CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 41, pp. 25090-25102, October 9, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Phosphorylation-induced Conformational Ensemble
Switching in an Intrinsically Disordered Cancer/Testis

Antigen”

Received for publication, April 13,2015, and in revised form, July 29,2015 Published, JBC Papers in Press, August 4, 2015, DOI 10.1074/jbcM115.658583

Yanan He*®, Yihong Chen*®, Steven M. Mooney’, Krithika Rajagopalan”', Ajay Bhargaval, Elizabeth Sacho**,
Keith Weninger**, Philip N. Bryan®, Prakash Kulkarni'?, and John Orban***

From the *W. M. Keck Laboratory for Structural Biology, University of Maryland Institute for Bioscience and Biotechnology
Research, Rockville, Maryland 20850, the §’Department of Chemistry and Biochemistry, University of Maryland, College Park,
Maryland 20742, the YDepartment of Urology, Johns Hopkins University School of Medicine, Baltimore, Maryland 21287, IShakti
BioResearch, Woodbridge, Connecticut 06525, and the **Department of Physics, North Carolina State University,

Raleigh, North Carolina 27695

Background: PAGE4, an intrinsically disordered protein up-regulated in prostate cancer, binds to c-Jun and potentiates its

transactivation.

Results: The effects of phosphorylation on PAGE4 conformation, dynamics, and c-Jun binding were determined by NMR.
Conclusion: Phosphorylation induces a more compact conformational ensemble, restricting access to the c-Jun binding site.
Significance: This study may help to explain how phosphorylation of PAGE4 alters its binding to c-Jun.

Prostate-associated gene 4 (PAGE4) is an intrinsically disor-
dered cancer/testis antigen that is up-regulated in the fetal and
diseased human prostate. Knocking down PAGE4 expression
results in cell death, whereas its overexpression leads to a
growth advantage of prostate cancer cells (Zeng, Y., He, Y.,
Yang, F., Mooney, S. M., Getzenberg, R. H., Orban, J., and
Kulkarni, P. (2011) The cancer/testis antigen prostate-associ-
ated gene 4 (PAGE4) is a highly intrinsically disordered protein.
J. Biol. Chem. 286, 13985-13994). Phosphorylation of PAGE4 at
Thr-51 is critical for potentiating c-Jun transactivation, an
important factor in controlling cell growth, apoptosis, and stress
response. Using NMR spectroscopy, we show that the PAGE4
polypeptide chain has local and long-range conformational
preferences that are perturbed by site-specific phosphorylation
at Thr-51. The population of transient turn-like structures
increases upon phosphorylation in an ~20-residue acidic region
centered on Thr-51. This central region therefore becomes
more compact and more negatively charged, with increasing
intramolecular contacts to basic sequence motifs near the N and
C termini. Although flexibility is decreased in the central region
of phospho-PAGE4, the polypeptide chain remains highly
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dynamic overall. PAGE4 utilizes a transient helical structure
adjacent to the central acidic region to bind c-Jun with low affin-
ity in vitro. The binding interaction is attenuated by phosphor-
ylation at Thr-51, most likely because of masking the effects of
the more compact phosphorylated state. Therefore, phosphor-
ylation of PAGE4 leads to conformational shifts in the dynamic
ensemble, with large functional consequences. The changes in
the structural ensemble induced by posttranslational modifica-
tions are similar conceptually to the conformational switching
events seen in some marginally stable (“metamorphic”) folded
proteins in response to mutation or environmental triggers.

Prostate-associated gene 4 (PAGE4) is a 102-amino acid
member of the PAGE® family of cancer/testis antigens, a heter-
ogeneous group of proteins typically expressed in testicular
germ cells. They remain silent in most somatic tissues but are
aberrantly expressed in several types of cancer (1, 2). More than
200 cancer/testis antigens have been reported to date (3), and
these are broadly divided into two groups: the CT-X antigens,
located on the X chromosome, and the non-X CT antigens,
located on various autosomes. Although the non-X CT anti-
gens are evolutionarily well conserved, the CT-X antigens, with
the possible exception of the MAGE family, appear to lack
orthologues in lower vertebrates beyond primates (4, 5), sug-
gesting that these proteins have evolved relatively recently.
Because of the lack of phylogenetic conservation, the functions
of most, if not all, CT-X antigens remain poorly understood
both in gametogenesis and tumorigenesis (2, 6, 7). Moreover,

“The abbreviations used are: PAGE, prostate-associated gene; CT, cancer/
testis; IDP, intrinsically disordered protein; PRE, paramagnetic relaxa-
tion enhancement; MTSL, (1-oxyl-2,2,5,5- tetramethylpyrroline-3-methyl)
methane-thio-sulfonate; I ,, paramagnetic state; /.4, diamagnetic state;
MAGE, melanoma-associated antigen; HSQC, heteronuclear single quan-
tum coherence; PSI-BLAST, position-specific iterative basic local alignment
search tool.
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FIGURE 1. Amino acid sequence alignment of the PAGE family of human proteins. Similar and invariant residues are highlighted in yellow and red columns,
respectively. Alignment was carried out using ESPript. Local conformational preferences of PAGE4 determined in this study are shown in gray at the top of the
alignment. Transient B-extended and helical structures are represented by arrows and cylinders, respectively. PAGES5 preferences from an earlier study (29) are

shown in white at the bottom of the alignment.

an overwhelming majority (>95%) of CT-X antigens are pre-
dicted to be intrinsically disordered proteins (IDPs) (8). IDPs
are proteins or regions within structured proteins that lack a
rigid three-dimensional structure but play important roles in
many biological processes, such as transcriptional regulation,
cell division, and signaling (9-11).

The PAGE family belongs to the CT-X group of antigens and
consists of multiple members (PAGE1-5) that share significant
sequence homology (Fig. 1). Although all PAGE genes are
expressed in the testes of the adult human, PAGE4 is the only
member of this family that is expressed in the normal prostate,
in this case during development (12). In fact, PAGE4 is remark-
ably prostate-specific (12, 13), with dynamic expression pat-
terns in the human male, suggesting that the protein may func-
tion as a proto-oncogene. The PAGE4 protein is highly
expressed in the developing fetal prostate (12, 14) but is barely
detectable in the normal adult gland (12). However, the PAGE4
protein is up-regulated in both symptomatic benign prostatic
hyperplasia, which is related to prostate cancer (13), and in
prostate cancer itself (12, 15, 16), indicating a potential role for
PAGE4 in disease pathology. Consistent with this hypothesis,
knocking down PAGE4 expression results in cell death,
whereas its overexpression leads to a growth advantage of pros-
tate cancer cells (17).

Protein isolates of PAGE4 from the prostate cancer cell line
PC3 are phosphorylated predominantly at Thr-51 by home-
odomain-interacting protein kinase 1 (HIPK1) (18). Further-
more, a cell-based luciferase assay demonstrates that PAGE4
dramatically potentiates transactivation by c-Jun (14) and that
phosphorylation at Thr-51 is critical for this process (18). c-Jun
is an essential component of the AP-1 complex, a family of early
response transcription factors with important roles in the
control of cell growth, apoptosis, and stress response (19).
Together, these and other results (12) indicate that PAGE4 is a
stress-response protein and a component of the HIPK1-JNK1-
c-Jun-activated stress response pathway (18). The amplifying
effect on c-Jun transactivation suggests that PAGE4 may mod-
ulate the activity of AP-1. Notably, c-Jun is also up-regulated in
the developing (20) and diseased prostate (21-26), whereas the
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AP-1 complex is up-regulated in symptomatic benign prostatic
hyperplasia (27) as well as in prostate cancer (28). These pat-
terns are coincident with PAGE4 expression (13) and under-
score the importance of the PAGE4/c-Jun interactions in pros-
tatic development and disease.

Previous biophysical characterization using single-molecule
FRET experiments have indicated that the non-phosphorylated
WT PAGE4 protein interacts with c-Jun (14) and that phos-
phorylation at Thr-51 by HIPK1 attenuates this interaction
(18), suggesting a conformational switching mechanism upon
phosphorylation. Here we describe, at a single-residue level,
how phosphorylation perturbs the local and global structural
features of PAGE4 and provide a possible explanation for the
change in binding to c-Jun. To our knowledge, this is the first
detailed study on the effects of phosphorylation in an intrinsi-
cally disordered CT-X antigen family member that plays an
important role in the diseased prostate. Only one other com-
pletely disordered CT-X antigen has been investigated from a
biophysical perspective to date, a splice variant of PAGE5 that
lacks part of the N terminus (29). However, the biological func-
tion(s) of PAGES5 in the prostate and the effect of posttransla-
tional modifications on its structure and function remain
unknown. This study indicates that phosphorylation on Thr-51
induces conformational and dynamic switching in the PAGE4
ensemble, leading to a new cellular function. This is similar
conceptually to the expanded function observed for both natu-
rally occurring and designed proteins that can switch their fold
topologies (30, 31).

Experimental Procedures

Sample Preparation—The PAGE4 gene was cloned into an
eXact tag pPALS vector system. This construct places two puri-
fication tags, His, and the subtilisin prodomain, at the N termi-
nus, and these tags are subsequently removed on an engineered
subtilisin column (32). '*N- and "*C/'*N-labeled samples were
prepared using '°N-labeled ammonium chloride and uniformly
labeled '*C-labeled glucose as the sole nitrogen and carbon
sources. The Hisg-prodomain-PAGE4 construct was trans-
formed into BL21DE3 Escherichia coli cells and grown in M9
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minimal media at 37 °C until the A, reached 0.6 —0.9. Protein
expression was induced with 1 mm isopropyl 1-thio-B-p-galac-
topyranoside at 25 °C for 18 h. Cells were harvested by centrif-
ugation at 1200 X g for 30 min, resuspended in buffer A (6 m
guanidinium hydrochloride, 20 mm NaPi, and 500 mm NaCl
(pH 7.8)), and lysed by sonication. After pelleting (1 h, 10,000 X
9), the soluble extract was purified on a nickel-nitrilotriacetic
acid column with the following steps: successive column
washes with buffer B (8 M urea, 20 mm NaPi, and 500 mm NaCl
(pH 7.8)), buffer C (8 M urea, 20 mm NaPi, and 500 mm NaCl (pH
6.0)), buffer C plus 10 mm imidazole, and buffer C plus 20 mm
imidazole; equilibration of the column with buffer D (100 mm
KPi (pH 7.0)); and elution with buffer D plus 350 mm imidazole.
Fractions containing purified His,-prodomain-PAGE4 protein
were collected and loaded onto a subtilisin S189 column for
cleavage of the His, prodomain as follows: step 1, wash with
buffer D (2 column volumes); step 2, wash with 2 M sodium
acetate solution (1 column volume) and then buffer D (2 col-
umn volumes); step 3, repeat step 2 two times; step 4, wash with
buffer D (2 column volumes); step 5, elute with 10 mm sodium
azide in buffer D. PAGE4-containing fractions more than 95%
pure by gel analysis were combined and concentrated for fur-
ther study. Protein concentration was measured using a color-
imetric assay (33). Mutant constructs of PAGE4 were prepared
employing the Q5 site-directed mutagenesis kit (New England
Biolabs) and were expressed and purified as above.

Phosphorylated PAGE4 was prepared by coexpression with a
pET28a gene construct for the kinase domain of human HIPKI.
Both the PAGE4 and HIPK1 constructs were cotransformed
into BL21DE3 E. coli cells and grown in M9 minimal media
with "°N- or ">C/"N labels to an A, of ~0.6-0.9 at 37 °C.
Protein expression was induced with 1 mm isopropyl 1-thio-3-
D-galactopyranoside for 18 h at 25 °C. Phosphorylated PAGE4
was then purified using the procedure described above.

NMR Spectroscopy—Sample concentrations of 200 um WT
PAGE4 and ~150 um phospho-PAGE4 were used in 100 mm
KPi, 10 mm NaN,, and 0.1 mm DTT. NMR spectra were
recorded at 10 °C on a Bruker Avance III 600-MHz spectrom-
eter equipped with a Z-gradient "H/*3*C/'*N cryoprobe. Back-
bone resonances were assigned using the following three-di-
mensional triple resonance experiments: HNCACB, CBCA
(CO)NH, HNCO, HN(CA)CO, and (H)N(CA)NNH. Side chain
assignments were made using three-dimensional C(CO)NH-
TOCSY and H(CCO)NH-TOCSY experiments. Three-dimen-
sional '*N-edited NOESY and three-dimensional "*C-edited
NOESY spectra were acquired on both PAGE4 and phospho-
PAGE4 using a mixing time of 150 ms. Multidimensional NMR
spectra were processed with NMRPipe (34) and analyzed using
SPARKY (35).

A comparison of PAGE4 C® chemical shifts with random coil
values (36) was made, where AC* = C*_ , — C“.. The I iNHa
coupling constants were obtained from a three-dimensional
HNHA experiment (37). A%\, Values were determined by
taking the difference between experimental coupling constants
and residue-dependent values obtained from model peptide
studies (38). Heteronuclear {'H}-'°N steady-state NOEs
were measured using standard procedures (39). A relaxation
delay of 5 s was used between experiments. Dynamics exper-
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iments were carried out in quadruplicate, and values are
reported as mean = S.D. Amide exchange rates were mea-
sured using the CLEANEX-PM pulse program (40) with mix-
ing times of 5, 10, 15, 20, and 25 ms.

Paramagnetic relaxation enhancement (PRE) experiments
were carried out initially using 50 um "°N-labeled WT-PAGE4
or '"N-labeled phospho-PAGE4, spin-labeled with (1-oxyl-
2,2,5,5- tetramethylpyrroline-3-methyl)methane-thio-sulfon-
ate (MTSL, Santa Cruz Biotechnology) at the single naturally
occurring cysteine, Cys-63. Additional PRE experiments were
performed using non-phosphorylated and HIPK1-phosphory-
lated versions of the mutants [*°N]-S7C-C63A-PAGE4 and
[*°N]-N88C-C63A-PAGE4. PAGE4 samples were reacted at
room temperature with 10 molar equivalents of MTSL froma 1
M stock solution in acetonitrile, and the reaction was followed
to completion (~1-2 h) by MALDI-mass spectrometry. Spin-
labeled PAGE4 samples were dialyzed to remove excess MTSL.
5N HSQC spectra (256 '°N increments) were acquired on
MTSL-labeled samples and on samples treated with DTT (5
equivalents). Peak intensities for the paramagnetic (/,,) and
diamagnetic (/.. ) states were measured using SPARKY. As a
control for intermolecular effects, a 50 um sample of [**N]-
WT-PAGE4-C63-MTSL was mixed with a 50 um sample of
[**N]-WT-PAGE4-C63A. Spectra and peak intensities were
obtained for the I and I, 4 states as above.

Structural model calculations were carried out using CNS 1.3
(41) with standard simulated annealing and torsion angle
dynamics protocols, including code for radius of gyration
restraints (42). Calculations were initiated from a random coil
polypeptide chain. Radius of gyration restraints from single-
molecule FRET data (14) were employed for WT-PAGE4
(radius of gyration, ~33.3 A) and Thr(P)-51 PAGE4 (radius of
gyration, ~28.6 A). Distance restraints were obtained from
NOE and PRE data. Interproton NOE restraints were on the
basis of peak intensities and categorized as weak (2.8 —4.0 A)or
very weak (2.8—6.0 A). PRE distance restraints were obtained
from I, /I .4 values. For residues with I_ /I ., = 0.8, a bounds
restraint of 2025 A was used between the C* atom of the
cysteine residue with the MTSL spin label and the amide groups
of the relevant residues. For residues with [ /I .4 = 0.6, a
bounds restraint of 15-25 A was utilized. For residues with
I, /I.q ~1, a lower bound restraint of 25 A was employed
between the corresponding amide groups and the C* atom of
the cysteine residue with the spin label. An ensemble of 1000
structures was calculated for WT-PAGE4 and Thr(P)-51
PAGE4, and the 20 lowest energy conformers with no violations
greater than 1 A were displayed for each using PyMOL (43).

PAGE4/c-Jun Experiments—Full-length human c-Jun (331
residues) and truncated c-Jun-223 (residues 1-223) and c-Jun
(residues 150-331) were prepared and purified using methods
described previously (18). Shorter c-Jun fragments, c-Jun-60
(residues 1-60), c-Jun-90 (residues 1-90), and c-Jun-150
(residues 1-150), were constructed using standard cloning
procedures with cleavable N-terminal His tags, overex-
pressed in BL21DE3 E. coli cells, and purified with nickel-
nitrilotriacetic acid columns. NMR titrations of either 10 um
'*N-labeled WT-PAGE4 or phospho-PAGE4 with unlabeled
c-Jun were carried out in 100 mm KPi, 10 mMm NaN,, and 0.1
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FIGURE 2. PAGE4 NMR data and assignments. A, two-dimensional compressed planes from three-dimensional HNCACB (left panel), CBCA(CO)NH
(center panel), and (H)N(CA)NNH (right panel) spectra for WT (non-phosphorylated) PAGEA4. B, the same spectra for HIPK1-phosphorylated PAGE4. C,
two-dimensional 'H-">N HSQC spectrum of WT-PAGE4 with main chain assignments. Inset, expanded view of the boxed region. D, two-dimensional
"H-">N HSQC spectrum of phosphorylated PAGE4. The phosphorylated residues are indicated as pS9 and pT51. Because phosphorylation at Ser-9 is
partial, residues of both non-phosphorylated and phosphorylated states were assigned. Assignments for residues neighboring the phosphorylated

Ser(P)-9 are indicated (e.g. (p)S7).

mM DTT. Two-dimensional >N HSQC spectra were
acquired as a function of increasing c-Jun concentration.

c-Jun fragments 1- 60, 1-90, and 1-150 were added to iden-

tical buffer up to 6 molar equivalents. c-Jun (1-223) or full-
length c-Jun were added up to 3 molar equivalents. A reverse
titration was also performed using 30 um '°N-labeled c-Jun
(residues 150-331) with up to 4 molar equivalents of unla-
beled WT-PAGE4. Chemical shift perturbations were deter-
mined using standard methods from A, ., =
= 0.2. The cell-based

(W A8y)?]w, where Wi, = 1 and Wy, =
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Results

Sample Preparation and NMR Assignments—W'T-PAGE4
samples were prepared using the eXact tag purification system,
which has the advantage over most other methods of providing
the desired naturally occurring polypeptide chain with no addi-
tional residues at either end (32). This is particularly useful for
the study of IDPs, where the high flexibility of the chain allows

luciferase assays were carried out in triplicate utilizing pros-
tate cancer PC3 cells, as described previously (18).
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for the possibility that extraneous terminal residues could influ-
ence the analysis of conformation and dynamics through non-
native transient interactions.

Two-dimensional 'H-'"N HSQC spectra were recorded over
a range of temperatures from 5-35 °C. The spectra recorded at
10 °C gave the best resolution and the most backbone amide
peaks, and therefore assignments were carried out at this tem-
perature. The traditional mode of backbone assignment utiliz-
ing HNCACB and CBCA(CO)NH experiments led to some
ambiguity in C*/CP connectivities, arising from highly sim-
ilar chemical shift patterns. This was resolved partially by
establishing connectivity through carbonyl shifts with
HNCO and HN(CA)CO experiments. Amide-to-amide con-
nectivities, obtained from the (H)N(CA)NNH experiment (44,
45), were particularly useful in resolving the remaining uncer-
tainties and validating the final set of assignments. As an addi-
tional validation step, a number of residues were mutated (S7A,
S9A, S30A, and C63A) in separate samples to confirm their
assignment. Using this approach, all of the main chain amides
in the WT PAGE4 NMR spectrum were assigned to their cor-
responding residues in the sequence (Fig. 2, A and C). Side
chain assignments were made from the backbone amide
identities using H{CCO)NH-TOCSY and C(CO)NH-TOCSY
experiments.

Phosphorylation of WT PAGE4 was achieved by coexpres-
sion with the kinase domain of HIPK1, previously identified to
act on PAGE4 through an extensive screen of ~200 kinases
(18). The original HIPK1 kinase study suggested single-site
specificity of phosphorylation at Thr-51, but the coexpression
experiments carried out here on a larger scale for NMR analysis
produced an ~2:1 mixture of singly and doubly phosphorylated
PAGE4, evident from both NMR analysis (Fig. 2, B and D) and
mass spectrometry (Fig. 3). NMR assignment of phospho-
PAGE4 using the above methods revealed complete phosphor-
ylation at Thr-51 and partial (~30-40%) phosphorylation at
Ser-9. Main chain amides in both singly and doubly phosphor-
ylated PAGE4 were completely assigned (Fig. 2D). In particular,
the residues around the secondary phosphorylation site at Ser-9
could be distinguished from the corresponding residues where
Ser-9 is not phosphorylated. Although phosphorylation at
Thr-51 plays a key role in the function of PAGE4, the functional
relevance of Ser-9 phosphorylation has yet to be investigated.

Local Conformational Preferences—With near-complete
backbone NMR assignments in hand for both WT PAGE4 and
Thr(P)-51 PAGE4, the effects of phosphorylation at Thr-51 on
backbone chemical shifts (*°N, HY, C%, and CO) were measured
(Fig. 4). As expected, the largest effects for *°N, HY, and CO
shifts were seen at Thr-51 itself, with relatively smaller changes
for the nearest neighbors. In contrast to these localized effects,
significant differences were detected for C* chemical shifts over
a region extending from residues 40-70 (Fig. 4C). Because C*
shifts are a sensitive indicator of structure (46, 47), this sug-
gested that phosphorylation at Thr-51 induces sequential,
medium-range, and even longer-range changes in conforma-
tional preferences.

Further analysis of experimental C* and C® chemical shifts
was carried out by comparison with sequence-corrected ran-
dom coil values calculated from model peptides (36, 48). These
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FIGURE 3. Monitoring phosphorylation of PAGE4 by mass spectrometry.
A and B, mass spectra of WT PAGE4 as a control (A) and after incubation with
HIPK1 and ATP at 30 °C for 3 h (B) and 12 h (Q).
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FIGURE 4. Main chain chemical shift changes in PAGE4 upon phosphory-
lation where A8 = 8(Thr(P)-51 PAGE4) — 6(WT).A, ASH". B, ASN.C, ASC*.D,
ASCO. Estimated errors in chemical shift differences were on the basis of
spectra recorded for two different PAGE4 samples and were as follows: 'H,
0.01 ppm; °N, 0.025 ppm; '3C, 0.1 ppm.

data indicate that the WT PAGE4 polypeptide chain has con-
siderable intrinsic disorder but also has contiguous residues
with propensities for B-extended conformations (AC*<O0,
ACP>0; residues 1417, 21-23, 3234, and 38 —40) and a-hel-
ical conformations (AC*>0, ACP<0; residues 67-73) (Fig. 5, A
and B). On the basis of comparison with AC* values for fully
folded proteins, these regions are ~10-20% transiently
ordered. Phosphorylation does not significantly alter local con-
formational preferences in the N-terminal half of the molecule
but gives more positive AC® values around Thr-51 that extend
into the transient helical region.

Additional lines of evidence from *J; 4., coupling constants
that report on the backbone ® torsion angle (Fig. 5C) and inter-
proton NOEs (Fig. 5D) are generally consistent with the con-
formational preferences obtained from chemical shifts. Contig-
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turn-like structures.

uous negative A%y, values (= J,-J.) (38) correspond with
turn-like and helical structures, whereas contiguous positive
values correspond with B-extended conformations. Regions of
relatively strong sequential d_, (i, i+I1) NOEs match with
extended conformations in the N-terminal half of PAGE4,
whereas the longest stretch of dy(i, i+ 1) NOEs overlaps with
the transient helical region. Notably, numerous (i, i+2) and (i,
i+3) NOEs are present in the region between residues 41— 63 in
phospho-PAGE4 but not WT PAGE4 (Fig. 5D). Together, the
chemical shift, coupling constant, and NOE data point toward
an increased population of turn-like structures around Thr-51
upon phosphorylation. The turn structures in PAGE4 have
flexible conformations that are not tightly defined because of
the limited number of experimental restraints.

The proline residues adjacent to the primary phosphoryla-
tion site, Pro-52 and Pro-53, have been shown to be primarily
(>90%) trans isomers on the basis of either C” chemical shift
analysis (49) or the characteristic d (i, i+1) NOE pattern in a
three-dimensional '*C-edited NOESY spectrum. Indeed, using
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this analysis, all prolines in PAGE4 are mainly trans in both
WT-PAGE4 and phospho-PAGE4. Evidence for a significantly
populated intraresidue hydrogen bond between Thr-51HN
and one of the oxygen atoms of the Thr-51 phosphoryl group
comes from the large downfield perturbation in 'H chemical
shift (~1.3 ppm) (Fig. 2D) as well as the slowed amide proton
exchange rate of Thr-51 upon phosphorylation (Fig. 64). On
the basis of the degree of protection from exchange (p = k_, "/
k., PhosPh) this hydrogen bond provides ~2 kcal/mol of stabi-
lization (50, 51). Phosphorylation of Thr-51 also protects
neighboring residues (Arg-48, Gly-50, and Glu-55) from
exchange, but to a lesser extent (Fig. 6B), reflecting the lower
solvent accessibility of amides in this region.

Global Conformational Preferences—In addition to local con-
formational preferences, longer-range interactions within the
structural ensemble can be probed using PRE methods (52).
This involves introduction of a stable paramagnetic species, in
this case a nitroxide spin label, at a defined point in the poly-
peptide chain through covalent cysteine-mediated attachment
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of MTSL, followed by measurement of amide peak intensities in
the presence (/,,) and absence (I,.,) of the spin label. The native
PAGE4 amino acid sequence has a unique cysteine, Cys-63, that
is centrally located and well positioned to assess PRE effects for
both the non-phosphorylated and phosphorylated protein.
The results show that the WT PAGE4 conformational
ensemble exhibits preferred long-range contacts and that phos-
phorylation modulates these interactions. On average, residues
that are within 25 A of Cys-63 display a PRE effect (I, /I,.q < 1).
These include the amino acids that neighbor Cys-63, with the
nearest neighbors having the largest effects, and continue out
from the position of the spin label to ~12 residues in both
directions. Furthermore, there are significant PRE effects out-
side of this nearest neighbor envelope, with long-range contacts
to residues 3—-13 and 82-93 (Fig. 7A). Phosphorylation alters
these long-range preferences, increasing the PRE effects

25096 JOURNAL OF BIOLOGICAL CHEMISTRY

(smaller I /I,.4 values) in both the N- and C-terminal regions.
A control experiment with a 1:1 mixture of [**N]-WT-PAGE4-
C63-MTSL and [*°N]-C63A-PAGE4 showed no measurable
interactions between the spin label on one chain and '°N-la-
beled amide protons on the other, indicating that the PRE
effects observed are intramolecular (Fig. 7A). Spin labels were
also placed near the N terminus and C terminus using S7C-
C63A and N88C-C63A PAGE4 mutants, respectively. Experi-
ments on these samples demonstrated reciprocal PRE effects
on the central region of the polypeptide chain, which were
enhanced upon phosphorylation (Fig. 7, B and C).

On the basis of these results, conservative PRE and NOE
restraints were used as inputs for calculating ensemble confor-
mations for both WT PAGE4 and phosphorylated PAGE4.
Although not all restraints are likely to be satisfied simultane-
ously in a single polypeptide chain, the resulting models pro-
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FIGURE 7. Long-range interactions in PAGE4 from PRE measurements. A,
Cys-63-MTSL PRE data for backbone amide protons of non-phosphorylated
PAGE4 (blue) and Thr(P)-51 PAGE4 (red). Results from a control experiment
(purple) indicate that the observed effects are intramolecular (see “Experi-
mental Procedures” for details). Inset, the effect of phosphorylation at Ser-9
(green) on the PRE data for the N-terminal basic motif. The conformational
preferences of the polypeptide chain (gray symbols) and the primary phos-
phorylation site (red asterisk) are indicated. B, S7C-MTSL PRE data for non-
phosphorylated PAGE4 (blue) and Thr(P)-51 PAGE4 (red). C, N88C-MTSL PRE
data for non-phosphorylated PAGE4 (blue) and Thr(P)-51 PAGE4 (red). Errors
in I,,/leq values are estimated from the uncertainty in peak intensity
measurements.

vide a useful framework for visualizing preferred states of the
highly flexible ensemble. For clarity, separate calculations were
performed for long-range interactions between the central
acidic region and the N- and C-terminal contact sites. There-
fore, WT PAGE4, on average, populates conformations where
the highly basic N-terminal motif (RVRSRSRGR) is within 25 A
of the central acidic region (Glu-43, Glu-47, Glu-49, Glu-55,
Glu-56, Glu-60, and Asp-62) neighboring Cys-63 (Fig. 84).
Phosphorylation at Thr-51 increases the negative charge in this
acidic region and induces turn-like structures that provide a
more compact transient interaction with the N-terminal motif
(Fig. 8B). Secondary phosphorylation at Ser-9 lowers the net
positive charge of the N-terminal basic motif, with weakening
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of the PRE effect (Fig. 7A, inset). The interaction between these
two regions, therefore, appears to be driven mostly by favorable
electrostatic effects. In addition, other interactions between a
C-terminal motif centered on residue Asn-88 and the transient
helix contribute to the overall conformational ensemble. These
long-range contacts may also be at least partly due to electro-
static interactions of several basic residues in this region (Lys-
82, Lys-84, Lys-90, Lys-93, and Lys-K95) with central acidic
amino acids (Fig. 8, C and D). Notably, both the N- and C-ter-
minal contacts to the central acidic region decrease accessibil-
ity to the transient helix.

Backbone Flexibility and the Effect of Phosphorylation—
Steady-state 'H-'°N heteronuclear NOE measurements, which
report on picosecond-nanosecond timescale motions in the
backbone, were made for both WT PAGE4 and phospho-
PAGE4 (Fig. 9). These data show that WT PAGE4 is highly
flexible, with average heteronuclear NOE values (~0.1-0.2)
similar to those of comparable molecular weight IDPs (53).
However, flexibility is not uniform across the polypeptide
chain. Residues 67-73 have elevated 'H-'°N NOE values
(~0.3-0.4), indicating increased rigidity for the transiently
ordered helical region relative to other parts of the sequence. In
contrast, residues 30—33 comprise a flexible internal region
with negative heteronuclear NOE values comparable with
those of amino acids near the termini. Phosphorylation on
Thr-51 decreases picosecond-nanosecond timescale motions
in the immediate vicinity, with higher heteronuclear NOE val-
ues for Thr-51, Ile-54, and Glu-55 and smaller changes in other
parts of the chain. Similar effects were seen at higher tempera-
tures (data not shown).

Functional Studies—NMR-based ligand binding experi-
ments were used to define the PAGE4 binding interface with
human c-Jun. A series of unlabeled c-Jun fragments, 1-61,
1-90, 1-150, 1-223, and full-length c-Jun, were tested individ-
ually with 'N-labeled WT PAGE4 and phospho-PAGE4.
Chemical shift perturbation experiments with the shorter c-Jun
fragments, 1-61, 1-90, and 1-150, showed no change in two-
dimensional **N HSQC spectra of WT PAGE4 with up to 6
equivalents of c-Jun fragment added. In contrast, addition of
either unlabeled full-length c-Jun or c-Jun (1-223) perturbed a
specific set of WT PAGE4 residues in a similar way, albeit
weakly (Fig. 10A4). The largest chemical shift changes occurred
in the transient helix region of PAGE4 from residues 69-73
(Fig. 10, A and C). The binding interaction between WT PAGE4
and c-Jun was estimated at a K, of >50 uMm from the NMR
titration data, with precipitation of c-Jun at higher concentra-
tions preventing a more accurate determination. Phosphoryla-
tion of PAGE4 on Thr-51 significantly attenuates binding at the
helical interface with c-Jun at residues 69 —73 (Fig. 10, Band C).
These NMR-based observations agree well with earlier single-
molecule FRET studies (14, 18), which showed that the c-Jun
binding site is in the C-terminal half of PAGE4 and that affinity
for c-Jun decreases upon phosphorylation of Thr-51. There-
fore, the NMR results presented here provide a higher-resolu-
tion identification of the transient helical region of PAGE4 as
the binding site with c-Jun. In addition, reverse titration exper-
iments using a '°N-labeled c-Jun fragment (residues 150 -331)
and unlabeled WT PAGE4 exhibited chemical shift perturba-
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the average distance between Thr(P)-51, the basic motif, and the transient helix (magenta). C and D, models of the transient interaction between the central
acidic region and the C-terminal basic motif (blue spheres; Lys-82, Lys-84, Lys-90, Lys-93, and Lys-95) in non-phosphorylated PAGE4 (C) and Thr(P)-51 PAGE4 (D).
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tions and peak intensity decreases consistent with a weak bind-
ing interaction (Fig. 10D).

Because the c-Jun (1-223) fragment, but not shorter con-
structs, gave similar NMR results as full-length c-Jun, residues
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150-223 must be important for the interaction with PAGE4.
This region is adjacent to the basic DNA-binding domain of
c-Jun, which extends from residues 257-276. Consistent with
the NMR binding data, results from a luciferase assay in a PC3
prostate cancer cell line with truncated c-Jun fragments dem-
onstrated that PAGE4-mediated amplification of c-Jun trans-
activation was negligible and required inclusion of the region
from 150 -223 (Fig. 10E). An additional mutant of PAGE4, lack-
ing most of the N-terminal basic motif from residues 5-11, had
a small (~3-fold) but significant increase in c-Jun transactiva-
tion (Fig. 10F). The N-terminal motif therefore appears to have
a partial autoinhibitory effect on the cellular function of
PAGE4, possibly through its long-range interactions with the
central region.

Discussion

Comparison with Other PAGE Family Members—The only
other cancer/testis antigen studied in detail using biophysical
methods is PAGES5 (29). However, the role of posttranslational
modifications in PAGE5 remains unknown. PAGE4 has 43%
sequence identity to PAGE5 (Fig. 14), and, although there is
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some overlap in the structural tendencies of these two proteins, region that is largely deleted in PAGE4. Residues that are cen-
there are also numerous differences at the per-residue level. tral to this B-extended structure in PAGE5 correspond with a
PAGE4 has more B-type extended structure propensity than highly flexible internal region (residues 30-32) in PAGE4.
PAGES5, localized in the N-terminal half for both proteinsbutin  Notably, seven of the 11 prolines in PAGE4 have a PX,-PX-
different positions. The single B structure in PAGES5 is in a PPX,-PX,PP sequence motif from residues 19 —53 that does not
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occur in the other PAGE family members and likely contributes
to these conformational tendencies. A similar sequence motif
with disordered extended conformations has been observed in
a pollen allergen (54). There are also differences in the helical
preferences of PAGE4 and PAGES5. The transient helix in
PAGE4 (residues 65-73) is nine residues long, whereas the
helix in PAGES5 consists of 16 amino acids and starts nine resi-
dues earlier, corresponding with a region in PAGE4 that
increases its turn-like structure upon phosphorylation at Thr-
51. Significantly, a phosphorylation site corresponding to
Thr-51 is not present in PAGE5 or any of the other PAGE
sequences. Indeed, the region that is phosphorylated and pop-
ulates turn-like structures in PAGE4 is the most variable stretch
of amino acid sequence across the entire PAGE family. Further-
more, the highly basic RYRXRXRXR motif at the N terminus of
PAGE4 that interacts transiently with the central acidic region
is not present in PAGES5. Together, these observations suggest
different conformational modes of action for the PAGE
proteins.

Effect of Phosphorylation on PAGE4 Conformation and
Dynamics—Site-specific phosphorylation at Thr-51 alters the
conformational preferences of PAGE4, increasing the popula-
tion of turn-like structures and the rigidity of the backbone in
the central region. In addition, there are long-range transient
interactions between basic motifs and the central acidic region
(Fig. 8) that impose further constraints on the distribution of
populations in the ensemble while maintaining overall chain
flexibility. Previous single-molecule FRET studies on PAGE4
also indicated a restriction of the polypeptide chain upon phos-
phorylation (18). Therefore, phosphorylation switches the con-
formational ensemble to a more compact but still flexible state.

The increase in turn-like structures upon phosphorylation
has been observed previously in NMR studies of other intrinsi-
cally disordered proteins, such as amyloid precursor protein
(55) and the serine/arginine-rich protein SRSF1 (56). This may
be due to increased electrostatic interactions of the phosphoryl
group with nearby basic residues. In the case of PAGE4, inter-
actions of Thr(P)-51 with Arg-48 and Arg-57 would increase
turn populations, for example. Additionally, phosphorylation
provides new H-bond acceptors for main chain N-H groups to
interact with transiently. Unlike PAGE4, long-range effects do
not appear to be detected in amyloid precursor protein and
SRSF1. In one recent example, however, phosphorylation of an
IDP, 4E-BP2, provides sufficient long-range interactions to
weakly stabilize a folded domain (57). This demonstrates that
some IDPs are only marginally unstable. Posttranslational
modifications can induce shifts in the ensemble that may
increase H-bonding or other energetically favorable interac-
tions. Therefore, phosphorylation of IDPs appears to lead to a
continuum of structure-promoting effects where PAGE4 is
between amyloid precursor protein and 4E-BP2. Moreover, the
structural ensemble shifts induced by posttranslational modifi-
cations seen here and elsewhere (57-59) are comparable with
the conformational switching events in some marginally stable
folded proteins in response to mutation or environmental trig-
gers (60, 61).

Effect of Phosphorylation on Function—Phosphorylation of
PAGE4 at Thr-51 has significant effects on its function. At the
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cellular level, Thr(P)-51 PAGE4 potentiates c-Jun transactiva-
tion ~30-fold over non-phosphorylated PAGE4 (18). Interest-
ingly, at the biochemical level, phosphorylation of PAGE4
attenuates binding to c-Jun (Fig. 10, B and C), similar to results
for other IDPs where phosphorylation causes loss of a binding
function (62, 63). In such cases, the decreased affinity may be
due to phosphorylation-induced destabilization of a binding
competent state such as a helix (64) or because of other effects
such as masking interactions (65, 66). For PAGE4, phosphory-
lation does not appear to destabilize the helical region but actu-
ally leads to a slightly increased helical character (Fig. 54).
Therefore, one plausible reason for the lowered affinity of
Thr(P)-51 PAGEA4 for c-Jun in vitro may be the more compact
nature of the ensemble in the phosphorylated state compared
with unphosphorylated PAGE4 (Fig. 8). The NMR-based struc-
tural models indicate that the elevated level of medium- and
long-range contacts in Thr(P)-51 PAGE4 decreases accessibil-
ity to the helical region. Because this is the region shown to bind
to c-Jun, the attenuation in binding due to phosphorylation
may be due occlusion effects (Fig. 8, B and D). Indeed, the tran-
sient long-range interaction involving the N-terminal basic
motif appears to play a role in cellular function. This is evident
from the observation that deletion of residues 5-11 leads to a
modest but significant increase in c-Jun transactivation, sug-
gesting a weak autoinhibitory effect. Similar effects have been
reported in other IDPs (59, 66, 67).

Additional factors may be involved in the PAGE4/c-Jun
interaction that could contribute to higher affinity and further
ordering of PAGE4. To account for its strongly amplifying
effect on c-Jun transactivation, it has been suggested that
Thr(P)-51 PAGE4 has increased affinity for another, as yet
undetermined factor (18). Possible candidates for this factor are
proteins in the Fos family, c-Fos, FRA1, and FRA2, which are
known to heterodimerize with c-Jun to form AP-1 complexes
(68) and have up-regulated RNA patterns coincident with
PAGE4, as discerned by querying NCBI GEO. Finally, a PSI-
BLAST analysis of the PAGE4 sequence against the Protein
Data Bank showed that it has a 47-amino acid region (residues
53-99) with significant sequence similarity (30% identity, 49%
similarity) to the disordered tether of human SAP-1. SAP-1
stabilizes a homodimeric transcription factor-DNA complex
that plays a role in regulating c-fos expression (69). We hypoth-
esize that PAGE4 carries out its positive regulator role by sta-
bilizing a Jun-Fos-type complex in a similar way. Further exper-
iments will be required on the AP-1 complex to test this
hypothesis and determine the full extent of the role of PAGE4 in
c-Jun transactivation.
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