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Abstract
The mammalian HIRA/UBN1/CABIN1/ASF1a (HUCA) histone chaperone complex deposits the
histone H3 variant H3.3 into chromatin, and is linked to gene activation, repression and chromatin
assembly in diverse cell contexts. We recently reported that a short N-terminal fragment of UBN1
containing amino acids 1–175 is necessary and sufficient for interaction with the WD repeats of
HIRA, and attributed this interaction to a region from residues 120–175 that is highly conserved in
a yeast ortholog Hpc2 and so termed the HRD for Hpc2-Related Domain. In this report, through a
more comprehensive and refined biochemical and mutational analysis, we identify a smaller and
more moderately conserved region within residues 41–77 of UBN1, that we term the NHRD, that
is essential for interaction with the HIRA WD repeats; we further demonstrate that the HRD is
dispensable for this interaction. We employ analytical ultracentrifugation studies to demonstrate
that the NHRD of UBN1 and the WD repeats of HIRA form a tight 1:1 complex with a
dissociation constant in the nanomolar range. Mutagenesis experiments identify several key
residues in the NHRD that are required for interaction with the HIRA WD repeat domain, stability
of the HUCA complex in vitro and in vivo and changes in chromatin organization in primary
human cells. Together, these studies implicate the NHRD domain of UBN1 as being an essential
region for HIRA interaction and chromatin organization by the HUCA complex.
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In higher eukaryotes, the incorporation of different histone variants into chromatin is linked
to distinct DNA functions (1). In the case of histone H3, the canonical variant H3.1 and the
replacement variant H3.3 differ by only 5 amino acids but are associated with DNA
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synthesis-coupled chromatin assembly and DNA synthesis-independent assembly,
respectively (2). H3.1 expression peaks during S phase to ensure efficient DNA synthesis-
coupled chromatin assembly (3). In contrast, H3.3 is constantly expressed throughout the
cell cycle and in quiescence to provide a continuous H3 source for DNA synthesis-
independent chromatin assembly (4, 5). These H3 variants are deposited by distinct histone
chaperone complexes (6, 7). The trimeric CAF-1 complex promotes histone H3.1 deposition
during replication and DNA-damage repair (8, 9) and HIRA is associated with histone H3.3
deposition independently of DNA synthesis (10). Specifically, the trimeric HIRA/UBN1/
CABIN1 complex has inherent affinity for naked DNA and so HIRA-containing complexes
are thought to promote assembly of H3.3-containing nucleosomes via a "gap filling"
mechanism (11). HIRA also participates in large-scale deposition of H3.3 on the paternal
pronucleus after fertilization in Drosophila (12), at various stages of mouse development and
HIRA−/− embryonic stem cells exhibit defective H3.3 accumulations at promoters and
active gene bodies in mouse (13–15).

Single amino-acid mutation in HIRA causes fly infertility (12), while HIRA knockout is
embryonic lethal in mouse (16), indicating essential roles for HIRA. In mammals, HIRA is
implicated in both gene activation and repression. Specifically, HIRA is required for
activation of viral gene expression upon host cell infection and during angiogenesis and
myogenesis (17–20). Conversely, HIRA is linked to transcription silencing and/or
heterochromatin formation during meiotic sex chromosome inactivation in mice, latency of
the HIV viral genome and in senescent human cells (13, 21, 22). Ectopic expression of
HIRA accelerates formation of specialized domains of heterochromatin called Senescence
Associated Heterochromatin Foci (SAHF) in senescing primary human diploid fibrloblasts
(21). Conversely, inactivation of HIRA with a dominant negative mutant blocks formation
of SAHF (23).

Human HIRA can deposit H3.3 in the context of a multi-component complex that also
contains Ubinuclein 1 (UBN1), the Calcineurin-binding protein 1 (CABIN1), and Anti-
Silencing Factor 1a (ASF1a) (15, 24), although HIRA-mediated H3.3 deposition activity is
likely not strictly dependent on ASF1a (11, 25). S. cerevisiae has only a single H3 that
resembles H3.3, but its DNA-replication independent deposition also involves a multi-
component complex that contains Hir1p, Hir2p, Hir3p, Hpc2p and Asf1p (26, 27). HIRA
has high sequence similarity to both Hir1p and Hir2p and shares orthologous functions with
them (26–28). ASF1a, and its paralog ASF1b, are also highly homologous to Asf1p in
sequence (29) but only ASF1a is part of the HIRA-containing complex (21, 24). CABIN1
was initially identified to inhibit calcineurin-mediated signal transduction (30) and acts as a
transcriptional co-repressor of MEF-2 (31) and p53 (32). Sequence homology between
CABIN1 and Hir3p is more limited (33) but we have recently reported that CABIN1 and
Hir3p are functional orthologs (34). UBN1 is a nuclear protein that interacts with cellular
and viral transcription factors (35) and is associated with tight junctions in epithelial cells
(36). Although the overall sequences are quite divergent between UBN1 and Hpc2p, UBN1,
and its paralog UBN2, have sequence motifs at their N-termini that resemble those in the C-
terminus of Hpc2, suggesting that they are also functional orthologs (33, 37). We refer to the
HIRA, UBN1, CABIN1 and ASF1a assembly as the HUCA complex (34).

Among the HUCA components, it appears that HIRA serves as the scaffolding protein. We
have shown that a central B-domain region of HIRA interacts with ASF1a through one
distinct surface (38), while ASF1a employs another surface to interact with a H3/H4
heterodimer substrate (39, 40). We have also more recently showed that CABIN1 physically
interacts with the C-terminal portion of HIRA (34). Through bioinformatics and biochemical
studies, we previously reported that the N-terminal WD repeat region of HIRA (aa 1–405)
mediates a direct protein-protein interaction with the N-terminal region of UBN1 (aa 1–175)
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(37). This N-terminal region of UBN1contains the evolutionarily conserved Hpc2-related
domain (HRD), spanning UBN1 residues 120–175, that is highly conserved with the C-
terminal portion of yeast Hpc2 (33, 37). Together, these biochemical and structural studies
suggest that HIRA recruits the other HUCA components to specify H3.3 deposition. It is
therefore important to delineate the protein-protein interactions of the HUCA complex that
are important for its biological functions.

In this report, we focus on the further characterization of the interaction between the N-
terminal portion of UBN1 and the N-terminal WD repeats of HIRA (37). In our initial
characterizations that focused on the UBN1 HRD domain, the observation that mutations in
the most obviously conserved HRD domain of UBN1 affected HIRA interaction led us to
suggest that the UBN1 HRD is responsible for direct HIRA WD repeat interaction (37).
However, by employing a more comprehensive series of deletions and point-mutations, we
have now found that a less conserved region in UBN1 spanning residues 41–77, just N-
terminal to the HRD region (termed NHRD), is necessary and sufficient for interaction with
the HIRA WD repeats. Additional studies indicate that the UBN1 HRD itself does not
mediate direct interaction with HIRA and is dispensable for UBN1-HIRA interaction. We
further demonstrated that the UBN1 NHRD and HIRA WD repeats form a stable 1:1
complex that is sensitive to specific amino acid substitutions in the NHRD and important for
the stability of the HUCA complex in vitro, chromatin organization in vivo and instigation of
cell senescence. Together, these studies implicate that the NHRD domain of UBN1 is an
essential element for HIRA-UBN1 association and chromatin organization by the HUCA
complex.

MATERIALS AND METHODS
Cloning and Plasmid constructions

Plasmid DNA constructs containing sequences that encode the HIRA WD repeats (HIRA(1–
472) and HIRA(1–405)) were amplified by PCR from a HIRA cDNA template (X81844)
and cloned into the BamHI/XhoI sites of pFASTBacHTB (Invitrogen) to make 6His-tagged
fusions. To prepare untagged HIRA(1–405), mutagenesis PCR was performed using primers
listed below to remove the N-terminal 6His tag from the 6His-HIRA(1–405) plasmid.

HIRA_N1_untag_F: gcgcggatctcggtccgaaaccAtgaagctcctgaagccgacctg,

HIRA_N1_untag_R: caggtcggcttcaggagcttcaTggtttcggaccgagatccgcgc.

A Thrombin-cleavable UBN1(41–175)113LVPR114 plasmid was engineered by using
mutagenesis primers:

UBN1_113LVPR114_F; gaagaaaaatacggtctggtacctcgtggaaagaaacgtaga

UBN1_113LVPR114_R; tctacgtttctttccacgaggtaccagaccgtatttttcttc

The UBN1_del(90–120) construct was engineered by using mutagenesis primers:

UBN1_del(90–120)_F: aagaagaaagatctgtcagatcgaatacaggacttgatcgat

UBN1_del(90–120)_R: atcgatcaagtcctgtattcgatctgacagatctttcttctt

UBN1(41–175) and selected N-terminal or C-terminal deletion mutants were amplified by
PCR from a cDNA template (NM_016936) and cloned into the BamHI/XhoI sites of
pFASTBacHTB to prepare 6His-UBN1 fusion proteins. Site-directed mutagenesis was
performed on the pFastBacHTB-UBN1(41–175) plasmid to introduce nucleotide
substitutions by standard QuikChange mutagenesis (Stratagene) protocols that result in
codon changes and amino acid substitutions. Selected UBN1 sequences were subcloned into
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a customized pFASTBac vector that encodes TEV-cleavable GST fusion proteins. All
clones were verified by DNA sequencing.

Expression of recombinant proteins in baculovirus infected insect cells
Sequence-confirmed pFastBac transfer vectors containing sequences for human HIRA and
UBN1 were transformed into DH10Bac cells. Proper recombination of the HIRA and UBN1
sequences into the baculovirus genome was determined by PCR and positive bacmid DNAs
were transfected into Sf9 cells. Passage 1 (P1) virus stocks were recovered 96 hours post-
transfection. A high-titer P2 virus stock was generated by infecting Sf9 at an MOI
(Multiplicity Of Infection) of ~0.1, followed by incubation for 120 hours. For productions, 1
× 106 Sf9 cells/ml in Sf900-III medium (Invitrogen) were co-infected with each virus at an
MOI of 1. Infected cells were harvested 48 hours post-infection.

Purification of recombinant proteins
To purify recombinant proteins from baculovirus infected insect cells, cell pellets were lysed
by Dounce homogenization in 20 mM Hepes pH 8.0, 150 mM NaCl, and 10 mM Imidazole,
supplemented with 5 mM 2-mercaptoethanol and protease inhibitors (PMSF, Aprotenin,
Leupeptin, Pepstatin). Clarified supernatants were incubated with Ni-NTA (Thermo
Scientific) for 1 hour. Bound protein(s) were washed with 60 column volumes of lysis buffer
prior to elution with 250 mM of imidazole. For immunopurification of FLAG-tagged
proteins, cell lysates were prepared in 20 mM Hepes pH 8.0, 500 mM NaCl, 5 mM 2-
mercaptoethanol, and protease inhibitors (PMSF, Aprotenin, Leupeptin, Pepstatin). Clarified
cell lysates were incubated with anti-FLAG (M2) affinity resin (Sigma) for 1 hour at 4°C.
The column was then washed with 30 column volumes of lysis buffer and bound proteins
were eluted with 1 column volume of lysis buffer supplemented with 800 mg/ml of FLAG
peptide (Sigma). Protein samples (supernatant, flow-through, eluates, and protein remaining
on the resin after elution) were analyzed on a 4–12% NuPAGE Bis-Tris gel (Invitrogen) run
in 1X MOPS running buffer and stained with R250 Coomassie Blue stain. Western Blot
analyses were performed on selected co-infections to verify protein expression and solubility
using anti-His (GE Healthcare Sciences) and anti-HIRA (Santa Cruz Biotechnology)
antibodies.

Sedimentation Equilibrium
Sedimentation equilibrium analysis of HIRA(1–405) in complex with UBN1(41–175) or
UNB1(41–119) was performed at 4°C with absorbance optics at 280 nm using a Beckman
Optima XL-I analytical ultracentrifuge employing a 4-hole rotor. The partial specific
volume and viscosity of the complexes were estimated using Sedenterp (41). Analysis was
performed using six-channel centerpieces with quartz windows, spinning at 14,000, 22,000,
and 32,000 RPM. Protein samples were analyzed at concentrations of OD280 = 0.6, 0.4 and
0.2 in a 25 mM HEPES pH7.0, 150 mM NaCl, and 5 mM 2-mercaptoethanol buffer. Data
for each speed were collected in quadruplicate, and the most representative runs were
included in the global fit performed using three protein concentrations and three
centrifugation speeds with the program HeteroAnalysis (42). The data for both complexes fit
best to a single species A:B complex model, but also fit well to the equilibrium model A+B
↔A•B with A as a HIRA monomer and B as a UBN1 monomer. The quality of the fit was
assessed by analysis of the RMS deviation.

Immunofluorescence and SAHF
Two-color indirect immunofluorescence and Senescence-Associated Heterochromatin Foci
(SAHF) assays were performed as described previously (23).
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Retrovirus infections
Retrovirus-mediated gene transfer was performed as described previously (21) using
Phoenix cells to make the infectious viruses (Gary Nolan, Stanford University). Cells
infected with viruses encoding resistance to puromycin were selected in 1mg/ml of the
selection agent.

Antibodies
anti-HIRA (43), anti-FLAG (Sigma F3165 and F7425), anti-PML (Santa Cruz sc-966 and
sc-5621), anti-cyclin A (Santa Cruz sc-751), anti-p16INK4a (Santa Cruz sc-56330), anti-
Actin (Sigma AC-15) and anti-His (GE Healthcare 27471001).

RESULTS
HIRA-UBN1 association is required for solubility and stability of the recombinant proteins

We have previously shown that an N-terminal fragment of human UBN1, spanning amino
acid residues 1–175, is necessary and sufficient for interaction with the WD repeats
(residues 1–405) of human HIRA (37). This region of UBN1 contains a highly conserved
HRD (Hpc2-related domain), spanning residues 120–170, a less conserved region N-
terminal to the HRD defined by residues 41–74 and a largely charged putative linker region
spanning residues 75–119 (Figure 1). Strikingly, we found that the expression of the
recombinant HIRA(1–405) or UBN1(1–175) proteins on their own in either bacteria or
insect cell expression systems yielded either insoluble protein or soluble aggregates (data
not shown and (37)). In contrast, we found that coexpression of the proteins in insect cells
produced a soluble complex that remains stably associated through Ni-NTA, anion
exchange, and gel filtration chromatography (Figure 2 and (37)). This observation suggested
that formation of the HIRA/UBN1 complex facilitates stability of the HIRA and UBN1
proteins, as confirmed by a Western Blot examining the HIRA(1–405)/UBN1 (41–175)
complex (Figure 2D). Because of this observation, coupled with the inability to produce
individual recombinant HIRA or UBN1 protein in the absence of the other binding partner,
we used the insect cell co-expression assay to define the minimal region of UBN1 that was
necessary and sufficient for interaction with the HIRA WD repeats.

A region N-terminal to the HRD of UBN1 is required for interaction with the HIRA WD
repeats

Within the N-terminal UBN1(1–175) fragment, residues 1–40 are very diverged between
UBN2 and Hpc2 proteins across species. We therefore hypothesized that this N-terminal
portion of UBN1 was dispensable for HIRA interaction. Indeed, co-expression of untagged-
HIRA(1–405) with 6His-UBN1(41–175) resulted in the retention of an apparent
stoichiometric complex between UBN1 and HIRA on the Ni-NTA resin, revealing that
residues 41–175 of UBN1 were sufficient for this interaction (Figures 2A and 2B). This
protein complex could be further purified to homogeneity using anion exchange and size
exclusion chromatography (Figure 2C). Similarly, expression of the paralogue UBN2(41–
169) also formed a stable complex with the HIRA WD repeats (Figure 2E). These two
experiments collectively indicate that the nonconserved N-terminal 40 residues of UBN1/
UBN2 are dispensable for HIRA interaction.

Using the baculovirus co-expression assay in insect cells, we mapped the amino acids of
UBN1 that were necessary for binding to the HIRA WD repeats. Specifically, we co-
expressed a series of N-terminal UBN1 deletions that were each tested for complex
formation with HIRA(1–405) (Figure 3). Ni-NTA affinity purification from these co-
expressions showed that N-terminal deletion beyond UBN1 residue 41 reduced complex
formation with HIRA(1–405) (Figures 3A, top row). Specifically, larger deletions
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compromise the ability of the proteins to form a stable soluble HIRA/UBN1 complex that
can be captured and detected on Ni-NTA, with the HIRA(1–405) coexpression with
UBN1(81–175) revealing no detectable complex. Western Blot analysis showed that HIRA
protein expression and solubility levels were similar across all co-expressions, while
increased N-terminal deletion on UBN1 decreased the expression and solubility of UBN1
(Figure 3B). This data suggests that, in this assay, a region N-terminal to the HRD, within
residues 41–80, is essential for the stability of UBN1 and its interaction with the HIRA WD
repeats.

The UBN1 HRD is dispensable for interaction with the HIRA WD repeats
Having identified the N-terminal boundary of the HIRA-binding domain in UBN1, we set
out to map the C-terminal boundary of the minimal UBN1 fragment able to bind to the
HIRA WD repeats. Specifically, we prepared a series of C-terminal deletions of UBN1
spanning from residue 41 to residues 164, 155, 142, 129 and 119, respectively (as
schematized in Figure 3D). As shown in Figure 3A, bottom row, a UBN1 fragment as short
as 41–119 retained HIRA-binding activity similar to that of UBN1(41–175) and the
UBN1(41–119)/HIRA(1–405) complex could be purified to homogeneity through ion
exchange and size exclusion chromatography (Figure S1). We observed near identical
results from co-expression studies with a UBN2 protein that lacks the HRD (data not
shown). This data together demonstrates that the HRD region of UBN1/UBN2 is
dispensable for interaction with the HIRA WD repeats. Indeed, a co-expression of HIRA(1–
405) with the minimal UBN1 HRD, GST-UBN1(119–175), was insufficient to reconstitute
the HIRA-UBN1 interaction in vitro (Figure 3C).

A UBN1 region N-terminal to the HRD is necessary and sufficient for HIRA interaction
Inspection of the amino acids in the UBN1 fragment 41–119 that we found to be sufficient
for HIRA interaction identified an N-terminal region defined by residues 41–74 that shows
conservation across UBN1 orthologs and a putative linker region (residues 75–119) that is
largely charged (Figure 1). To investigate the role of the linker region in HIRA WD repeat
interaction, we prepared a protein, UBN1(41–175)del(90–120), which has amino acids 90–
120 within the putative linker region deleted. As shown in Figure 3A, top row, coexpression
of this protein with the HIRA WD repeats had no impact on the ability to reconstitute the
interaction in vitro, suggesting that the linker region is dispensable for HIRA interaction.
Knowing that both the HRD and the linker region were dispensable for HIRA interaction,
we designed GST fusions with fragments of UBN1 encoding amino acids 41–119, 41–109,
41–89, and 41–77 to test for HIRA binding (Figure S2). As shown in Figure 3C,, stable
complex formation with HIRA could be readily observed with a UBN1 fragment as short as
residues 41–77, indicating that this N-terminal conserved region is necessary and sufficient
for binding to the HIRA WD repeats. In light of the sequence conservation and significance
in HIRA binding, we term residues 41–77 of UBN1 as the NHRD (N-terminal to the HRD).

The UBN1 NHRD forms a tightly associated 1:1 complex with the HIRA WD repeats
To more quantitatively assess the UBN1 NHRD interaction with HIRA, we used
sedimentation equilibrium analysis to derive the binding affinity and stoichiometry of the
HIRA/UBN1 complex. Specifically, a UBN1(41–119) fragment containing the NHRD, but
not the HRD, was co-expressed with HIRA(1–405) to form the UBN1(41–119)/HIRA(1–
405) complex that was purified to homogeneity through gel filtration chromatography. The
protein complex was prepared at three different concentrations (OD280 = 0.6, 0.4, and 0.2)
and spun at three different centrifugation speeds (14,000, 22,000, and 32,000 RPM). The
data were best fit to a single-species model containing one molecule of HIRA and one
molecule of UBN1 (Figure 4A and S3A), with an RMS deviation of 0.00923 for the fit. The
data could also be fit reasonably well into an equilibrium model of A+B ↔A•B, with
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derived Kd = 6.5 nM (data not shown). These sedimentation equilibrium data demonstrates
that the UBN1 NHRD and HIRA WD repeats mediate a tight 1:1 complex with a
dissociation constant in the nanomolar range and is consistent with formation of a similar
1:1 complex in the context of the full-length proteins.

Although the UBN1 HRD is dispensable for HIRA binding, it is possible that it may still
contribute to HIRA interaction in the context of the NHRD. To address this question, a
UBN1 fragment that contains both the HRD and NHRD, UBN1(41–175), was co-expressed
with HIRA(1–405) to form the UBN1(41–175)/HIRA(1–405) complex. The same
sedimentation equilibrium protocol as above was applied to this complex. As shown in
Figure 4B and S3B, UBN1(41–175)/HIRA(1–405) complex is a tight 1:1 complex with a
RMSD of 0.00986 for a single-species model fit and a Kd=13.3 nM for a equilibrium model
fit, very similar to the UBN1(41–119)/HIRA(1–405) complex above that contains only the
NHRD, but not the HRD. This data suggests that the UBN1 HRD does not contribute to
HIRA binding in the context of NHRD.

Point mutations in the NHRD disrupt interaction with the HIRA WD repeats
Having established that the UBN1 NHRD alone is likely the major driver of the interaction
between UBN1 and the HIRA WD repeats, we next set out to more precisely define the
residues of the NHRD that mediate the interaction with the HIRA WD repeats. We
introduced amino acid substitutions in the His-UBN1(41–175) protein at NHRD residues
that are most conserved among UBN1, UBN2 and Hpc2 across various species (Figure 1,
marked with triangles). Specifically, UBN1 mutants (R46D), (I47E), (L51E), (F52A),
(E53K), (P54D), (C59D), (E61K), (F62K), (E66K) and (L67E, V68E) were prepared and
assayed for complex formation with HIRA(1–405) (Figure 5). As shown in Figure 5A, all of
these mutants appear to interact with HIRA as avidly as wild-type UBN1(41–175).
However, a double mutant, (E61K, F62K), that combines two non-defective mutants, was
found to significantly impair this interaction (Figure 5B). Western blot analysis (Figure 5C)
confirmed that both UBN1(41–175)(E61K, F62K) and HIRA(1–405) were expressed in a
soluble form, suggesting that this double mutation either directly disrupts the HIRA-UBN1
interaction, or alters the conformation of the UBN1 protein in such a way that it loses HIRA-
binding capacity. Taken together, these experiments have identified critical amino acid
residues (i.e. E61 and F62) within the newly defined NHRD that are required to maintain
stable complex formation between UBN1 and HIRA.

The UBN1 NHRD/HIRA WD repeats interaction is required for stability of the HUCA
complex

To assess whether the UBN1 NHRD domain is necessary for interaction with the HIRA WD
repeats in the context of the full length UBN1 protein, we first assayed the effect of the
UBN1(E61K, F62K) mutant on the binding of full-length UBN1 to HIRA(1–405).
Specifically, the (E61K, F62K) mutations were introduced into full-length Flag-tagged
UBN1 and tested for complex formation with HIRA(1–405) in the insect cell co-expression
assay. We also introduced a control (I47E) mutation that had no effect on the interaction
between UBN1(41–175) and the HIRA WD repeats (Figure 5A, top row). Flag affinity
purifications of full-length Flag-UBN1 WT and Flag-UBN1(I47E) retained the ability to
interact with HIRA(1–405). However, Flag-UBN1(E61K, F62K) failed to pull down any
HIRA(1–405), suggesting that the NHRD is the only domain in UBN1 that interacts with the
HIRA WD repeats (Figure 6A),

To investigate the role of the UBN1 NHRD in the assembly and stability of the HUCA
complex, we coexpressed full-length His-HIRA, Myc-CABIN1, GST-ASF1a with full-
length Flag-UBN1 WT, Flag-UBN1(I47E), or Flag-UBN1(E61K, F62K), respectively, in
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insect cells (34). Expression of Flag-UBN1(E61K, F62K) failed to retain the other
components (i.e. HIRA, CABIN, and ASF1a) of the HUCA complex following
immunopurification (Figure 6B). In addition, Western blots of the HUCA components
reveals extremely low levels of HIRA in the presence of the UBN1(E61K, F62K) (Figure
6B, right side), which is consistent with the possibility that UBN1 association with HIRA
contributes significantly to HIRA stability. So in the absence of a HIRA/UBN1 interaction
HIRA is either not expressed or insoluble.. Taken together, these results further highlight the
importance of the HIRA-UBN1 interaction for maintaining the integrity of the HUCA
complex.

The UBN1 HRD may physically interact with the NHRD
In this report, we used various techniques to establish that UBN1 utilizes a small and
relatively poorly conserved domain N-terminal to the HRD (termed NHRD), but not the
more conserved HRD, to mediate its physical interaction with the WD repeats of HIRA.
Moreover, this interface is the only one mediating interaction between full-length UBN1 and
HIRA (Figure 6). Paradoxically, we found earlier that point mutations within the UBN1
HRD also negatively affect the UBN1/HIRA interaction (37). Given the observations
reported here that HRD itself is not directly involved in the interaction with HIRA, the
HIRA binding defect caused by HRD mutations suggests that the NHRD and HRD of UBN1
form an intramolecular interaction, and that this interaction may stabilize the NHRD for
optimal HIRA interaction. To test such a model, an UBN1 construct, 6His-UBN1(41–
175)113LVPR114, was engineered to introduce a thrombin cleavage motif (LVPR) in
between residues 113 and 114 to facilitate the subsequent cleavage of this UBN1 construct
into separate NHRD and HRD domains. This UBN1 variant was co-expressed with
HIRA(1–405) to produce a binary complex that was subsequently subjected to thrombin
cleavage to introduce a nick between UBN1 residues 113 and 114 (Figure S4). The end
product was then subjected to size exclusion chromatography. As shown in Figure 7A, in a
buffer that contains 250 mM NaCl, while some of the UBN1 HRD (114–175) was found to
dissociate from the UBN1(41–113)/HIRA(1–405) complex, the majority of UBN1
HRD(114–175) was still retained in the complex. To further evaluate the association of the
UBN1 HRD to the UBN1(41–113)/HIRA(1–405) complex, thrombin-cleaved 6His-
UBN1(41–175)113LVPR114/HIRA(1–405) was retained on Ni-NTA resins and then
subjected to multiple washes using buffers containing increasing NaCl concentration. As
shown in Figure 7B, a substoichiometric amount of the HRD still remains associated with
the UBN1(41–113)/HIRA(1–405) complex after as high as a 1.0 M NaCl wash. Since we
have shown that the HRD region itself does not associate with HIRA(1–405) (Figures 3A
and S2), this data suggests that the UBN1 HRD is associated to the HIRA WD repeats
indirectly through its interaction with the NHRD. It is therefore possible that in vivo the
UBN1 NHRD and HRD function as an entity (potentially as a globular domain) with the
NHRD providing a binding surface for the HIRA WD repeats. Mutations within the HRD
(37), therefore, may affect the stability of such a domain and compromise HIRA binding. In
addition to stabilizing UBN1 NHRD, it is possible that HRD may also mediate other HIRA-
associated functions that are yet to be characterized.

The NHRD/WD interaction is required for SAHF formation in vivo
Next, we wanted to assess the functional significance of the HIRA/UBN1 interaction in vivo.
More specifically, we set out to probe the role of the interaction between the UBN1 NHRD
and HIRA WD repeats. Previously, we have shown that ectopic expression of HUCA
proteins (HIRA, UBN1, CABIN1 and ASF1a) in primary human fibroblasts induces
chromatin reorganization, manifest in formation of SAHF, and premature cell senescence
(21, 37). This activity is thought to reflect the role of the endogenous HUCA complex in
chromatin reorganization in senescent cells. Mutations that disrupt the interaction between
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HIRA and ASF1a block the induction of SAHF in this assay (21). To similarly test the
importance of the HIRA/UBN1 interaction, primary human fibroblasts were infected with
retroviruses encoding flag-tagged wild type UBN1 (flag-UBN1), flag-UBN1 (E61K, F62K)
or empty vector as a control. Both the wild type and mutant UBN1 proteins were
comparably expressed (Figure 8A). Although immunoprecipitation of wild-type flag-UBN1
efficiently co-precipitated endogenous HIRA, the mutant protein failed to bind to HIRA in
this assay (Figure 8A). This confirms that the (E61K, F62K) mutation disrupts the
interaction between HIRA and UBN1 in mammalian cells, just as it does in vitro. As shown
previously, ectopic expression of wild type flag-UBN1 induced formation of SAHF (Figures
8B, C) and associated markers of senescence-associated proliferation arrest (decreased
expression of cyclin A and increased expression of cell cycle inhibitor, p16INK4a (Figures
S5A)) (21, 37). In addition, wild type flag-UBN1 efficiently localized to PML nuclear
bodies that are thought to be important structures in the SAHF assembly process (21, 23,
37), and also induced recruitment of HIRA to these subnuclear bodies (Figures 8B, C and
S5B). Strikingly, the mutant flag-UBN1 protein that failed to bind to HIRA was also
markedly impaired in each of these assays. Flag-UBN1 (E61K, F62K) failed to localize to
PML bodies and recruit HIRA to PML bodies, suggesting that these proteins enter PML
bodies as a complex (Figures 8B, C and S5B). Most importantly, the mutant UBN1 failed to
induce formation of SAHF and markers of senescence-associated proliferation arrest,
specifically repression of cyclin A and expression of p16INK4a (Figures 8B, C and S5A),
confirming the functional importance in vivo of the HIRA/UBN1 interaction, and
particularly the UBN1 NHRD/HIRA WD repeats interaction.

DISCUSSION
In this report, we identify an N-terminal region of the UBN1 subunit (residues 41–77) of the
mammalian HUCA (HIRA/UBN1/CABIN1/ASF1a) histone H3.3 deposition complex that is
important for interaction with the WD repeats of HIRA in vitro and stability and functional
activity of the HUCA complex both in vitro and in vivo. This region of UBN1, that we term
the NHRD (for N-terminal to the Hpc2-Related Domain), forms a 1:1 complex with HIRA
WD repeats and likely also forms an intramolecular interaction with the highly conserved
HRD region. Together, these studies implicate the NHRD domain of UBN1 as an essential
region for integrity of the HUCA complex and for its functional properties in cells.

One outstanding question that arises from this study relates to the sequence and functional
conservation of the UBN1 NHRD among other species. As is evident in Figure 1, unlike the
high sequence conservation of the HRD in human UBN1/UBN2 and budding yeast Hpc2
(discussed below), the NHRD is only modestly conserved among the UBN1/UBN2 paralogs
and appears more diverged in various Hpc2 species. We had previously established that the
C-terminal portion of Hpc2, containing both the HRD and the NHRD, physically interacts
with Hir1 (37). Very recently, Prochasson and colleagues described that in budding yeast, a
so called Conserved Domain II (CD II) in Hpc2, which corresponds to the motif that best
aligns with the UBN1 NHRD in Figure 1, is as essential as the CD III region (corresponding
to UBN1 HRD) for the association and integrity of the HIR complex (44). This data is
consistent with our findings, suggesting that there is functional conservation between the
NHRD and CD II regions in human and budding yeast. However, unlike the findings or
Prochasson and colleagues, our studies suggest a greater importance of the NHRD/CD II
region relative to the HRD/CD III region suggesting some subtle differences between the
two species. A complex analogous to the S. cerevisiae HIR complex has also been
characterized in S. pombe (45). Interestingly, Hip4, the Hpc2 homolog in S. pombe, is a
much smaller protein and has its putative NHRD-HRD fragment located at its extreme N-
terminus (Figure 1). The characterization of the physical interaction of Hip4 with its binding
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partner, presumably Hip1, should also provide insights into whether the HIRA/UBN1-
NHRD interaction is conserved among these species.

Importantly, we have shown that the HRD region of UBN1 does not directly interact with
HIRA and is not required for UBN1-HIRA interaction, yet it appears to associate with HIRA
through the NHRD of UBN1. This observation, coupled with the fact that the HRD is the
most highly conserved region within the UBN1 orthologs from various species (Figure 1),
suggests that the HRD might play some other role in the HUCA complex. Aravind and
colleagues had proposed that a set of highly conserved aspartic acid and glutamic acid
residues within the HRD form one face of a predicted helix that might interact with the
highly basic histone tails (33). If this is the case, the HRD might recruit histones into the
HUCA complex for histone deposition, and possibly specify H3.3 association. If the HRD
interacts with both histones and the HIRA-binding surface (NHRD) of UBN1, this points to
mechanistic interactions that shed light on the histone delivery function of the complex. For
example, the HRD might bind histones and the NHRD in mutually exclusive fashion,
allowing the NHRD to expel histones from the HUCA complex. Alternatively, the HRD
might participate in other activities of the HUCA complex. For a small domain capable of
specific protein-protein recognition, the small histone CENP-A recognition domain in
HJURP is a good example (46).

We have shown here that mutations of UBN1 that prevent HIRA/UBN1 complex formation
also block UBN1-induced chromatin changes and proliferation arrest in primary human
cells. Previously, we showed that mutations in HIRA or ASF1a which disrupt the HIRA/
ASF1a interaction similarly prevent induction of chromatin changes and proliferation arrest
in primary human cells (21). Significantly, we have previously shown that an N-terminally
truncated HIRA mutant, HIRA(520–1017), is a dominant negative inhibitor of senescence-
associated chromatin changes (23). Since HIRA(520–1017) lacks the UBN1 and ASF1a
binding domains, but retains only the CABIN1 binding domain (21, 34, 37, 38), it seems
likely that the dominant negative activity of this fragment depends, at least in part, on its
ability to titrate CABIN1 away from ASF1a and UBN1. Together, these results underscore
the requirement for an intact complex for HUCA to mediate its functions.

Regarding specific functions of the HUCA complex, we have shown here that a mutant of
UBN1 that does not bind to HIRA, UBN1(E61K, F62K), is not recruited to PML bodies
when ectopically expressed in primary human cells. Interestingly, wild type UBN1, but not
UBN1(E61K, F62K), also recruited its binding partner, HIRA, to PML bodies. PML bodies
are thought to be important for HUCA function, because HIRA, CABIN1 and UBN1 are all
recruited to PML bodies in senescent cells and disruption of PML bodies blocks formation
of SAHF in senescent cells (21, 23, 37). Thus, we have previously proposed that PML
bodies are a "staging ground" for proper assembly, activation or modification of HUCA
complexes prior to their formation of SAHF. Results reported here suggest that one specific
function of the HIRA/UBN1 interaction is to facilitate recruitment of the HUCA complex to
PML bodies. As discussed above, the HIRA/UBN1 interaction must also play a direct role in
nucleosome assembly, through a mechanism that remains to be defined. Dissection of the
functional domains, as performed here, is an important step towards this more detailed
mechanistic understanding.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A UBN1 region N-terminal to the previously defined HRD (Hpc2-related Domain) shows
modest yet significant sequence homology among UBN1/UBN2 and, to a lesser extent,
Hpc2. Sequence conservation is shaded as: red (identical), yellow (highly conserved), cyan
(highly conserved among UBN1/UBN2 only), and grey (highly conserved among Hpc2
only). Residue numbers are given along the sequences, with human UBN1 residue numbers
also marked on top of the alignment. Triangles are used to label UBN1 residues that are
mutationally sensitive (red), or not sensitive (black), for HIRA binding. Sequences are from
organisms Hs (homo sapiens), Gg (Gallus gallus), Dr (Danio rerio), Dm (Drosophila
Melanogaster), Sc (Saccharomyces cerevisiae), Kl (Kluyveromyces lactis), Ca (Candida
albicans), and Sp (Schizosaccharomyces pombe). “yema" stands for yemanuclein-α.
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Figure 2.
Co-expression of UBN1 with HIRA WD repeat region enhances the solubility of both
proteins. A) 6His-UBN1(1–175)/HIRA(1–405) co-expression, B) 6His-UBN1(41–175)/
HIRA(1–405) co-expression, C) Peak of 6His-UBN1(41–175)/HIRA(1–405) on size
exclusion chromatography D) Western Blot of 6His-UBN1(41–175)/HIRA(1–405) co-
expression and proteins alone, and E) 6His-UBN2(41–169)/HIRA(1–405) co-expression.
H–HIRA; U–UBN1/UBN2; Mw–molecular weight markers; In–Ni-NTA input; FT–NI-NTA
flow-through; Elution–Ni-NTA fractions at increasing Imidazole concentration; beads–Ni-
NTA resin after elution; S–soluble fraction; P–insoluble fraction. Anti-HIRA (Santa Cruz
Biotechnology) and anti-6His (GE Healthcare Sciences) were used to detect HIRA(1–405)
and 6His-UBN1, respectively. The same labeling applies to figures 3 and 5.
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Figure 3.
The UBN1 NHRD is necessary and sufficient for HIRA WD repeat interaction. A) HIRA
(residues 1–405), was coexpressed with 6His-UBN1 deletion constructs in Sf9 cells and
complexes purified using Ni-agarose chromatography. H = HIRA(1–405), U = UBN1
constructs. B) Western Blots of whole cell soluble protein extracts from Sf9 cells co-
infected with HIRA(405) and 6His-UBN1 deletion mutants (left) or GST-UBN1(44–77) and
GST-UBN1(119–175) (right-side). UBN1 deletion constructs are indicated above the gel. C)
HIRA (residues 1–405) coexpressed with GST-UBN1 deletion constructs in Sf9 cells and
complexes purified using GSH-sepharose chromatography. G=GST.. D) Schematic diagram
that summarizes the binding of UBN1 to the HIRA WD repeats, as scored to the right.
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Figure 4.
The UBN1 NHRD stoichiometrically binds the HIRA WD repeats. Representative
sedimentation equilibrium data for two HIRA/UBN1 complexes collected at a centrifugation
speed of 32,382 rpm and a protein OD280 of 0.2. A) Representative curve for the HIRA(1–
405)/UBN1(41–119) complex. B) Representative curve for the HIRA(1–405)/UBN1(41–
175) complex. The global fits with three centrifugation speeds and three protein
concentrations are shown in Figure S3.
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Figure 5.
The UBN1 NHRD mutation (E61K, F62K) abrogates HIRA WD repeat interaction. A) Co-
expression of HIRA(1–405) with UBN1 harboring single amino acid substitutions that do
not disrupt the HIRA-UBN1 interaction. B) Co-expression of HIRA(1–405) with either His-
UBN1(41–175) WT (left) or the (E61K, F62K) mutant (right), respectively, C) Western
Blots of HIRA/UBN1 co-infections of either wild-type His-UBN1(41–175) or the (E61K,
F62K) mutation. Labels are as in Figure 2.
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Figure 6.
The UBN1 NHRD (E61K, F62K) mutant disrupts UBN1 interaction with HIRA(1–405) and
the assembly of the HUCA complex. A) Anti-Flag purification of full-length Flag-UBN1,
either WT, (I47E), or (E61K, F62K) mutants, that are co-expressed with HIRA(1–405). B)
Anti-Flag purification of Flag-UBN1 (WT or E61K, F62K) that was coexpressed with full-
length HUCA components (HIRA, CABIN1, ASF1a) in insect cells. Left–coomassie blue
R250 stain of FLAG peptide eluates; Right–Western blot analysis of anti-Flag column input
(In), flow through (FT), eluate (E1). MW–molecular weight markers.
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Figure 7.
The HRD is associated with the UBN1-NHRD/HIRA(1–405) complex. A) Thrombin-
cleaved 6His-UBN1(41–175)113LVPR114/HIRA(1–405) complex was subjected to size
exclusion chromatography and resolved on an SDS-PAGE. Dissociated HRD is indicated
with an arrow. B) Samples prepared as described in (A) were retained on Ni-NTA resin and
then subjected to multiple washes with increasing amount of NaCl as indicated. Equal
aliquots of the flow-through (FTH) and resins after wash (Resin) were prepared and resolved
on SDS-PAGE.
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Figure 8.
Ectopically expressed UBN1 WT, but not the (E61K, F62K) NHRD mutant, interacts with
endogenous HIRA. Proliferating IMR90 cells were infected with retroviruses encoding wild-
type flag-UBN1, flag-UBN1 (E61K, F62K) mutant or empty vector, as indicated. A) 5 days
later, lysates were prepared and physical interactions between ectopically expressed wild
type or mutant UBN1 and endogenous HIRA detected by immunoprecipitation-western blot
analysis. B) 28 days later, cells were stained with DAPI and anti-HIRA (mouse monoclonal
IgG1 WC cocktail) or anti-PML (Santa Cruz sc-966, mouse monoclonal IgG1) and anti-flag
(Sigma F7425, rabbit polyclonal) antibodies and visualized by immunofluorescence. Upper
panel on the right represents relative intensity of DAPI, HIRA, and Flag fluorescence along
a straight line through the HIRA/Flag foci. Bottom panel on the right represents relative
intensity of DAPI, PML body, and Flag fluorescence along a straight line through the PML/
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Flag foci. C) Quantitation of results from B and Figure S5. More than 100 cells were scored
from 3 independent biological replicates. p values were calculated using two-tailed t-test
with Bonferroni correction.
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