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ABSTRACT: The proliferating cell nuclear antigen (PCNA)-associated factor p15PAF is
a nuclear protein that acts as a regulator of DNA repair during DNA replication. The
p15PAF gene is overexpressed in several types of human cancer, and its function is
regulated by monoubiquitination of two lysines (K15 and K24) at the protein N-terminal
region. We have previously shown that p15PAF is an intrinsically disordered protein which
partially folds upon binding to PCNA and independently contacts DNA through its N-
terminal tail. Here we present an NMR conformational characterization of p15PAF

monoubiquitinated at both K15 and K24 via a disulfide bridge mimicking the isopeptide
bond. We show that doubly monoubiquitinated p15PAF is monomeric, intrinsically
disordered, and binds to PCNA as nonubiquitinated p15PAF does but interacts with DNA
with reduced affinity. Our SAXS-derived conformational ensemble of doubly
monoubiquitinated p15PAF shows that the ubiquitin moieties, separated by eight
disordered residues, form transient dimers because of the high local effective ubiquitin
concentration. This observation and the sequence similarity with histone H3 N-terminal tail suggest that doubly
monoubiquitinated p15PAF is a binding target of DNA methyl transferase Dnmt1, as confirmed by calorimetry. Therefore,
doubly monoubiquitinated p15PAF directly interacts with PCNA and recruits Dnmt1 for maintenance of DNA methylation
during replication.

■ INTRODUCTION

Ubiquitination is a multifunctional post-translational mod-
ification that may not only drive the protein through the
proteasome degradation pathway, but also change the affinity
for binding to other biomolecules and, thus, affect protein
function in a variety of cellular processes. A few ubiquitinated
proteins have been structurally studied and shown to preserve
their three-dimensional structure; however, the impact of this
modification may be particularly strong in the case of
intrinsically disordered proteins (IDPs), whose conformational
equilibrium might be significantly altered.1 A conformational
and molecular recognition characterization of an ubiquitinated
IDP is still missing, likely because of the difficulties in
obtaining high amounts of the pure modified protein. Here we
present a thorough structural analysis of the p15PAF oncogenic
protein monoubiquitinated at two lysine residues via a disulfide
bridge that mimics the isopeptide bond.

The p15PAF protein (hereafter named p15) is a nuclear 12
kDa polypeptide initially identified as a proliferating cell
nuclear antigen (PCNA) binding protein.2 The DNA sliding
clamp PCNA has the shape of a ring and acts as a docking
platform for many enzymes that edit DNA.3 p15 binds to the
front face of the PCNA ring as it encircles the DNA and slides
along it.4 Regulatory monoubiquitination at residues K15 and
K24 (Figure 1A) selectively occurs on PCNA-bound p15
during the S phase of the cell cycle,5 when replicative DNA
polymerases copy the DNA. The ubiquitination of p15 is
mediated by the E3 ligase UHFR1 (ubiquitin-like PHD and
RING finger containing domain 1),6 which also monoubiqui-
tinates the histone H3 N-terminal tail at two sites.7,8 Following
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UV stress, the interaction of doubly monoubiquitinated p15
(hereafter named dmUbp15) with PCNA is disrupted,
inducing the recruitment of the trans-lesion synthesis (TLS)
polymerase η to PCNA at stalled replisomes and, thus,
facilitating the bypass of replication-fork blocking lesions.5 It is
thought that, upon DNA-replication blockage, the mono-
ubiquitinated sites are polyubiquitinated and p15 is removed
from PCNA in a proteasome-dependent manner.5 p15 is an
emergent cancer target as it is overexpressed in multiple types
of human cancer and is associated with poor prognosis.9−11

Recently it has been described as a factor required for the
maintenance of breast cancer and glioma cell stemness.12,13

The p15 protein is intrinsically disordered in solution14 but
adopts a folded structure for the central region when bound to
PCNA.4 This central region contains the PCNA interacting
protein motif (PIP) and tightly binds on the front face of the
PCNA ring. In contrast to other PCNA interacting proteins,
however, p15 also contacts the inside of, and passes through,
the PCNA ring, with the disordered p15 termini emerging at
opposite faces of the ring.4 Both free and PCNA-bound p15
contact DNA mainly with its N-terminal tail, rich in positively
charged amino acids, suggesting that p15 acts as a flexible drag
to regulate PCNA sliding along the DNA.4 The distance
between the two ubiquitin moieties at the N-terminal region of
the p15 sequence and its similarity to the N-terminal tail of
histone H3 suggest that dmUbp15 binds the replication foci
targeting sequence (RFTS) of DNA methytransferase Dnmt1
as doubly monoubiquitinated histone H3 does.15

Here, we present a detailed characterization of the
conformational and molecular recognition properties of doubly
monoubiquitinated p15. To prepare dmUbqp15, we followed a
nonenzymatic approach involving a direct disulfide linkage that
mimics the isopeptide bond. The doubly monoubiquitinated
protein remains disordered based on circular dichroism (CD),
small-angle X-ray scattering (SAXS), and NMR chemical shift
data analysis. We show that dmUbp15 binds PCNA and DNA,
yet with lower affinity than unmodified p15 in the case of
DNA, suggesting a role of p15 in regulating the PCNA sliding
velocity on the DNA. Furthermore, dmUbp15 binds the RFTS

of Dnmt1 as seen by calorimetry, suggesting that it recruits
Dnmt1 to replication forks for maintenance of DNA
methylation.

■ RESULTS

Doubly Monoubiquitinated p15 Remains Intrinsically
Disordered. In order to monoubiquitinate p15 at two
residues, we used a nonenzymatic approach comprising the
introduction of reactive thiol groups both in the ubiquitin and
in the target p15 protein.16,17 The disulfide bond directed
ubiquitination yields a sterically similar linkage to the native
isopeptide bond.18 We expressed and purified a p15 mutant
with the ubiquitination target lysine residues mutated to
cysteine, whereas two native cysteines in the sequence were
changed to serine. A reactive ubiquitin added to this p15CCSS
mutant spontaneously produced dmUbp15. With this method,
we were able to produce milligram amounts of homogeneous
dmUbp15 (Figure 1S).
The SEC-MALS analysis of dmUbp15 demonstrated that

the protein is a monomer (Figure 1B). The far-UV CD
spectrum shows one minimum at 205 nm and a shoulder at
225 nm, consistent with a mixture of random coil and regular
secondary structure (Figure 1C). The CD spectrum of the
quadruple p15 mutant p15CCSS (used for ubiquitination at
positions 15 and 24; see the methods section) is typical for a
random coil. The difference spectrum shows the pattern of
minima corresponding to the ubiquitin moieties.19 These
results suggest that isolated dmUbp15 lacks any defined
structure apart from the ubiquitin moiety.
In contrast to CD and other analytical methods, our studies

of dmUbp15 constructs by heteronuclear NMR correlation
spectroscopy are selective for the p15 moiety because of its
labeling with NMR-active 13C and 15N isotopes, whereas the
unlabeled fused ubiquitin moieties remain invisible. The
assignment of the p15 backbone and some Cβ side chain
NMR signals was then obtained from a set of conventional
triple resonance experiments with out-and-back transfer and
detection on the amide protons. The 2D 1H,15N HSQC
fingerprint spectrum of the p15 moiety in dmUbp15 shows 99

Figure 1. dmUbp15 is monomeric and unstructured in solution. (A) Scheme of p15 showing the position of the mutations introduced in this study
(p15CCSS) as well as the PIP-box region (yellow), encompassing all the residues observed in the crystal structure with PCNA.20 (B) Size exclusion
chromatogram of dmUbp15 (black, axis on the left) and molar mass derived from MALS (green, axis on the right) in PBS pH 7.0 at 25 °C. The
theoretical molar mass of dmUbp15 is 29 019 Da (Figure S1). (C) CD spectra of dmUbp15 (black), p15CCSS (red), and their difference (blue).
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assigned amide signals (Figure 2A), where only the two N-
terminal residues and the nine prolines (in the absence of an
observable amide proton) are missing. All prolines have trans
peptide bonds, as indicated by small [Cα−Cβ] chemical shift
differences.21 A few minor signals with ca. 5% intensity of the
major ones are visible in the 1H,15N HSQC spectrum (data not
shown). At least one of these signals corresponds to a residue
following a proline with a [Cα−Cβ] chemical shift difference
typical for a cis-configuration of the peptide bond. Therefore,
we interpret the minor signals as arising from small populations
of dmUbp15 proteins with peptidyl-prolyl cis-peptide bonds, as
occurs with nonubiquitinated p15. The dispersion of backbone
amide 1H chemical shifts is similarly low for unmodified and
for doubly monoubiquitinated p15 (Figure 2B), indicating that
the latter remains disordered and flexible. The major changes
occur at sites of ubiquitination and/or mutation (Figure S2).
The distribution of p15 15N transverse relaxation rates, R2,
along the sequence (Figure S3) is likewise similar in both
states except for the region between residues 11 and 27, which
contains the ubiquitination sites (15 and 24). The approx-
imately 2-fold increase in 15N R2 rates can, thus, be explained
by a locally restricted mobility due to the attached ubiquitin
moieties in dmUbp15. As in isolated p15, relatively large R2
values are also found for residues 60 to 72, which could be

explained by steric restrictions between bulky side chains and
the backbone,22 or by the presence of minor populations of
nonrandom conformations.14

The chemical shift deviations for Hα, C′, Cα, and Cβ from
random coil values (Figure 3), taken from intrinsically
disordered proteins under native conditions,23 do not indicate
preferential local conformations in dmUbp15. Overall, our
NMR data indicates the same level of intrinsic disorder and
flexibility for p15 in the dmUbp15 fusion protein as in the
previously analyzed isolated state.14

To further investigate the structural effects of ubiquitination
in p15, we applied small-angle X-ray scattering (SAXS) as the
best suited technique to probe the overall structure of
disordered proteins.24 Our synchrotron SEC-SAXS data
revealed that dmUbp15 is a nonglobular particle in solution
(Figure 4 A) with a radius of gyration (Rg) of 33.7 ± 0.4 Å and
a maximum intermolecular distance (Dmax) of 139.0 ± 10.0 Å
(Figure 4B). dmUbp15 is slightly larger than nonubiquitinated
p15CCSS, which has an Rg of 29.4 ± 0.5 Å and a Dmax of 124.0
± 5.0 Å (Figure 4A,B). The SAXS-derived structural
parameters of p15CCSS are in the range of those previously
measured for wild-type p15, Rg of 28.1 ± 0.3 Å and a Dmax
120.0 ± 10.0 Å.14 The Kratky representation of dmUbp15
SAXS data (Figure 4A) displays dual features. On the one

Figure 2. NMR fingerprint spectra of dmUbp15 with only p15 enriched in 15N. (A) 2D 1H,15N HSQC NMR spectrum of dmUbp15 with
assignment of the backbone amide signals (in PBS pH 6.2 at 25 °C and 800 MHz). (B) Overlay of dmUbp15 (red) and nonubiquitinated p15
(black). (C) Overlay of dmUbp15 spectra at pH 6.8 in the absence (red) and in the presence (blue) of PCNA at 1:4 molar ratio of PCNA
protomer. The residues that suffer the highest intensity drop in the complex are labeled.
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hand, it shows a broad peak, indicating an important level of
compaction. On the other hand, this peak does not decrease
completely, suggesting that p15 remains disordered upon
dimonoubiquitination. Note that the Kratky representation of
dmUbp15 is entirely different from that of p15CCSS, which
displays a monotonous increase of (sRg)

2·I(s) at wide angles
characteristic of fully disordered proteins (Figure 4A). The
pairwise distance distribution, P(r), of dmUbp15 (Figure 4B)
also suggests this order−disorder duality. It is asymmetric with
a smooth decrease toward a large Dmax, as observed for highly
flexible proteins like p15CCSS, but also displays two main
peaks that encapsulate the intra- and interdomain pairwise
distances of ubiquitin tags.25 The SAXS data is, therefore,
compatible with a protein containing folded domains tethered
to a disordered region and is in clear contrast with those
measured for ubiquitin, which is a globular protein.
To get more detailed structural information from the SAXS

data, we applied the Ensemble Optimization Method
(EOM).26 The NMR analysis indicates that the presence of
the two grafted ubiquitins does not perturb the conformational
features of p15, which remains disordered in solution.
Prompted by this observation, we have modeled the p15
protein as an IDP in both scenarios, with or without randomly
oriented ubiquitin tags at residues 15 and 24. An atomistic
ensemble model of the doubly monoubiquitinated p15 was
built combining flexible-meccano (FM), molecular dynamics
(MD) simulations, and in-house scripts (see methods for
details). A second ensemble for p15CCSS was built by
removing both ubiquitin moieties and the linkers from the
dmUbp15 ensemble (Figure 4C). Using these structural pools,
the EOM-derived ensembles provided an excellent fit to the
experimental SAXS curves of p15CCSS and dmUbp15, with χi

2

values of 0.94 and 0.99, respectively (Figure 4D). The EOM-
derived Rg distributions, compared with those obtained from
the initial pools (before EOM), are displayed in Figures 4E and
S4 for dmUbp15 and p15CCSS, respectively. These distribu-
tions sample a broad range of Rg values, indicating high
flexibility of the protein regardless of the ubiquitination.

Interestingly, both ensembles display an enrichment in
extended conformations (large Rg values) when compared
with the initial pools. This observation suggests that the
transient secondary elements previously observed in wild-type
p15 are also present in both cases14 and substantiates the
absence of major changes in the conformational sampling of
p15 in the presence of the two covalently bound ubiquitin
proteins, as also observed by NMR.

dmUbp15 Adopts Interubiquitin “Closed” and
“Open” Conformations. SAXS is highly sensitive to the
spatial distribution of globular domains within flexible
proteins.25 To exploit this feature, we analyzed the relative
position of both ubiquitin moieties in the EOM-optimized
ensemble of dmUbp15. By computing the distance between
their centers of mass (dUb‑Ub) for each conformer, we observed
two families of structures that we classified as “closed” and
“open”. To better visualize these two families, we used a joint
distribution of dUb‑Ub vs end-to-end distances (dee) of the
structures from the initial pool (in gray) and the refined
ensemble (in red) (Figure 4F). The pool, representing a
random distribution of ubiquitin positions when grafted to
dmUbp15, presents a single peak with a maximum at dUb‑Ub
around 53 Å. Upon ensemble optimization against SAXS data,
the single peak was resolved into two main clusters centered on
dUb‑Ub values of 30.0 ± 4.0 Å and 52.4 ± 8.9 Å, hereafter
named closed and open states, respectively. The inspection of
the conformations belonging to the closed state indicates that
both ubiquitin moieties are in contact, forming dimers in
different three-dimensional arrangements. It is worth noting
that both peaks in the optimized distribution appear isolated,
and there is not a continuum of conformations between the
closed and the open states. These observations indicate that,
for doubly monoubiquitinated p15, the two ubiquitin moieties
form a transient dimer. The presence of interubiquitin contacts
does not perturb the overall size of the molecule, which
remains highly disordered upon ubiquitination (Figures 4B−
F). To further substantiate these observations, SAXS curves for
the two states were computed by averaging the profiles of
conformations belonging to each peak. Then, we performed a
grid search by varying the relative population of the ensemble-
based SAXS pattern representing the closed and open states.
Although the minimum is relatively broad, the optimal level of
agreement (χ2 = 0.99) with the SAXS curve of dmUbp15 was
obtained at a 69/31 ratio for the open/closed models (Figure
4G and S5).
Ubiquitin has been reported to form highly dynamic

symmetric dimers with very low affinity (Kd ∼ 5 mM).27

Using this dissociation constant and the relative population of
the open/closed conformations derived from SAXS data, we
estimated an effective ubiquitin concentration, Ceff, of 2.24 mM
in the context of dmUbp15.28 To further characterize the
interaction between the two ubiquitin moieties within
dmUbp15 and determine the dimerization surface, we
recorded NMR spectra of singly monoubiquitinated p15 with
only one 15N-labeled ubiquitin molecule at position 15 or at
position 24 (mUbp15_15 or mUbp15_24) and compared
them with the spectrum of dmUbp15 (with two 15N labeled
ubiquitin chains). The differences in chemical shifts were very
small (Figure S6) and do not match the interacting residues in
ubiquitin dimers,27 suggesting that the interaction detected by
SAXS is too transient to be observed by NMR chemical shift
differences.

Figure 3. Experimental and random coil chemical shift23 differences
(δexp − δRC) versus dmUbp15 residue number, derived for the Hα, Cα,
CO, and Cβ nuclei in PBS buffer pH 6.2, 25 °C.
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dmUbp15 Interacts with PCNA as Nonubiquitinated
p15. The interaction of dmUbp15 with PCNA was studied by
ITC and NMR. Calorimetry shows that one molecule of
dmUbp15 binds to each protomer of PCNA with a Kd of 1.6 ±
0.1 μM at 25 °C (Figure S7 and Supplementary Table S1),
which is similar to the isolated p15, with a Kd of 1.1 ± 0.1 μM
4. The mutation C54S, within the PCNA binding region of
p15, does not affect the affinity (Kd= 1.3 ± 0.1 μM, Figure S7
and Table S1). This result appears in contradiction with the
previously reported promotion of PCNA binding by
ubiquitination of p15 observed by nuclear colocalization.6

Our quantitative calorimetry measurements demonstrate that
ubiquitination does not affect the direct interaction between
p15 and PCNA, and our NMR data shows that the PCNA
binding mode of dmUbp15 is equivalent to that of p15 (Figure
2C). On the side of p15, this is indicated by the same general
decrease in 1H,15N signal intensities and the same group of
disappearing signals in the central region of the dmUbp15
chain (Figure S8).4 On the side of PCNA, however, the 1H,15N
TROSY spectrum only shows a few signals from its most
flexible regions (Figure S9), most likely due to the slower
tumbling rate of the complex (with an increased molar mass of
∼180 kDa)

dmUbp15 Interacts with DNA with Reduced Affinity
As Compared with Nonubiquitinated p15. p15 interacts
with DNA in a sequence independent manner mainly through
its N-terminal region,4 which is rich in basic amino acids and
contains both ubiquitination sites. Our working hypothesis was
that double monoubiquitination of p15 might reduce its
affinity for DNA via the neutralization of two positive charges
(at the two lysine side chains) and via the increased steric
hindrance exerted by the two attached ubiquitin moieties at
the center of the DNA binding region at the p15 N-terminus.
We examined this hypothesis by measuring the DNA affinity
and 25 °C by NMR. This yielded a 5-fold reduced DNA
affinity of dmUbp15 (Kd = 24 ± 3 μM; Figure 5) as compared
with isolated p15 (Kd = 5 ± 1 μM). To further analyze whether
the main inhibiting effect of p15 ubiquitination upon DNA
binding is the entailed removal of two positive charges, rather
than the increased steric hindrance, we also measured the
DNA affinity of p15CCSS with double lysine-to-cysteine
mutation and found a Kd = 91 ± 5 μM (Figure S10). This
result clearly confirms the positive charge neutralization as the
dominant effect of p15 ubiquitination upon DNA binding.
NMR analysis of 15N labeled free ubiquitin (not conjugated

with p15) shows that ubiquitin does not directly bind DNA,

Figure 4. SAXS data analysis of dmUbp15 and p15CCSS in PBS pH 7.0 at 25 °C. (A) Dimensionless Kratky representation of the SEC-SAXS data
measured for p15CCSS (gray) and dmUbp15 (black). The absence of a clear peak maximum at sRg = √3 (dashed line) indicates that dmUbp15
remains conformationally heterogeneous upon ubiquitination. (B) Normalized pairwise distance distribution, P(r), computed from experimental
SAXS curves of p15CCSS (dashed gray line) and dmUbp15 (solid black line). As p15CCSS, dmUb1p15 has a large Dmax and smooth ending to
P(Dmax) = 0. (C) Structural cartoon representation of p15CCSS (blue) and dmUbp15 (red). The linker connecting the ubiquitin tags to each
cysteine residue is represented in yellow sticks. (D) Logarithmic-scale representation of scattering intensity, I(s), as a function of the momentum
transfer, s, measured for p15CCSS (empty gray circles) and dmUbp15 (empty black circles). Solid lines are averaged back-calculated curves derived
from subensembles of p15CCSS (blue) and dmUbp15 (red) conformations derived from the EOM fit of the SAXS data. Residuals using absolute
values are displayed at the bottom with the same color code, with a scale ranging from −4.0 to 4.0 (white and gray bands). (E) Comparison of the
Rg distributions of the EOM-selected structures (blue) and the initial pool of 12 000 random-coil structures of p15CCSS (gray) built with flexible-
meccano. The SAXS-based ensemble of p15CCSS is slightly more extended than the statistically random pool (∼10% of enrichment). (F) Bivariate
kernel density of the initial pool (gray-palette contours) and EOM-refined ensembles of dmUbp15 (red-palette contours) plotted in the dee and
dUb‑Ub conformational space. SAXS data analysis reveals that dmUbp15 exists as a dynamic ensemble of conformations displaying a large population
of states with short interubiquitin distances (closed state). (G) Evolution of χ2 as a function of the relative population of closed and open states. A
well-defined minimum is observed for an ensemble with ∼31% of the closed state.
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Figure 5. NMR analysis of dmUbp15 binding to a 24 bp DNA duplex (in PBS pH 6.2 at 25 °C). (A) Overlay of 1H,15N HSQC spectra at
increasing DNA:dmUbp15 molar ratios with colors as indicated. (B) Chemical shift perturbation, CSP, versus DNA:dmUbp15 molar ratio for
residues with CSP larger than the average plus one standard deviation. The indicated curves show fitting to a single-site binding model and yield per
residue Kd values. The mean value of the dissociation constant and the standard error are indicated.

Figure 6. Calorimetric titration of dmUbp15, p15, and Ub with the RFTS domain of Dnmt1. The upper panel represents the heat effect associated
with the peptide injection (differential power), and the lower panel represents the ligand concentration dependence of the heat released upon
binding at 25 °C. Squares in the lower panels correspond to the experimental data and the continuous line to the best fit to a model of one set of
identical binding sites.
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p15, or PCNA (Figure S11). However, by isotopically labeling
only the ubiquitin moieties of dmUbp15, we measured small
chemical shift perturbations in the presence of an excess of
DNA (Figure S12 top). These perturbations occur mainly at
the C-terminal end, the site of conjugation with p15, and are
likely due to DNA binding to the positively charged arginine
residues in this region, which enhances the overall DNA
affinity of dmUbp15 as compared to p15CCSS. Even smaller
perturbations were found in the chemical shifts of ubiquitin for
dmUbp15 in the presence of PCNA (Figure S12 bottom).
The RFTS Domain of Dnmt1 Specifically Binds

dmUbp15. The double monoubiquitination of p15, separated
by eight disordered residues, makes it a favorable target for
binding the reader module of DNA methyl transferase Dnmt1.
This enzyme converts hemimethylated DNA (CpG methylated
only in one of the strands) into its fully methylated form (in
both strands), a crucial process in embryonic development.29

Association of Dnmt1 with the replication machinery enhances
methylation efficiency and occurs through a direct interaction
of Dnmt1 with PCNA.30,31 More recently it was shown that
postreplicative DNA methylation is controlled by Dnmt1
recruitment to doubly monoubiquitinated histone H3.15 The
RFTS of Dnmt1 binds with nanomolar affinity (Kd = 18 ± 4
nM at 20 °C) the histone H3 N-terminal tail doubly
monoubiquitinated at two lysine residues separated by three
to eight residues.15 We found that dmUbp15 is recognized by
the RFTS domain of Dnmt1 with a similar affinity (Kd = 29.3
± 4.5 nM at 25 °C; Figure 6). However, this binding is
completely abolished when p15 is not ubiquitinated, in
contrast to histone H3, which still binds with micromolar
affinity.15 To confirm that Dnmt1 specifically binds dmUbp15
we performed ITC experiments titrating monoubiquinated p15
at only one position (mUbp15_15 or mUbp15_24) with
RFTS (Figure S12). Both monoubiquinated p15 molecules
bind RFTS, but with a 20-fold lower affinity and an impaired
stoichiometry (Table S2). These results indicate that double
monoubiquitination of p15 is required for specific interaction
with the RFTS domain of Dnmt1.
The structure of the complex is not known, but it is likely to

be similar to that of the doubly monoubiquitinated histone H3
one, with the ubiquitin recognition loop of RFTS binding at
the interface of both ubiquitin moieties. The preferential
location of the two ubiquitin moieties close to each other in
the conformational ensemble of dmUbp15, as observed by

SAXS and the sequence similarity between the histone H3 and
p154 support this hypothesis.

■ DISCUSSION

IDPs play diverse biological roles and structural disorder is
important for the function of proteins that regulate processes
often altered in cancer.32 One of the functional advantages of
IDPs presumably derives from their conformational adapt-
ability, allowing for interactions with different biomolecular
partners and for extensive regulation through post-translational
modifications at many accessible sites.33 Despite the lack of
persistent structure, they can form fuzzy complexes34 with low
to very high affinity,35 often driven by electrostatic forces.
Conformational analysis of IDPs is challenging because their
polypeptide backbone exhibits a high degree of flexibility with
rapid interconversion of multiple conformers. NMR is then the
method of choice for conformational analysis, together with
SAXS, which has the capacity to report on the three-
dimensional space sampled by disordered states and, thus,
complements the local information provided by NMR.26,36

The interest in IDPs has recently increased because of their
involvement in the formation of membraneless organelles via
protein phase separation.37 Solutions of p15 or dmUbp15,
however, do not show phase separation (at least up to 20 g/L
at 25 °C), and our SEC-MALS data demonstrate that both are
monomeric. Both proteins are intrinsically disordered, as
confirmed by NMR. In the case of isolated p15, residual
dipolar couplings showed the existence of low populations of
nonrandom conformations in certain regions of the chain that
could not be identified by local chemical shift deviation.14

Possibly, dmUbp15 also shows some preferential local
conformations, but these have too low populations for
detection by chemical shift analysis (Figure 3). Ubiquitination
causes only local perturbations in p15 chemical shifts and
backbone dynamics, as sampled via 15N NMR relaxation.
Therefore, double ubiquitination does not change the
intrinsically disordered nature of p15. SEC-SAXS data is also
consistent with a disordered nature of the p15 chain in
dmUbp15; however, these data also indicate that the ubiquitin-
ubiquitin distance distribution is far from random, with an
ensemble of conformations enriched in those with the
ubiquitin moieties close to each other. This result is consistent
with the observation of low affinity ubiquitin dimers in
ubiquitin solutions27 and with a high effective local

Figure 7. Model of the PCNA homotrimer (green gradation) with the maximum number of three bound dmUbp15 proteins. The largely
unstructured p15 chains funnel through the PCNA ring and contact it via their PIP-box region.4 dmUbp15 molecules, with two ubiquitin moieties
at p15 residues 15 and 24, are colored in a red palette. The N- and C-termini of one of the p15 chains are indicated.
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concentration of ubiquitin in dmUbp15. The interaction of
p15 with PCNA is unchanged by ubiquitination. Both p15 and
dmUbp15 bind PCNA with the same low micromolar affinity
through the central region of the p15 polypeptide chain. This
result is in disagreement with the proposed promotion of
PCNA binding by p15 ubiquitination.6 Upon PCNA binding,
p15 traverses the central channel of the PCNA ring, with its
disordered N- and C-terminal regions emerging on opposite
sides of the ring.4,38 We assume that dmUbp15 adopts the
same binding mode as it can still thread through the PCNA
ring with its unmodified C-terminal end (Figure 7). Yet,
dmUbp15 binds DNA with a 5-fold reduced affinity, and this
effect could be interpreted in two ways: (i) removal of positive
charge on the targeted lysines and its substitution by a globally
neutral polypeptide chain (ubiquitin has a pI of 6.6) and (ii)
steric impediment from attaching two ubiquitin globules (7
kDa each) at the N-terminal region of p15 that is mainly
involved in DNA binding. The importance of the former
charge effect is confirmed by an analysis of the p15CCSS
mutant, whose affinity for DNA is reduced by a factor of 19.
The steric effect seems to be much less important and is likely
overridden by a favorable effect of the local positive charge at
the C-terminal region of the ubiquitin molecule.
The reduced affinity of ubiquitinated p15 for DNA might

have functional implications for the regulatory role of p15 on
DNA replication and repair. Unperturbed DNA replication
occurs with dmUbp15. In response to DNA damage, PCNA-
bound dmUbp15 is degraded and replaced by nonubiquiti-
nated p15, with higher DNA affinity, which may slow down the
sliding of PCNA, thus facilitating the switch from replicative to
translesion synthesis (TLS) polymerases.
At the same time, the double monoubiquitination of p15

separated by eight disordered residues makes it a target for
binding the DNA methyl transferase Dnmt1, which also binds
PCNA.57 During unperturbed DNA replication p15 is doubly
ubiquitinated and lies at the back face of the PCNA ring,
because the N-terminal tail of p15 emerges from the back face.
Therefore, dmUbp15 may act synergistically with PCNA to
recruit and activate the Dnmt1 enzyme to the back of the
replication fork (where the hemimethylated DNA localizes) to
complete the methylation on the newly synthesized strand.
It has been shown that Dnmt1 is inhibited by its RFTS

domain, which binds the catalytic domain to the exclusion of
DNA.39,40 Activation of Dnmt1 at specific times and locations
is crucial for the maintenance of proper DNA methylation
during cell proliferation, which ensures tissue- or cell-type-
specific functions. Thus, constitutively active Dnmt1 leads to
abnormal methylation patterns that affect this cell-type-specific
functional differentiation. Previous studies proposed that the
binding of H3 doubly monoubiquitinated at K18 and K23 to
RFTS leads to Dnmt1 activation through dissociation of
inserted RFTS from the catalytic domain.15 Therefore, the two
ubiquitin moieties act as a unique module recognized by the
RFTS domain in an essential process to activate Dnmt1 at the
proper time and location. Our results suggest that dmUbp15
binds RFTS and leads to the activation of Dnmt1 in the same
way as doubly monoubiquitinated histone H3. Further studies
should confirm if dmUbp15 activates Dnmt1 and whether this
activation leads to a proper or abnormal function of Dnmt1.
Future work will clarify the proposed role of dmUbp15 in the
context of maintenance of DNA methylation.

■ METHODS
Protein Expression and Purification. The disulfide directed

ubiquitination is a nonenzymatic method that requires the
introduction of thiol groups both in ubiquitin and in the target
protein. Thus, we designed a quadruple p15 mutant with the
ubiquitination target lysines mutated to cysteine, whereas two native
cysteines were mutated to serine. The amino acid sequence of human
p15PAF used in this work corresponds to isoform 1, the canonical
sequence of the full-length protein (Uniprot Q15004), with the
following four mutations: K15C, K24C, C54S, and C99S (p15CCSS).
We used a synthetic gene with a codon usage optimized for bacterial
expression and cloned into a pET11d vector. The protein was
expressed and purified as previously described for wild type p15.14

Briefly, after BL21(DE3) bacterial growth at 37 °C in LB or M9
minimal medium with the appropriate isotopic enrichment (1 g/L
98% 15NH4Cl and 2 g/L 99% 13C6-glucose) and after cell sonication,
the protein was isolated from the supernatant by three chromatog-
raphy steps at RT: anion exchange, reverse phase, and cation
exchange. Then, a final reverse phase was done to be able to lyophilize
the pure protein without buffer. After preparation for reverse-phase
chromatography (by adding trifluoroacetic acid, TFA, to a final
concentration of 0.1%), the solution was loaded on a Phenomenex
Jupiter C4 250 × 10 mm column with 10 μm particles and 300 Å pore
diameter previously equilibrated with aqueous 0.1% TFA. The protein
was eluted with a buffer gradient (to 90% aqueous acetonitrile, 0.1%
TFA), eluting at approximately 40% acetonitrile. Fractions containing
the protein (as seen by SDS-PAGE) were pooled and freeze-dried. In
some instances, the protein was purified from the insoluble fraction by
solubilization in 6 M urea and 10-fold dilution in water at pH 3.0,
followed by reverse phase and cation exchange chromatography (plus
a final reverse-phase step before lyophilization). Mass spectrometry
measurements indicated that the initial methionine was partially
processed by bacterial enzymes.

To prepare p15 mutants singly monoubiquitinated at positions 15
or 24, we reversed the mutation of one of the cysteines to lysine.
Therefore, the new mutants could only be ubiquitinated at the
remaining cysteine. The expression and purification strategy for these
mutants was the same as for p15CCSS.

Human PCNA was produced and purified with or without isotope
enrichment as described.4

The RFTS domain of human Dnmt1 (Uniprot P26358; residues
351−600) was produced from a synthetic gene that includes an N-
terminal MGSSH6GSSG tag sequence followed by the human
rhinovirus type 14 3C protease cleavage site. The protein was
expressed in BL21(DE3) cells grown overnight at 20 °C in
autoinducible ZYP5052 medium supplemented with 50 μM of
ZnCl2. After sonication, the protein was found in the pellet,
solubilized with 8 M urea, and refolded by dropwise 50-fold dilution
in 20 mM Tris pH 8, 300 mM NaCl, 1 mM DTT, 50 μM ZnCl2, at 4
°C. The soluble protein was applied at RT to a His-Trap 5 mL Ni2+

column equilibrated in 20 mM Tris pH 8, 300 mM NaCl, 1 mM
DTT, and was eluted with 250 mM imidazole. The fractions
containing the protein were pooled and cleaved with the protease o/n
at 4 °C while being dialyzed against 20 mM Tris pH 8.0, 1 mM DTT,
to eliminate the imidazole. The dialyzed solution was applied to a His
Trap column equilibrated in the same buffer and the flowthrough,
containing the RFTS protein, was polished by gel filtration on a
Superdex 200 26/60 column in PBS pH 7.0.

Ubiquitin fused to intein was prepared with natural isotope
abundance or enriched in 15N using the Ub-AvaDnaE-AAFN-H6
clone16 in BL21(DE3) cells, and was purified from the soluble
fraction by Co2+ loaded HisTrap FF column in 20 mM Tris pH 8, 300
mM NaCl, 1 mM DTT (with or without 0.5 M imidazol).

The final protein concentration was determined by UV absorbance
at 280 nm. After integrity checks by SDS-PAGE and MALDI-TOF,
the proteins were stored at −80 °C.

Synthesis of Disulfide-Linked Doubly Monoubiquitinated
p15. This synthesis was done as described before,17 with some
modifications. Ub-AvaDnaE-AAFN-H6 protein

16 was dialyzed in 100
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mM sodium phosphate pH 7.8, 150 mM NaCl, 1 mM EDTA, 1 mM
TCEP. The ubiquitin moiety was cleaved by adding 100 mM
cysteamine and 50 mM TCEP, and incubating for 12 h at 25 °C. After
adding 0.1% TFA, ubiquitin with C-terminal aminoethanethiol linker
was purified by reverse-phase chromatography on a C4 column with a
gradient of 90% aqueous acetonitrile 0.1% TFA, eluting at
approximately 50% acetonitrile. After lyophilization, a yield of 40
mg of Ub-SH per liter of culture was obtained. The Ub-SH protein
was activated for ubiquitin linkage using 20.0 equiv of 2,2′-
dithiobis(5-nitropyridine) (DTNP) in 2.0 mL of a 3:1 (v/v) acetic
acid:water mixture. This solution was added to the Ub-SH powder,
and the reaction proceeded for 72 h at 25 °C with agitation.
Ubiquitin-S-nitro-2-pyridinesulfenyl disulfide adduct (Ub-DTNP)
was purified by reverse-phase chromatography on a C4 column, as
described above.
Initially, 1.0 equiv of p15CCSS mutant (0.5 μmol) and 4.0 equiv of

Ub-DTNP (2 μmol) were dissolved in 1 M HEPES (10 mL) pH 6.8
and shaken at 25 °C for 1 h. Ubiquitin-conjugated p15 was purified by
C4 reverse-phase chromatography to yield ca. 0.15 μmol (30%) of
dmUbp15. The sample identity and purity were confirmed by
MALDI-TOF and SDS-PAGE (Figure S1). An equivalent procedure
was used to obtain the singly monoubiquitinated mUbp15_15 and
mUbp15_24 molecules. Notably, both ubiquitin and p15 mutants
used in this coupling reaction could have distinct isotope enrichment
for subsequent NMR studies.
Size-Exclusion Chromatography-Multi Angle Light Scatter-

ing (SEC-MALS). This experiment was performed at 25 °C using a
Superdex 200 10/300 GL column (GE HealthCare) connected to a
DAWN-HELEOS light scattering detector and an Optilab rEX
differential refractive index detector (Wyatt Technology). The
column was equilibrated with 0.1 μm filtered PBS (10 mM phosphate,
140 mM chloride, 153 mM sodium, 4.5 mM potassium) at pH 7.0,
and the SEC-MALS system was calibrated with a sample of bovine
serum albumin (BSA) at 1 g/L in the same buffer. Next, 0.1 mL of
dmUbp15 protein at 1 g/L was injected at 0.5 mL/min. The data was
acquired and analyzed by ASTRA (Wyatt). From repeated measure-
ments of BSA samples at 1 g/L under identical or similar conditions
we estimate an experimental error of ca. 5% in the molar mass.
CD Spectroscopy. Spectra of 3 μM dmUbp15 or p15CCSS

samples in PBS pH 7.0 were recorded on a Jasco-815
spectropolarimeter at 25 °C in a quartz cuvette (path length 2 mm).
NMR Spectroscopy. All NMR experiments were recorded at 35

°C (for observation of PCNA) and 25 °C (for observation of
dmUbp15 or free ubiquitin) on a Bruker Avance III spectrometer
operating at 18.8 T (800 MHz 1H Larmor frequency) and equipped
with a TCI cryo-probe and z gradients. Spectra were processed with
TopSpin (Bruker) and analyzed using Sparky.41 1H chemical shifts
were referenced directly, 13C and 15N chemical shifts indirectly,42 to
added 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, methyl 1H signal
at 0.00 ppm). Spectra for p15 backbone assignment were recorded
using a 150 μM dmUbp15 [U−13C,15N] sample (with unlabeled
ubiquitin) in PBS, pH 6.2, 5% (v/v) 2H2O, 0.01% NaN3. The p15
resonance assignment was derived from a set of 3D HNCO,
HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HN(CO)CACB,
HN(CA)HA, and HN(COCA)HA experiments, all implemented as
BEST−TROSY version.43 Automatic assignment of backbone and
13Cβ resonances was obtained with MARS44 and completed manually.
The assignment for p15CCSS mutant was obtained in a similar way
except that the sample was 50 μM and that no 13Cβ or 1Hα resonances
were assigned. The NMR resonance assignment for p15CCSS and
dmUbp15 have been deposited in the BioMagResBank with the
entries 27 698 and 27 696, respectively. Secondary chemical shift
values were calculated from the difference between measured 1Hα,
13C′, 13Cα, 13Cβ chemical shifts and their amino acid specific random-
coil values.23 Backbone amide 15N transverse (T2) relaxation times
were measured from a series of 2D 1H−15N HSQC spectra modulated
by 15N CPMG periods45 of different duration (16.02, 48.05, 96.09,
160.16, 256.26, and 400.4 ms). These spectra were acquired in an
interleaved mode, and signal intensities were fitted to a single
exponential decay. Signal overlap prevented reliable intensity

measurement for some residues that were not included in the further
analysis.

For titrations of dmUbp15 with dsDNA, we used a 65 μM protein
sample in PBS pH 6.2 and a stock solution of concentrated dsDNA
(1.72 mM) in the same buffer.4 The dsDNA was formed by a 5′-
TCAACATGATGTTCATAATCCCAA-3′oligonucleotide and its
reverse complementary sequence. This was the same dsDNA that
was used to measure the p15 interaction with DNA.4 The dissociation
constants (Kd) were derived from those residues that at the last point
of the titration showed a weighted46 amide 1H and 15N chemical shift
perturbation (CSP) larger than the average plus one standard
deviation. The CSP values along the titration were fitted to a 1:1
binding model for each residue, and reported Kd values are the mean
± the standard error of the mean.

Molecular Modeling and Small-Angle X-ray Scattering. A
random coil ensemble of p15CCSS containing ca. 15 000 con-
formations was calculated by flexible-meccano (FM)47,48 followed by
side-chain modeling with SCCOMP49 and energy-refinement in
explicit solvent using GROMACS 5.1.1.50 In parallel, we created a
structural library for the aminoethanethiol linker (NH2-CH2-CH2-
SH) by running a molecular dynamics (MD) simulation of a neutral
Ac-GlyGlyCysGlyGly-NH2 peptide (PET5, with acetylated and
amidated N and C termini) in water at 25 °C, where the linker was
attached to the central cysteine residue and prepended by Ac-Gly to
mimic a minimal protein context (i.e., Ac-Gly-CO-NH-CH2-CH2-S-S-
CH2-PET5). We used the force field AMBER99sb-ILDN51 with no
ions added and TIP3P52 as the water model. The system was
equilibrated for 0.2 ns in the NVT ensemble and then for another 0.2
ns in the NPT ensemble with a 2 fs time-step. The production MD
run spanned 14 ns, and from the last 10 ns, a frame was extracted
every 10 ps to create a library of 1 000 different linker positions. From
this library, the two engineered cysteine residues of each p15CCSS
structure were labeled in silico with one randomly selected and
sterically allowed linker conformation, followed by grafting an
ubiquitin-moiety (PDB: 1UBQ), with flexible C-terminal residues
74−76, onto the amino group of the attached linker (i.e., Ub-Gly76-
CO-NH-CH2-CH2−S-S-CH2-Cys15/24-p15), resulting in 12 000
doubly ubiquitinated p15 (dmUbp15) conformers with no steric
clashes. To obtain the equivalent pool of p15CCSS conformers, we
removed the linkers and the Ub-tags, so that each dmUbp15
conformer had its untagged version. We also created an ensemble
model of PCNA-dmUbp15 complex with three dmUbp15 molecules
bound to PCNA trimer via the PIP-Box region, as observed in the
crystal structure of the PCNA-p15 complex.4

Synchrotron SEC-SAXS data were collected at 25 °C on the B21
beamline at the Diamond Light Source (Didcot, U.K.) using an in-line
Agilent HPLC system. Samples of 45 μL with 5.05 and 13.05 g/L of
p15CCSS and dmUbp15, respectively, were injected into a 4.6 mL
Shodex KW402.5-4F size exclusion column at a flow rate of 0.16 mL
min−1. The SEC mobile phase consisted of PBS pH 7.0 (plus 1 mM
DTT in the case of p15CCSS). Two-second frames were acquired
using a Pilatus 2 M pixel detector (DECTRIS) at a sample−detector
distance of 4 m and a wavelength of λ = 1.0 Å, covering a moment of
transfer range of 0.0032 < s < 0.37 Å−1. Scattering intensities from
p15CCSS and dmUbp15 SEC-peak regions were integrated and
buffer subtracted to produce the SAXS-profile from each sample using
the ScÅtter software.53 From the profiles the pairwise distance
distribution functions, P(r), were obtained by indirect Fourier
Transform with GNOM54 using a momentum transfer range of
0.010 < s < 0.37 Å−1. The Rg values were estimated by applying the
Guinier approximation in the range s < 0.8/Rg for p15CCSS and s <
1.3/Rg for dmUbp15. We used CRYSOL55 to compute the theoretical
SAXS profiles from conformational ensembles of untagged p15CCSS
and doubly ubiquitinated dmUbp15. All theoretical curves were
obtained with 101 points and a maximum scattering vector of 0.37
Å−1 using 25 harmonics. Assuming that p15 remains disordered upon
ubiquitination, we employed the ensemble optimization method
(EOM)26 to select from the p15CCSS and dmUbp15 structure pools,
a set of 50 conformers whose theoretical SAXS profiles fit the SEC-
SAXS profiles obtained for p15CCSS and dmUbp15. EOM was
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performed by minimizing the χ2 between experimental (Iexp
j ) and

average theoretical (Itheo
j ) SAXS intensities:
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where K is the number of data points of each SEC-SAXS profile (Iexp
j ),

σ(s) the standard deviations of the scattering intensity, and μ a scaling
factor. Itheo

j was obtained by averaging the scattering of 50 explicit
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By running EOM multiple times (i.e., 220 runs) we were able to
compare the Rg distribution and joint distribution of distances
between the centers of mass of the two ubiquitin moieties (dUb‑Ub) vs
end-to-end distances (dee) of the selected ensemble and the initial
pool.
Isothermal Titration Calorimetry. For dmUbp15 binding to

PCNA, we employed a Microcal iTC200 calorimeter with 25 μM
PCNA in the cell at 25 °C. The PCNA protein solution (dialyzed
against PBS, pH 7.0) was titrated with a 0.4 mM stock solution of
dmUbp15 prepared by dissolving the lyophilized material in the
dialysis buffer and adjusting the pH to 7.0 with NaOH. For binding to
p15CCSS and p15C54S, PCNA was dialyzed against PBS pH 7.0, 2
mM TCEP. PCNA 20 μM solutions in the cell were titrated with 400
μM of the corresponding p15 variant. The binding isotherms were
analyzed by nonlinear least-squares fitting of the experimental data to
a model assuming a single set of equivalent sites,56 using Microcal
Origin (OriginLab).
For experiments with the RFTS domain of Dnmt1, we used a

Microcal PEAQ-ITC (Malvern) calorimetry system. dmUbp15,
mUbp15_15, mUbp15_24, p15, or ubiquitin were placed in the cell
and RFTS in the syringe, in PBS, pH 7.0. The binding isotherms were
analyzed by nonlinear least-squares fitting of the experimental data to
a model assuming a single set of equivalent sites, using the Malvern
software and plotted with Origin. All the experiments were performed
at 25 °C.
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