day, cells were
washed with RPMI and incubated for 4 h at 37 °C in a humidified, 5% (volivol)
CO; incubator with 100 pL of Lipofectamine 2000-cDNA mixture in RPMI me-
dium. The medium was replaced with 100 pL of fresh RPMI/10% (vol/ivol) FBS/PS
and incubated for 48 h at 37 °C in a humidified, 5% (volivol) CO, incubator.
Luciferase activity was measured using the BrightGlo Luciferase Assay System
from Promega (Promega Corp.). One hundred microliters of assay reagent was
added to the cells and incubated on a shaker at room temperature for 5 min, and
luminescence was measured using a Microlumat Plus luminometer (Berthold
Technologies).

Protein Sample Preparation. The PAGE4 gene was cloned into an eXact
pPALS vector, and expressed and purified as described previously (72). HIPK1-
phosphorylated PAGE4 was obtained by coexpressing PAGE4 with a pET28a
gene construct of the human HIPK1 kinase domain (Origene Technologies) as
described previously. CLK2-phosphorylated PAGE4 was prepared in a similar
way using a pET28a construct of the human CLK2 kinase domain (Origene
Technologies). Gene constructs for c-Jun (residues 150-331) and c-Fos (residues
1-220) were cloned into an eXact pPALS8 vector, and expressed and purified as
for PAGEA4. In all cases, purity was confirmed by polyacrylamide gel electro-
phoresis and MALDI mass spectrometry. Protein concentrations were mea-
sured using a colorimetric assay (73). For mass spectrometry, Myc-DDK-tagged
PAGE4 from LNCaP cells was isolated as follows. Six million LNCaP cells were
plated (1.2 x 10° cells per 100-mm tissue culture plate) in RPMI growth medium
containing 10% (vol/vol) FBS and penicillin/streptomycin. After overnight in-
cubation at 37 °C in a 5% (volivol) CO,, humidified incubator, cells were
transfected with 5 pg of Myc-DDK-tagged PAGE4 encoding cDNA (Origene
Technologies) using Effectene Transfection Reagent (Qiagen). After 48 h of
transfection, cells were washed with PBS and lysed in 1 mL of lysis buffer (Cell
Signaling Technologies) containing protease inhibitors (Roche Diagnostics).
Anti-DDK agarose beads (Origene Technologies) were washed with PBS and
incubated for 4 h at room temperature while shaking with LNCaP cell lysate.
Agarose beads were pelleted and washed with PBS.

Mass Spectrometry. MALDI-TOF analysis was performed on a Microflex Bruker
instrument using a sinapic acid matrix. Mass spectra were acquired in positive
ion linear mode using standard settings.

NMR Spectroscopy. NMR spectra were recorded on a Bruker Avance Il 600
MHz spectrometer equipped with a cryoprobe. Spectra were acquired at
10 °C for all experiments, and were processed using NMRPipe (74) and an-
alyzed with Sparky (75). NMR titration experiments were performed using
5 pM concentrations of '°N-labeled WT-PAGE4, HIPK1-PAGE4, or CLK2-
PAGE4 and unlabeled c-Jun/c-Fos. Before titration, both the PAGE4 and
c-Jun/c-Fos samples were buffer-matched by dialysis in 100 mM KPi, 10 mM
sodium azide, and 0.5 mM DTT. Unlabeled c-Jun/c-Fos samples (typically 5 uM
in 0.8-3.2 mL of buffer) were added to 400 pL of 5 uM labeled PAGE4.
Samples were then concentrated back to 400 puL using Centricon membrane
filtration. Two-dimensional 'H-">N HSQC spectra were recorded for phos-
phorylated PAGE4/c-Jun/c-Fos molar ratios of 1:0:0, 1:4:4, and 1:8:8. For WT-
PAGE4/c-Jun/c-Fos, molar ratios of 1:0:0 and 1:12.4:12.4 were used. CSPs
were determined from A8t = [(WnASH)? + (WnASN)?]™2, where Asy and
Ady represent 'H and >N chemical shift differences, respectively, between
free and Jun/Fos-bound states of PAGE4, with weighting factors of W, =
1 and Wy = 0.2. PRE experiments were carried out on CLK2-PAGE4 using
methods described previously (28). A 5 yM '>N-labeled CLK2-PAGE4 sample
was spin-labeled at C63 with MTSL (Santa Cruz Biotechnology). Two-
dimensional "H-">N HSQC spectra were collected on MTSL-labeled samples
and on samples treated with DTT (5 eq). Peak intensities were measured for
the paramagnetic (/,,) and diamagnetic (/,q) states using SPARKY.

SAXS. Solution X-ray scattering data for the three variants of PAGE4 were
acquired using a custom-built SAXSLAB Ganesha instrument at the Institute
for Bioscience and Biotechnology Research. X-ray radiation at the 1.54-A Cu
Ka wavelength was produced by the Rigaku MicroMax-007HF rotating an-
ode generator operating at 40 kV and 30 mA output. The incident beam was
collimated by the two sets of programmable pinholes equipped with scat-
terless slits. Incident beam intensity and sample and buffer transmission
factors were monitored using a photodiode mounted on a motorized beam
stop arm. Scattered radiation was recorded with a Dectris Pilatus 300K area
detector mounted on a programmable positioning stage within the vacuum
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chamber. Sample-to-detector distance and the incident beam position
within the detector plane were determined using the powder scattering
profile from the standard silver behenate sample, corresponding to the ac-
cessible g-ranges from 0.007 A~ t0 0.24 A~" and from 0.015 A" t0 0.45 A~"
for the two configurations used during this data collection. Totals of 12 se-
quential frames of 15 min each were recorded for all samples and matching
buffers for both of the detector configurations. To decrease the likelihood
of radiation damage further, each of the 50-uL sample and buffer loads was
oscillated by a syringe pump during the entire data collection. Sample buffer
match quality was further verified for all three samples using 2-h wide-angle
data collections covering the g-range from 0.035 A~" t0 0.87 A~". In addition
to the stock samples (0.4-1.5 mg/mL), SAXS data were collected at twofold
dilutions to investigate the concentration dependence of the scattering
signal. Individual data frames were masked, corrected for stray cosmic ra-
diation and for pixel sensitivities as provided by the manufacturer, nor-
malized for the solid angle per each pixel, and radially integrated, producing
1D scattering profiles. These profiles were normalized by individually mea-
sured transmission factors and superimposed. The data were then averaged
over all frames, with the uncertainties calculated as SDs divided by the
square root of the number of exposures. Scattering intensities from the
buffers were then subtracted from the sample scattering profiles. PRIMUS
software (76) was used for derivation of the radii of gyration, zero-angle
scattering intensities, and the associated uncertainties via Guinier fits subject
to the Rgyr * Qmax < 1.1 cutoff (gmax is the maximum q value used for the
Guinier fit), while monitoring the fits for the absence of systematic bias in
the residuals. The buffer-subtracted scattering curves were analyzed for the
effects of the interparticle repulsion and concentration-dependent oligo-
merization equilibria by comparing the Guinier-fitted gyration radius and
extrapolated zero-angle scattering intensity [I(0)] values normalized by the
sample concentrations. Because no such effects were found, scattering data
at the highest (stock) concentrations were used for subsequent analysis. No
evidence of radiation damage or bubble formation during X-ray exposure
was found.

smFRET. Point mutation A18C or P102C was introduced into PAGE4 in the
eXact pPALB8 vector and expressed with or without kinase expression vectors
and purified as described above. These purified proteins were labeled at
cysteines with maleimide-reactive Alexa Fluor 555 and Alexa Fluor 647; en-
capsulated in liposomes that were tethered to a quartz surface; and measured
in a prism-type, total internal reflection smFRET microscope using an emCCD
(electron-multiplying charge-coupled device) for detection. Additional de-
tails of these experiments and data analysis are identical to our previous
descriptions (32). During measurements, PAGE4 was in a buffer solution
containing 20 mM Tris (pH 7.8), 100 mM NaOAc, 5 mM MgCl,, 2% (wt/vol)
glucose, 0.1 mM cyclooctatetraene, and oxygen scavenger enzymes (glucose
oxidase and catalase) to extend fluorophore lifetime. We confirmed that
changing the buffer to 100 mM KPi, 10 mM NaN3s, and 0.5 mM DTT (pH 7.0) (as
used for SAXS studies) did not substantially change the FRET efficiency of
CLK2-PAGE4 (A18C:C63) (FRET = 0.35 vs. 0.36 for the two buffers).

Following the procedures described in our previous studies (32), we
converted measured FRET efficiency to rms distance and then to Ry, using a
Forster radius of 5.24 nm and gamma = 1 (as verified for these samples). We
assumed a Gaussian probability distribution for a random fluctuating chain
to convert the FRET efficiencies to rms fluorophore separation distances:
WT-PAGE4, 56 A (A18:C63) and 50 A (C63:P102); HIPK1-PAGE4, 59 A (A18:
€63) and 50 A (C63:P102); and CLK2-PAGE4, 75 A (A18:C63) and 55 A (C63:
P102). We modeled the domain from aa 1-18 with the same polymer scaling
as the region spanning A18:C63 to get an rms distance from aa 1-63 and
then assumed random polymer behavior without self-avoidance to combine
these N-terminal and C-terminal distances as the sum of squares to give the
full rms extension of the polymer. Converting to gyration radius using Rgyr =
(1/\/6) * (rms end-to-end distance), we finally find the FRET measurements
correspond to full protein gyration radii as Rgyr = 34 A (WT-PAGE4), Rgy, = 35
A (HIPK1-PAGE4), and Ry, = 43 A (CLK2-PAGE4).
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