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Abstract

UHRF1 (Ubiquitin-like, containing PHD and RING Finger domains, 1) is one of the essential 

components of mammalian DNA methylation machinery. Chromatin association of UHRF1 is 

controlled via an interplay between its intramolecular interaction and dual recognition of histone 

H3 trimethylated at lysine 9 (H3K9me3) and hemimethylated DNA. Here, we report the crystal 

structure of the N-terminal tandem Tudor domain (TTD) of UHRF1 in complex with the C-

terminal polybasic region (PBR). Structural analysis reveals that PBR binding leads to 

displacement of the TTD – Plant homeodomain (PHD) linker, as well as blockage of the 

H3K9me3-engaging cage, both of which contribute to a chromatin-occluded UHRF1 

conformation. Disruption of the TTD – PBR interaction, which is facilitated by the binding of 

UHRF1 to hemimethylated DNA or regulatory protein USP7, shifts the UHRF1 conformation 

toward an open state, allowing for efficient H3K9me3 binding. Together, this study provides 

structural basis for the allosteric regulation of UHRF1.

eTOC Blurb

Gao et al report the crystal structure of the UHRF1 TTD domain bound to the C-terminal 

polybasic region, revealing how the intramolecular interaction of UHRF1 gives rise to its 
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chromatin-occluded conformation. Combined with in vitro biochemical analysis, this structural 

study provides insights into the allosteric regulation of UHRF1.

Introduction

DNA methylation represents one of the major epigenetic mechanisms that control silencing 

of retrotransposons, genomic imprinting, X-chromosome inactivation and genome integrity 

(Bird, 2002). In mammals, DNA methylation mainly occurs at the C-5 position of cytosine 

within CpG dinucleotide context, creating distinct epigenetic patterns across various tissue 

cells (Ehrlich et al., 1982). Mammalian DNA methylation is installed by de novo DNA 

methyltransferases DNMT3A and DNMT3B during gametogenesis and early embryonic 

development, and subject to stable propagation by maintenance DNA methyltransferase 

DNMT1 in a replication-dependent manner (Goll and Bestor, 2005; Law and Jacobsen, 

2010). DNMT1-mediated maintenance DNA methylation is further regulated by UHRF1 

(ubiquitin-like, containing PHD and RING finger domains, 1) (Bostick et al., 2007; Sharif et 

al., 2007), which controls the recruitment of DNMT1 to target sites in a cell cycle-dependent 

manner (Du et al., 2010; Nishiyama et al., 2013; Qin et al., 2015).

UHRF1 is a multi-domain protein that contains an N-terminal ubiquitin-like (UBL) domain, 

a tandem Tudor domain (TTD), a plant homeodomain (PHD), a SET- and RING-associated 

(SRA) domain, and a C-terminal RING-finger domain. It has been established that the TTD 

and PHD domains recognize histone H3 trimethylated at lysine 9 (H3K9me3) (Arita et al., 

2012; Cheng et al., 2013; Karagianni et al., 2008; Rothbart et al., 2013; Rothbart et al., 

2012; Xie et al., 2012) and unmodified at arginine 2 (Hu et al., 2011; Lallous et al., 2011; 

Rajakumara et al., 2011), respectively, generating a coordinated reader cassette for the 

multivalent silencing marks at the H3 tail. The SRA domain binds to hemimethylated CpG 

DNA (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008), which, together 

with the H3K9me3 recognition, mediates the association of UHRF1 with the replicating 

heterochromatin region during the S phase of cell cycle (Liu et al., 2013). The C-terminal 
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RING finger domain serves as an E3 ubiquitin ligase that mediates the ubiquitylation of 

histone H3 lysine 18 and/or 23, which in turn recruits DNMT1 to the replication foci 

(Nishiyama et al., 2013; Qin et al., 2015). In addition to a regulatory role in maintenance 

DNA methylation, UHRF1 has been associated with heterochromatin replication and 

assembly (Miura et al., 2001; Papait et al., 2007; Taylor et al., 2013; Uemura et al., 2000), 

DNA damage response (DDR) (Liang et al., 2015; Mistry et al., 2010; Muto et al., 2002; 

Tian et al., 2015), and gene transcription (Jin et al., 2010; Kim et al., 2009; Rajakumara et 

al., 2011).

Recent studies have revealed that the chromatin association and modifying activities of 

UHRF1 are controlled by a conformational switch, in which alternative conformations of 

UHRF1 regulate its bindings to H3K9me3 and/or hemimethylated DNA (Fang et al., 2016; 

Gelato et al., 2014; Harrison et al., 2016; Zhang et al., 2015). An intramolecular interaction 

between the TTD domain and a C-terminal polybasic region (PBR) drives UHRF1 into a 

“closed” conformation, which occludes the binding of TTD to H3K9me3. Intermolecular 

association of the PBR with PI5P (Gelato et al., 2014), USP7 (Ma et al., 2012; Zhang et al., 

2015) or hemimethylated DNA (Fang et al., 2016; Harrison et al., 2016) helps transit 

UHRF1 into an “open” conformation, thereby promoting the TTD – H3K9me3 binding and 

consequent association of UHRF1 with heterochromatin (Fang et al., 2016; Gelato et al., 

2014; Zhang et al., 2015), as well as UHRF1-mediated H3 ubiquitylation (Harrison et al., 

2016). Consistently, a recent nuclear magnetic resonance (NMR) study provided structural 

evidence on the interaction between the TTD domain and PBR (Fang et al., 2016). However, 

due to lack of high-resolution structural characterization, the mechanism by which the 

H3K9me3 epigenetic mark “unlocks” the UHRF1 TTD – PBR interaction was not 

explained. Therefore, the functional regulation of UHRF1 – chromatin association remains 

unclear.

To characterize the TTD – PBR interaction in further detail, we determined the crystal 

structure of the TTD domain of UHRF1 in complex with the PBR peptide at 1.68 Å 

resolution. The structure reveals that the TTD – PBR interaction not only competes against 

the positioning of the TTD-PHD linker, an element modulating the relative orientation of the 

TTD-PHD tandem domains, but also blocks the H3K9me3-binding cage with a proline ring 

from the PBR peptide. Both interactions help stabilize UHRF1 in a “closed” conformational 

state that occludes chromatin binding. Consistently, disruption of the TTD – PBR interaction 

by site-directed mutagenesis or intermolecular interactions significantly shifts the UHRF1 

conformation to an “open” state with enhanced interaction with H3K9me3. Together, these 

studies provide structural basis for the H3K9me3-speific chromatin association of UHRF1.

Results

Crystal structure of the UHRF1 TTD – PBR complex

The C-terminal PBR sequence of UHRF1 (Fig. 1A), comprised of residues E634-T665, has 

been previously shown to mediate an intramolecular interaction with the N-terminal TTD 

domain (Fang et al., 2016; Gelato et al., 2014; Zhang et al., 2015). To provide structural 

basis for this interaction, we determined the crystal structure of the TTD domain of zebrafish 

UHRF1 (zUHRF1TTD) (Fig. 1A) in complex with the PBR peptide from human UHRF1 at 
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1.68 Å resolution (Fig. 1B,C and Table 1). There are three TTD molecules and one PBR 

peptide in each asymmetric unit (Fig. S1A). We were able to trace residues K648-R664 of 

the PBR peptide, which is predominantly associated with one TTD molecule, with its C-

terminal tail (residues S661-R664) further extending to make crystallographic contacts with 

the second TTD molecule (Fig. S1A). Meanwhile, the PBR peptide is occluded from 

binding to the third TTD molecule by the crystal packing effects (Fig. S1A).

The structure of the zUHRF1TTD domain reveals two five-stranded β-barrels abutting each 

other through an interface formed by two protruding loops from the N- and C-terminal 

subdomains, respectively, as previously observed for its human counterpart (Fig. 1B). 

Notably, the linker sequence between the two subdomains joins in antiparallel with the C-

terminal tail, together supporting the TTD as one integrated structural unit (Fig. 1B). The 

PBR peptide fills in an acidic groove extending from the subdomain interface, followed by a 

90° turn, toward one end of the N-terminal β-barrel (Fig. 1B and Fig. S1B). Accordingly, 

association of the PBR peptide with the TTD domain spans two discrete binding surfaces: 

one involves PBR K648-G654, while the other involves PBR P656-G660 (Fig. 1D,E). At 

one interface, the side chains of PBR K648 and R649 interact with residues D144, E155 and 

D182 from the TTD N-terminal subdomain through direct and/or water-mediated hydrogen 

bonding interactions (Fig. 1D,E). Meanwhile, PBR K650, S651, A652 and G654 interact 

with residues R227, G228, Y229 and W230 from the C-terminal subdomain through main-

chain or side-chain hydrogen bonding interactions (Fig. 1D,E). At the second interface, the 

proline ring of PBR P656 slides into the aromatic cage formed by F154, Y180 and Y183 

from the TTD N-terminal subdomain, with its backbone carbonyl group interacting with the 

side chain of TTD N186 through direct and water-mediated hydrogen bonds (Fig. 1C–E). 

Additional intermolecular interactions involve hydrogen bonds formed between PBR S657 

and R658 and a number of TTD residues (D147, N149, Y180 and N186), which further 

contribute to the TTD – PBR association (Fig. 1D,E). Notably, the PBR-interacting sites on 

the TTD domain are highly conserved across species (Fig. S1C), supporting that 

zUHRF1TTD is a valid model for its human orthologue.

Mutational analysis of the TTD – PBR interaction

To evaluate the structural observations, we selected a number of residues from human 

UHRF1 for mutagenesis, followed by Isothermal Titration Calorimetry (ITC) analysis (Table 

S1). Notably, titration of wild-type PBR peptide over the TTD domain yielded a dissociation 

constant (Kd) of 7.4 μM (Fig. 2A, B), consistent with the previous observations that TTD 

binds strongly to PBR (Fang et al., 2016; Gelato et al., 2014; Zhang et al., 2015). By 

contrast, mutations of D142 (equivalent to D144 in zUHRF1), D145 (equivalent to D147 in 

zUHRF1), F152 (equivalent to F154 in zUHRF1) and E153 (equivalent to E155 in zUHRF1) 

in the TTD domain into alanine all reduced the binding affinity by > 3-fold, with Kds of 272 

μM, 23.5 μM, 89.2 μM and 281 μM, respectively (Fig. 2A and Fig. S2A). In line with these 

observations, introduction of D142A/E153A double mutation nearly abolished the binding, 

with a Kd of 534 μM (Fig. 2A). On the PBR side, introduction of R649A and S657A 

mutation reduces the TTD – PBR binding by ~20-fold (Kd = 149 μM) and ~2-fold (Kd = 

13.9 μM), respectively, while replacement of P656 by glycine, which eliminates the effect of 

amino side chain, reduced the TTD – PBR binding affinity to a Kd of 29.8 μM (Fig. 2B and 
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Fig. S2B). Consistently, introduction of R649A/P656G double mutation further decreases 

the binding affinity, with a Kd of 301 μM (Fig. 2B). Together, these data lend a strong 

support to the bipartite interaction observed for the TTD – PBR complex. On the other hand, 

mutation of either N147 (equivalent to N149 in zUHRF1) or N194 (equivalent to N186 in 

zUHRF1) into alanine did not lead to appreciable change in the TTD – PBR binding (Fig. 

S2C, D), suggesting that the intermolecular interactions involving these sites likely arise 

from the crystal packing effects.

The TTD – PBR interaction perturbs the conformation and H3K9me3 binding of the TTD-
PHD dual domains

Given that the TTD and PHD domains serve as an integrated histone-binding cassette (Arita 

et al., 2012; Cheng et al., 2013), we asked whether the TTD – PBR interaction affects the 

conformation and H3K9me3 binding of the TTD-PHD dual domains. Structural 

superposition of the TTD – PBR complex with the previously determined structure of 

UHRF1 TTD-PHD tandem domains in complex with histone H3K9me3 peptide shows that 

the TTD domains are well aligned (Fig. 3A), with a root-mean-square deviation (RMSD) of 

0.73 Å over 122 Cα atoms, suggestive of structural rigidity of the UHRF1 TTD domain. On 

the other hand, it is apparent that the PBR-binding sites overlap significantly with the 

binding surface for the TTD-PHD linker or the H3K9me3 peptide (Fig. 3A). In particular, 

consistent with a recent NMR observation (Fang et al., 2016), the N-terminal segment of 

PBR (residues K648-S651) superimposes well with a segment of the TTD-PHD linker 

(residues R295-S298), a region that facilitates the UHRF1 – H3K9me3 association through 

regulation of the TTD-PHD domain orientation (Arita et al., 2012; Cheng et al., 2013). 

These two segments, with similar backbone and side-chain conformations (Fig. 3B), 

compete on the same binding site on TTD, suggesting that the TTD – PBR association 

would lead to displacement of the TTD-PHD domain linker. Furthermore, structural 

superimposition of the TTD – PBR and TTD-PHD – H3K9me3 complexes reveals that the 

PBR peptide-binding site also partially overlaps with the H3K9me3-binding site, with 

residue P656 occupying the H3K9me3-engaging aromatic cage of the TTD domain (Fig. 

3C,D). Together, these structural observations suggest that the TTD – PBR intramolecular 

interaction may affect the UHRF1 – H3K9me3 binding through a two-layered mechanism: 

First, binding of PBR to the TTD domain dislodges the TTD-PHD linker from the TTD 

surface, triggering a conformational rearrangement of the TTD-PHD dual domains that 

would in turn impede the UHRF1 – H3K9me3 binding. Second, the PBR sequence directly 

inhibits the binding of H3K9me3 with TTD through embedding a proline ring inside the 

H3K9me3-binding pocket.

We then performed ITC binding assays to evaluate how the presence of the TTD-PHD 

linker, histone H3 or H3K9me3 each affects the TTD – PBR binding (Table S1). Consistent 

with a previous observation (Fang et al., 2016), binding of the PBR peptide with TTD-PHD 

is weaker than with TTD by ~3 fold (Fig. 3E), confirming that the TTD-PHD linker and 

PBR compete on TTD binding. Likewise, the presence of unmodified H3 (residues 1-22, 

H31-22) and H3K9me3 (residues 1-22, H31-22K9me3) peptides both significantly impairs the 

TTD – PBR binding, with a relatively more severe effect associated with the H31-22K9me3 

peptide (Fig. 3E). Conversely, the presence of excess of the PBR peptide (molar ratio of 
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PBR over TTD-PHD = 3:1) led to a reduction of the TTD-PHD – H31-22K9me3 binding, 

with the apparent Kd increasing from 0.7 μM to 2.4 μM. By contrast, the presence of the 

same excess of P656G-mutated PBR reduces the TTD-PHD – H31-22K9me3 binding only to 

an apparent Kd of 1.3 μM (Fig. S2E). Together, these observations support that the TTD – 

PBR binding also competes against the interaction of UHRF1 TTD-PHD with histone H3, in 

particular H3K9me3.

Competing intramolecular and intermolecular interactions govern the conformational 
states of UHRF1

To gain a quantitative view on the effect of the intramolecular and intermolecular 

interactions of UHRF1 on its conformational states, we generated a CFP-UHRF1-YFP 

construct, in which full-length UHRF1 was N- and C-terminally fused to CFP and YFP 

proteins, respectively, for FRET measurements (Fig. S3). Wild-type CFP-UHRF1-YFP 

fusion protein generated a clear FRET signal (increased acceptor signal associated with 

decreased donor signal), with IAcceptor/(IDonor+IAcceptor) ratio of 0.6, indicating that the CFP 

and YFP tags, separated by the ~800 amino acid long UHRF1 protein, are spatially close 

enough for the FRET signal. In contrast, the CFP-UHRF1 (D142A/E153A)-YFP mutant, in 

which the TTD – PBR interaction was largely disrupted (Fig. 2B), decreased the FRET ratio 

to 0.52, suggesting that disruption of the TTD – PBR interaction leads to a more open 

conformational state for UHRF1 (Fig. 4A). Consistently, addition of increasing amount of 

the H31-22K9me3 peptide gradually decreased the FRET signal for wild-type, but not 

D142A/E153A-mutated, CFP-UHRF1-YFP fusion protein. Note that the D142A/E153A 

mutation, in addition to disrupting the TTD – PBR interaction, reduced the H31-22K9me3-

binding affinity of UHRF1 TTD-PHD dual domains by ~4 fold (Fig. S4). In the same vein, 

this mutation may also affect the association of CFP-UHRF1-YFP with the H31-22K9me3 

peptide. Nevertheless, the observation that the FRET signal of D142A/E153A-mutated CFP-

UHRF1-YFP remained largely unaffected even in the presence of 1,000-fold molar excess of 

the H31-22K9me3 peptide (Fig. 4A) suggests that the lack of response to the H31-22K9me3 

titration mostly arises from a more “open” conformation of this mutant. These data together 

support a notion that the H3K9me3 binding “opens” up the conformation of UHRF1 through 

disruption of the TTD – PBR interaction. On the other hand, titration of the unmodified 

H31-22 peptide failed to perturb the FRET signals for either wild-type or D142A/E153A-

mutated CFP-UHRF1-YFP fusion protein, highlighting the important role of the H3K9me3-

binding cage in the TTD – PBR interaction. Furthermore, titration with hemimethylated 

DNA resulted in even lower FRET signals for both wild-type and D142A/E153A-mutated 

CFP-UHRF1-YFP (Fig. 4A), suggesting that the interaction of hemimethylated DNA with 

SRA and PBR synergistically contributes to the conformational “opening” of UHRF1. 

Finally, we measured the effect of the intermolecular interaction between UHRF1 PBR and 

USP7 UBL domains, which were previously shown to allosterically regulate the chromatin 

association of UHRF1 through interaction with PBR (Fig. S5) (Zhang et al., 2015), on the 

FRET effect of CFP-UHRF1-YPF fusion proteins (Fig. S3). Similar to the effect of 

hemimethylated DNA, titration of the USP7 UBL domains not only decreased the FRET 

signal for wild-type UHRF1 fusion protein, but also led to even lower FRET signal for the 

D142A/E153A-mutated UHRF1 fusion protein (Fig. 4A), further supporting that the PBR-
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engaged intermolecular interactions synergize with the UHRF1 TTD – H3K9me3 binding to 

“open up” the conformation of UHRF1.

To further understand the functional implication of the “closed” and “open” UHRF1 

conformations, we compared the H3-binding affinities between wild-type and R649A/

P656G-mutated UHRF1 fragment, spanning from the TTD domain toward the C-terminal 

RING-finger domain (residues 126-793), through peptide pull-down assays (Fig. 4B). In 

comparison with wild-type UHRF1, R649A/P656G-mutated UHRF1 significantly increased 

its binding to histone H3 peptides, in particular H3K9me3 (Fig. 4B), supporting that 

disruption of the TTD – PBR interaction promotes the chromatin binding of UHRF1.

Discussion

Identified as one of the essential components of maintenance DNA methylation machinery, 

UHRF1 regulates the recruitment of DNMT1 to methylation target sites through its specific 

association with replicating heterochromatin enriched with H3K9me3 and hemimethylated 

DNA (Bostick et al., 2007; Liu et al., 2013; Miura et al., 2001; Sharif et al., 2007). The 

synergistic bindings of UHRF1 to H3K9me3 and hemimethylated DNA presumably provide 

a redundant mechanism for spatial-temporal control of UHRF1 activity within the nuclei, 

which in turn contributes to the high-fidelity maintenance of DNA methylation. In this 

regard, recent evidence has indicated that disruption of the UHRF1 – H3K9me3 interaction 

leads to a modest reduction of genomic DNA methylation, highlighting a role of the UHRF1 

– H3K9me3 recognition in promoting DNA methylation maintenance (Zhao et al., 2016).

Previous studies from others and us have revealed that the intramolecular interaction 

between TTD and PBR of UHRF1 results in a “closed” conformation with reduced 

chromatin binding activity (Fang et al., 2016; Gelato et al., 2014; Harrison et al., 2016; 

Zhang et al., 2015), which can be “opened up” through bindings of UHRF1 to H3K9me3 

and hemimethylated DNA (Fang et al., 2016; Harrison et al., 2016), chromatin modifiers 

such as USP7 (Zhang et al., 2015) or DNMT1 (Fang et al., 2016), or nuclear ligand PI5P 

(Gelato et al., 2014). Recent studies further demonstrated that conformational opening of 

UHRF1 elevates both of its chromatin binding and E3 ubiquitin ligase activities (Fang et al., 

2016; Harrison et al., 2016), therefore establishing a link between the conformational 

transition of UHRF1 and its cell cycle-dependent chromatin localization (Papait et al., 2007) 

and ubiquitylation activity (Harrison et al., 2016; Nishiyama et al., 2013; Qin et al., 2015).

Through high-resolution structure determination, mutagenesis and biochemical 

characterizations, this study confirmed the previous NMR study (Fang et al., 2016) that the 

intramolecular TTD – PBR interaction of UHRF1 leads to repositioning of the TTD-PHD 

linker, which consequently interferes with the UHRF1 – H3K9me3 interaction. Extending 

from the NMR study, the crystal structure presented herein further demonstrated that the 

interaction of PBR with TTD also leads to the blockage of the H3K9m3-binding cage, 

thereby providing a more comprehensive view on the conformational regulation of UHRF1 

(Fig. 4C). Disruption of the UHRF1 TTD – PBR interaction would presumably lead to 

simultaneous exposure of the H3K9m3-binding cage and re-alignment of the TTD-PHD 

linker, resulting in enhanced UHRF1 – H3K9me3 association (Fig. 4C). This H3K9me3 
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occlusion-regulated conformational transition may provide a mechanism for the H3K9me3-

specific localization of UHRF1, which is important for DNMT1-mediated maintenance 

DNA methylation (Fig. 4C).

The PBR segment of UHRF1 appears to serve as a central platform for functional regulation 

of UHRF1. Our previous study indicated that introduction of K644E/K646E mutations in the 

PBR sequence led to reduced chromatin binding of UHRF1, suggesting an important role of 

this region in nuclear localization of UHRF1 (Zhang et al., 2015). In fact, the intramolecular 

interaction between PBR and the TTD domain has been shown to be modulated by its 

intermolecular interaction with DNA (Fang et al., 2016; Harrison et al., 2016), USP7 (Fig. 

S5) (Zhang et al., 2015), DNMT1 (Fang et al., 2016) and PI5P (Gelato et al., 2014), 

resulting in a conformational transition of UHRF1 for differential chromatin accessibility. It 

is conceivable that interactions of the PBR sequence with different nuclear factors are 

subject to a dynamic regulation throughout the cell cycle, which might be important for its 

function in maintenance DNA methylation and other cellular activities. For instance, the 

PBR-mediated interaction between UHRF1 and DNMT1 might facilitate the recruitment of 

DNMT1 to its target loci, while opening up the conformation of UHRF1 for efficient histone 

H3 ubiquitylation (Harrison et al., 2016). Subsequently, association of DNMT1 with 

ubiquitylated H3 (Nishiyama et al., 2013; Qin et al., 2015) likely leads to release of PBR to 

engage DNA binding in adjacent regions. The mechanism underlying the dynamic transition 

between different PBR engagements awaits further investigation.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Jikui Song (jikui.song@ucr.edu).

METHOD DETAILS

Protein preparation—DNA sequences encoding UHRF1 TTD domain from zebrafish 

(residues 129-280) or human (residues 126-284), human UHRF1 TTD-PHD dual domains 

(residues 126-366), human UHRF1 TTD-RING (residues 126-793), human UHRF1 PBR 

(residues 634-665) and the UBL domains of USP7 (residues 560-1084) were each inserted 

in a pRSFDuet-1 vector (Novagen), preceded by a hexahistidine and SUMO tag. All the 

proteins were overexpressed in E. coli BL21 (DE3) RIL strain. The transformed cells were 

grown at 37 °C in LB medium and induced by addition of isopropyl-β-D-

thiogalactopyranoside (IPTG) to 0.1 g/L when the OD600 reached 0.8. After induction, the 

cells continued to grow at 16 °C overnight. The cells were harvested and lysed in a buffer 

containing 50 mM Tris-HCl (pH 8.0), 1 M NaCl, 25 mM imidazole, and 0.5 mM DTT. After 

centrifugation, the fusion proteins were purified from the supernatant by a Ni-NTA column, 

followed by removal of the hexahistidine-SUMO tag by Ubiquitin-like-specific protease 1 

(ULP1) cleavage and subsequent Ni-NTA chromatography. The tag-free proteins were 

further purified by size exclusion chromatography on a Superdex 200 16/600 column (GE 

Healthcare) pre-equilibrated with a buffer containing 25 mM Tris-HCl (pH 7.5), 100 mM 
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NaCl and 2 mM DTT. Purified samples were stored in −80°C at a concentr ation of ~ 20 

mg/mL for future use.

DNA sequence encoding full-length human UHRF1 was inserted in frame with an N-

terminal enhanced cyan fluorescence protein (CFP) sequence and a C-terminal yellow 

fluorescence protein (YFP) sequence in pBad Vector to generate hexahistidine-CFP-

UHRF1-YFP construct. Wild type and D142A/E153A mutant of CFP-UHRF1-YFP proteins 

were expressed in E. coli BL21 (DE3) RIL strain and purified sequentially through affinity 

chromatography using a Ni-NTA column, hydrophobicity interaction chromatography using 

a Phenyl HIC column (GE Healthcare), ion exchange chromatography using a Heparin 

column (GE Healthcare) and size exclusion chromatography using a Superdex 200 16/600 

column (GE Healthcare). The purified protein was dissolved in a buffer containing 25 mM 

Tris (pH 7.5), 100 mM NaCl and concentrated to 1 mg/mL for Förster resonance energy 

transfer (FRET) assays.

Expression and purification of UHRF1 PBR peptide (residues 634-665) were as described 

previously (Zhang et al., 2015). Mutant UHRF1 TTD and PBR were generated through site-

directed mutagenesis, and expressed and purified in the same manner as that for wild-type 

proteins.

Crystallization, data collection and structure determination—Human UHRF1 

TTD – PBR complex failed to generate crystals for high-resolution structure determination. 

Therefore, we prepared an inter-species TTD – PBR complex, in which zebrafish UHRF1 

TTD domain was mixed with human UHRF1 PBR peptide in a molar ratio of 1:1.5 at a total 

concentration of ~25 mg/mL, for crystallization. Crystals were generated through mixing of 

the complex with precipitant containing 0.1 M Succinic acid pH7.0, 15% (v/v) Polyethylene 

glycol 3350 and incubation using hanging-drop diffusion method. Before flash freezing in 

liquid nitrogen, crystals were soaked in cryo-protectant made of crystallization solution 

supplemented with 20% (v/v) glycerol. The X-ray diffraction data for the UHRF1 TTD – 

PBR complex were collected on the BL 5.0.1 beamline at the Advanced Light Source, 

Lawrence Berkeley National Laboratory. The diffraction data were indexed, integrated and 

scaled using the HKL2000 program (Otwinowski and Minor, 1997). The structure was 

solved using the molecular replacement method in PHASER (McCoy et al., 2007) with the 

structure of UHRF1 TTD (PDB ID: 3DB3) as search model. The resulting electron density 

revealed that there are three molecules of TTD and one PBR peptide in each asymmetric 

unit. The structure of TTD – PBR complex was improved by iterative modeling building and 

refinement with Coot (Emsley et al., 2010) and PHENIX software packages (Afonine et al., 

2012). The same R-free test set was used throughout the refinement. The statistics for data 

collection and structural refinement of the UHRF1 TTD – PBR complex is summarized in 

Table 1.

ITC measurements—Histone H3 peptides containing residues 1-22 (H31-22), followed by 

a C-terminal tyrosine, were used for ITC assay. Protein or peptide samples were dialyzed 

against the ITC buffer (25 mM Tris-HCl, pH 7.5, 100 mM NaCl) at 4°C overnight. A 

MicroCal iTC200 system (GE Healthcare) was used to conduct the ITC measurements. For 

the TTD – PBR displacement titration, protein samples for UHRF1 domains were first 
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mixed with unmodified H3 or H3K9me3 peptides in a molar ratio of 1:1, followed by 

titration with the PBR peptide. For displacement titration of TTD-PHD over H3K9me3, 

protein samples for the TTD-PHD domains were first mixed with wild-type or mutant PBR 

in a molar ratio of 1:3, followed by titration with the H31-22K9me3 peptide. A total of 17 

injections with a spacing of 180 seconds and a reference power of 5 μcal/s were performed 

at 25°C. The ITC curves were processed with software ORIGEN (MicroCal) using one-site 

fitting model. The results are summarized in Table S1.

Peptide pull-down assay—40 μL streptavidin paramagnetic beads (MagneSphere, 

Promega) were washed three times with 1× PBS (pH 7.4) buffer and resuspended in 100 μL 

PD buffer (25 mM Tris, pH 7.5, 300 mM KCl, 20% glycerol, 1 mM DTT and 0.2% v/v 

Triton X-100). To pull down UHRF1, biotin-labeled H31-20K9me3 or unmodified H31-20, 

recombinant UHRF1 (residues 126-793) wild type or R649A/P656G mutant were mixed 

with the beads to a final concentration of 2.0 μM each and incubated at 4 °C for 1 hr. The 

beads were washed five times with PD buffer, followed by releasing the proteins into elution 

buffer (50 mM Tris, pH7.5, 25 % v/v glycerol, 1 mM EDTA, 2% SDS, 10 mM DTT) by 

boiling for 10 min. All the samples were finally resolved by SDS-PAGE and stained by 

Sypro ruby (Bio-rad).

In vitro FRET measurements—For FRET assay, CFP-UHRF1-YFP wild-type and 

mutant proteins were adjusted to 0.2 μM, titrated with increasing amount of a 

hemimethylated DNA duplex (upper strand: 5′-GGCCCXGCAGGCCTG-3′; lower strand: 

5′-CAGGCCTGCGGGGCC-3′; X = 5-methylcytosine), USP7 UBL domains or histone 

peptides. Assays were performed in Take3-plate (#259913 BioTek Instruments) in a buffer 

containing 25 mM Tris (pH 7.5), 100 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine 

(TCEP). Emission intensities were scanned using a SynergyMX microplate reader (#255439 

BioTek Instruments) from 470 to 600 nm, with 450 nm as the excitation wavelength. The 

FRET efficiency ratio was calculated as fluorescence intensity at 525 nm divided by the sum 

of fluorescence intensities at 480 nm and 525 nm. Emission spectra were normalized to the 

sum of the fluorescence peak intensities at 480 nm and 525 nm. All assays were performed 

in duplicate, and the data were processed and normalized using Origin version 7.0 

(OriginLab).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics of the X-ray crystallographic data processing, refinement and structure validation 

are summarized in Table 1.

DATA AND SOFTWARE AVAILABILITY

The atomic coordinates and structure factors for the zUHRF1TTD – PBR complex have been 

deposited in the Protein Data Bank under accession code 6B9M.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The crystal structure of UHRF1 TTD domain bound to the PBR fragment was 

solved

• A proline ring from UHRF1 PBR occupies the H3K9me3-binding cage of the 

TTD domain

• PBR inhibits the histone binding of UHRF1 via a two-layered regulation

• The UHRF1 TTD – PBR interaction controls the conformational states of 

UHRF1
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Figure 1. Crystal structure of the UHRF1 TTD – PBR complex
(A) Domain architecture of human UHRF1, with individual domains labeled with residue 

numbers. The TTD domain of Zebrafish UHRF1 (zUHRF1TTD) used for structure 

determination is also shown. (B) Ribbon representation of zUHRF1TTD (cyan) bound to the 

PBR peptide (yellow sticks). (C) Surface representation of the zUHRF1TTD – PBR complex. 

(D) Close-up view of the intermolecular interaction between zUHRF1TTD and PBR. The 

water molecules are shown in sphere representation. The hydrogen bonds are shown as 

dashed lines. (E) Schematic representation of the zUHRF1TTD – PBR interaction. The 

residues from zUHRF1TTD and PBR are colored in magenta and black, respectively. Yellow: 

hydrophobic contact. See also Figure S1.
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Figure 2. ITC binding assays for human UHRF1 TTD and PBR
(A) Mutational effects of the UHRF1 TTD domain on the TTD – PBR interaction. (B) 

Mutational effects of the UHRF1 PBR peptide on the TTD – PBR interaction. See also Table 

S1.
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Figure 3. UHRF1 PBR and histone H3K9me3 compete on TTD binding
(A) Structural comparison of the UHRF1 TTD – PBR complex with the UHRF1 TTD-PHD 

– H3K9me3 complex (PDB 4GY5), with individual domains and peptides labeled. The zinc 

ions are shown as purple spheres. (B) Structural overlay the TTD-bound PBR peptide 

(yellow) and the TTD-PHD linker (magenta), with the aligned residues shown in stick 

representation. (C) The side chain of H3K9me3 inserted into the aromatic cage formed by 

residues F152, Y188 and Y191 of human UHRF1 TTD (PDB 4GY5). (D) The side chain of 

P656 embedded in the equivalent aromatic cage formed by residues F154, Y180 and Y183 

of zUHRF1TTD. (E) ITC binding curves of the PBR peptide over the TTD domain or the 

TTD-PHD dual domains of human UHRF1, in the absence or presence of unmodified 

H31-22 or H31-22K9me3 peptides. The average and standard deviation of the dissociation 
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constants were derived from two independent measurements. ND, not determinable due to 

undetectable or non-stoichiometric binding. See also Figure S1, S2 and Table S1.
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Figure 4. Coupling between the conformational transition of UHRF1 and its chromatin or USP7 
binding
(A) FRET ratio, EFRET = Iaccetpor/(Iaccetpor+Idonor), of CFP-UHRF1-YFP as function of the 

concentrations of hemimethylated DNA (HmDNA), USP7 UBL domains (USP7), 

H31-22K9me3 (H3K9me3) and H31-22 (H3) peptides. (B) Pull-down assays of wild-type 

(WT) or R649A/P656G-mutated UHRF1 (residues 126-793) with H3K9me3 or unmodified 

H3 peptides. The gel image cropped from a full gel is boxed. (C) A model for the 

conformational transition of UHRF1. (i) UHRF1 in free state is dominated by a “closed” 

conformation. (ii) Association of UHRF1 with hemimethylated DNA (HmDNA) and 

H3K9me3-modified nucleosome (H3K9me3-NCP) transits UHRF1 into an “open” 

conformation, permitting strong chromatin association and enhanced H3 ubiquitylation 

activity. (iii) Ubiquitylated histone H3 subsequently recruits DNMT1 for maintenance DNA 

methylation. See also Figure S3, S4 and S5.
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Table 1

Crystallographic data collection and refinement statistics of the zUHRF1TTD – PBR complex.

Data collection

Space group C2

Cell dimensions

 a, b, c (Å) 81.2, 66.1, 120.5

 α,β,γ(°) 90, 105, 90

Wavelength 0.9774

Resolution (Å) 28.76-1.68 (1.74-1.68)a

Rmerge 0.038 (0.47)

I/σI 27 (2.0)

Completeness (%) 98.4 (96.4)

Redundancy 3.0 (2.9)

Total reflections 208438

Unique reflections 69241

Refinement

Resolution (Å) 28.76-1.68 (1.74-1.68)a

No. reflections 69239 (6738)

Rwork/Rfree 18.3/20.7 (27.0/29.4)

No. atoms

 Protein 3777

 Water 535

B factors (Å2)

 Protein 41.54

 Water 47.40

r.m.s. deviations

 Bond lengths (Å) 0.009

 Bond angles (°) 1.14

Ramachandran

Favored (%) 97.4

Allowed (%) 2.6

Outliers (%) 0

a
Values in parentheses are for highest-resolution shell.
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