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SUMMARY

Histone methylation occurs on both lysine and arginine residues, and its dynamic regulation plays 

a critical role in chromatin biology. Here we identify the UHRF1 PHD finger (PHDUHRF1), an 

important regulator of DNA CpG methylation, as a histone H3 unmodified arginine 2 (H3R2) 

recognition modality. This conclusion is based on binding studies and cocrystal structures of 

PHDUHRF1 bound to histone H3 peptides, where the guanidinium group of unmodified R2 forms 

an extensive intermolecular hydrogen bond network, with methylation of H3R2, but not H3K4 or 

H3K9, disrupting complex formation. We have identified direct target genes of UHRF1 from 
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microarray and ChIP studies. Importantly, we show that UHRF1's ability to repress its direct target 

gene expression is dependent on PHDUHRF1 binding to unmodified H3R2, thereby demonstrating 

the functional importance of this recognition event and supporting the potential for crosstalk 

between histone arginine methylation and UHRF1 function.

INTRODUCTION

Chromatin covalent modifications, which include DNA methylation and histone 

posttranslational modifications, play an important role in epigenetic regulation. Histone N-

terminal tails undergo extensive modifications including methylation on lysine (K) and 

arginine (R) residues. Methylation of different lysine residues of histone H3 and H4 is 

recognized by a variety of protein modalities, including the plant homeodomain (PHD), 

PWWP, and chromodomains (Taverna et al., 2007). Such recognition mechanisms confer 

elaborate regulatory functions in a plethora of chromatin template-based biological 

processes including gene regulation, DNA replication, and recombination. Recent studies 

further demonstrate that both methylated and unmethylated lysine residues are recognized 

by specific protein modalities important for regulation of gene expression (Lan et al., 2007; 

Ooi et al., 2007; Shi et al., 2006). In contrast, significantly less is known about how histone 

arginine residues are recognized, although arginine methylation plays equally important 

roles (Bedford and Clark, 2009).

Here we report the identification of the PHD finger domain in UHRF1 (PHDUHRF1) as a 

histone H3 tail-binding module recognizing unmodified arginine residue 2 of histone H3 

(H3R2). UHRF1 (ubiquitin-like, with PHD and RING finger domains 1) (also called NP95 

and ICBP90) is required for the maintenance of CpG DNA methylation (Bostick et al., 

2007; Sharif et al., 2007) and is composed of multiple protein modalities (Figure 1A), 

including SRA, which binds hemimethylated CpG (Bostick et al., 2007; Sharif et al., 2007), 

a Tudor domain that binds trimethylated histone H3 lysine 9 (H3K9me3) (Walker et al., 

2008), as well as a PHD domain, whose histone binding partners remain unclear (Karagianni 

et al., 2008; Papait et al., 2008). UHRF1 is mainly localized to pericentromeric 

heterochromatin (PCH) (Papait et al., 2007), but recent studies suggest that UHRF1 also 

localizes to specific euchromatic regions, possibly playing a role in transcriptional 

repression (Daskalos et al., 2011; Kim et al., 2009). UHRF1 is believed to regulate PCH 

function as well as transcription of certain tumor suppressor genes (Daskalos et al., 2011). 

However, mechanisms underlying recruitment of UHRF1 to either heterochromatic or 

euchromatic regions remained largely unknown.

We show that in contrast to TudorUHRF1, which binds H3K9me3 (Walker et al., 2008), 

PHDUHRF1 specifically binds unmodified H3. Surprisingly, this binding is significantly 

reduced by H3R2 methylation but largely unaffected by H3K4 and H3K9 methylation, 

suggesting that PHDUHRF1 binds H3 via recognition of unmodified H3R2. This hypothesis 

is supported by the structure of PHDUHRF1 in complex with H3 peptides, which identified 

H3R2 as a major contact site for PHDUHRF1, together with the N-terminal amino group and 

side chain of the first alanine residue on H3, which likely helps anchor PHDUHRF1 and 

therefore contributes to the unmodified R2 recognition specificity. Isothermal titration 
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calorimetry (ITC) provided binding affinities of PHDUHRF1 for either unmodified or 

modified H3 with methylation at R2, K4, and K9, reinforcing the notion that unmodified R2 

is the major contact site for PHDUHRF1. Genome-wide expression microarray analysis 

coupled with chromatin immunoprecipitation (ChIP) identified a number of UHRF1 direct 

target genes whose expression is repressed by UHRF1. Importantly, point mutations that 

disrupt PHDUHRF1 binding to unmodified H3R2 also abrogated the ability of UHRF1 to 

repress target gene expression, while these mutations have no effect on UHRF1 PCH 

localization. Taken together, we have provided binding, structural, and functional data 

identifying PHDUHRF1 as an unmodified H3R2 binder. Our findings suggest that recognition 

of the unmodified H3R2 by PHDUHRF1 may represent an important mechanism for targeting 

UHRF1 to euchromatic regions and that histone H3R2 methylation may impact UHRF1 

function by regulating its chromatin accessibility.

RESULTS

PHDUHRF1 Recognizes Unmodified H3 Tail

As discussed above, UHRF1 is mainly localized to PCH, but it may also be present at 

euchromatic loci (Kim et al., 2009). Insight into how UHRF1 is recruited to these different 

regions of the genome is important for understanding mechanisms that underlie UHRF1-

mediated biological processes. UHRF1 is composed of multiple protein modalities. In 

addition to the RING finger domain that mediates ubiquitylation (Citterio et al., 2004), it 

also contains Tudor, PHD, and SRA domains that mediate interactions of UHRF1 with 

histone and DNA, respectively (Bostick et al., 2007; Karagianni et al., 2008; Sharif et al., 

2007; Walker et al., 2008) (Figure 1A). Previous studies suggested that PHDUHRF1 binds 

H3K9me3 (Karagianni et al., 2008). However, one recent study showed that H3K9me3 

binding is also mediated by TudorUHRF1 (Walker et al., 2008). Thus, exactly what 

PHDUHRF1 binds remains unclear.

To address this issue, we first carried out in vitro binding assays using purified full-length 

UHRF1 and a collection of histone peptides with or without modifications. As shown in 

Figure 1B, UHRF1 specifically and robustly binds the unmodified, N-terminal histone H3 

tail (aa 1–21) (lane 4), but not the more internal sequence of H3, either unmodified (aa 15–

35, lane 5) or methylated on R17 (aa 15–35, lanes 16–17). UHRF1 also showed little or no 

binding to unmodified or methylated histone H4 (Figure 1B, lanes 18, 19–23), and to 

unmodified H2A or H2B (aa 1–21) (Figure 1B, lanes 24–25). Importantly, di- or 

trimethylation of H3K4 and H3K9, as well as H3R8 dimethylation, by and large did not 

significantly affect binding (Figure 1B, lanes 9–15). In contrast, methylation of H3R2 

significantly reduced binding (Figure 1B, lanes 6–8), indicating that H3R2 may be a critical 

contact site for UHRF1. Deletion of the PHD domain from UHRF1 abrogated binding, 

suggesting that PHDUHRF1 is necessary for UHRF1 to bind H3 (Figure 1C, compare lane 5 

with lane 3). Finally, the PHDUHRF1 domain alone was sufficient to bind unmodified H3, 

and binding was similarly impeded by methylation at H3R2 but largely unaffected by 

methylation at H3K9 (Figure 1D). ITC analysis determined the binding affinity (Kd) 

between PHDUHRF1 and unmodified H3 to be approximately 2.1 μM (Figure 1E). In 

contrast, TudorUHRF1, which mainly recognizes H3K9me3 (Walker et al., 2008), had 
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significantly less affinity for the unmodified H3 (Kd = 85.0 μM). Furthermore, the 

SRAUHRF1 domain, which binds hemimethylated DNA, had no detectable binding to histone 

H3 (Figure 1E). Taken together, these findings suggest that among the various protein 

modalities present in UHRF1 (Figure 1A), PHDUHRF1 is responsible, and is both necessary 

and sufficient for binding unmodified H3, possibly via recognition of the unmodified R2 

residue.

Crystal Structures of PHDUHRF1 in Free and H3(1-9) Bound States

The above biochemical and molecular investigations raised the exciting possibility that 

PHDUHRF1 may be an unmodified H3R2 “reader.” To understand the molecular mechanism 

of PHDUHRF1-mediated histone H3 recognition, we determined the crystal structures of 

PHDUHRF1 in the free state and in complex with histone H3(1-9) and H3(1-9)K4me3 

peptides, with crystallographic statistics listed in Table 1.

Canonical PHD fingers are defined by a cross-bracketed two Zn finger domain architecture 

(Aasland et al., 1995). Sequence comparison with canonical PHD fingers reveals that 

PHDUHRF1 has an extra N-terminal motif containing three additional Cys residues when 

compared to the canonical sequence (see Figure S1A available online). Based on the 2.65Å 

crystal structure of PHDUHRF1 in the free state, the Pro311 to Val328 segment that is present 

N terminal to the canonical PHD finger adopts a knot-like fold designated the pre-PHD 

motif (cyan-colored fold in Figure S1B). Three Cys (315, 318, and 326) residues from the 

N-terminal Cys-rich pre-PHD motif and Cys329 from the N terminus of the canonical PHD 

finger coordinate a Zn ion (designated Zn1) to form the pre-PHD (Figure S1B), with a single 

helical turn connecting the pre-PHD and canonical PHD finger motifs, whose relative 

alignments are stabilized by hydrogen bonding interactions. Two symmetry-related 

monomers form a Zn-coordinated dimer for PHDUHRF1 in the free state, mediated by a 

single Zn ion (designated Zn4) (Figure S1C).

We have solved the 1.80Å structure of PHDUHRF1 cocrystallized with unmodified H3(1-9) 

peptide. Two noncrystallographic symmetry-related monomers form a Zn-coordinated dimer 

for PHDUHRF1 in the H3(1-9) bound state, mediated by a pair of Zn ions (designated Zn4) 

(Figure S1D). PHDUHRF1 contacts the first four residues of the bound H3(1-9) peptide, with 

residue Arg8 interacting with a symmetry-related molecule. The A1-R2-T3-K4 residues of 

the bound H3 peptide are docked in an antiparallel alignment with the β1 strand on the 

surface of the PHD finger through peptide-protein backbone interactions (Figure 2A). The 

side chain of Ala1 of the bound peptide is buried within a pocket formed by hydrophobic 

residues Leu344, Pro366, and Trp371 (Figure 2A). In addition, the amino terminus of the 

peptide interacts with the main-chain carbonyl oxygen of Glu368 (Figure 2A).

The Arg2 side chain is docked on the negatively charged surface groove in the PHD finger 

(Figure 2B), with the Asp347-Asp350 hairpin segment that connects the β1 and β2 strands of 

the PHD finger playing a pivotal role in unmodified Arg2 recognition, through hydrogen 

bond formation of its NεH atom with the side chain of Asp347 and both its NηH2 atoms 

hydrogen bond with the side chain of Asp350 (Figure 2A). The backbone carbonyl oxygen 

of Cys346 also forms a polar contact with the Nη2H proton of Arg2. In addition, an ordered 

water molecule mediates the network of hydrogen bond interactions such that it connects the 
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backbone amide proton of Arg2 of the bound peptide with the main chain carbonyl oxygen 

of Met345 and the side chain of Asp347 of the protein (Figure 2A). Such an extensive array 

of hydrogen bonding interactions between Arg2 of the bound H3 peptide and the PHD 

finger provides an ample basis for the specificity of recognition of the unmodified H3R2 

mark by PHDUHRF1. Upon peptide binding, the Glu368-Glu370 segment is reorganized to 

accommodate the Ala1 residue at the N terminus of the peptide, and the Asp350 side chain 

undergoes a conformational change (χ2 angle changes from −19° to 23°) to facilitate H3 

Arg2 side chain recognition (stereo view in Figure 2C comparing free [blue] and bound 

[magenta] structures).

The observed extensive network of intermolecular contacts involving Arg2 establishes that 

the PHDUHRF1 recognizes unmodified H3R2 in the structure of its complex (Figure 2A). 

This structural observation is supported by significant reduction in binding affinity between 

PHDUHRF1 and H3 peptides (Kd = 2.1 μM) when Arg2 is either symmetrically (Kd = 39.7 

μM) or asymmetrically dimethylated (Kd = 44.9 μM) or substituted by Ala (Kd > 150 μM), 

while a smaller drop in binding affinity is observed on monomethyation of Arg2 (Kd = 7.6 

μM) (Figure 3A). Trimethylation at H3K9 by and large had no impact on binding (Kd = 2.5 

μM), while trimethylation at H3K4 caused a modest reduction (Kd = 7.3 μM) (Figure 3B), 

consistent with the in vitro pull-down results with full-length UHRF1 (Figure 1B) and the 

1.95Å crystal structure of PHDUHRF1 bound to H3(1-9)K4me3 peptide (Figure 2D). Further, 

addition of an Ala-Ala segment at the N terminus of the H3 peptide results in a large drop in 

binding affinity (Kd > 400 μM) (Figure 3C), as did acetylation of the N terminus (Kd > 250 

μM) (Figure 3C), highlighting the important contribution of the N terminus of H3 to 

PHDUHRF1 H3 recognition (Figure 2A). These findings, together with binding studies on the 

R2A mutant (Kd > 150 μM) (Figure 3A), lend further support to the notion that binding of 

PHDUHRF1 to H3 is mediated mainly by unmodified R2, supplemented by recognition of the 

N terminus of H3. Indeed, Asp347 and Asp350, which form hydrogen bonds with the 

guanidinium group of H3R2 in the complex (Figure 2A), when mutated to Ala, also result in 

a significant reduction in the binding affinities to Kd = 47.0 μM for the D350A mutant and 

Kd = 95.0 μM for the D347A mutant (Figure 3D).

Finally, PHDUHRF1 bound very weakly to histone H3 when T3 is phosphorylated 

(H3[1-15]T3ph) (Kd > 500 μM) (Figure 3C), indicative of complex destabilization from 

either steric and/or electrostatic repulsion following phosphorylation of T3 positioned 

adjacent to R2 in the H3 sequence.

PHDUHRF1 H3R2 Binding Is Critical for UHRF1-Regulated Gene Expression

The above biochemical and structural investigations revealed a protein modality that 

specifically recognizes unmodified R2 of H3, suggesting that this recognition may play an 

important role in directing UHRF1 to specific genomic locations. As discussed earlier, 

UHRF1 is found at PCH, but either deletion of PHDUHRF1 or mutations of the H3R2-

binding amino acids (D347A and adjacent E348A) showed PCH localization comparable to 

that of wild-type UHRF1 (Figure 4A), suggesting that H3R2 binding is likely to be 

dispensable for UHRF1 PCH localization. This is perhaps not unexpected, because UHRF1 

PCH localization is believed to involve SRAUHRF1, which binds hemi-methylated CpG 

Rajakumara et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Bostick et al., 2007; Sharif et al., 2007), a hallmark modification of PCH (Richards and 

Elgin, 2002), although such a PCH-localizing role for SRAUHRF1 has been questioned by a 

more recent study (Rottach et al., 2010). Collectively, our findings suggest that while 

PHDUHRF1 appears dispensable for UHRF1 PCH localization, it could be critical for 

targeting UHRF1 to euchromatic locations.

To determine whether H3R2 binding is important for UHRF1 regulation of euchromatic 

gene expression, we carried out microarray analysis to identify UHRF1-regulated genes 

using RNAs isolated from cells treated with either scrambled or two independent UHRF1 

shRNAs (uhrf1-sh2 and uhrf1-sh5). Each uhrf1 shRNA caused both up- and downregulation 

of approximately 3000 genes (Figure S2). However, genes that show expression changes in 

response to both uhrf1 shRNAs were in smaller numbers (367 and 606 up- and 

downregulated genes, respectively) (Table S1). We considered only those genes that show 

differential expression in cells treated with both UHRF1 shRNAs as potential UHRF1-

regulated genes. Given that UHRF1 is primarily a repressor of transcription (Daskalos et al., 

2011; Kim et al., 2009), we focused our initial validation efforts on those genes that were 

upregulated in the absence of UHRF1. RT-qPCR showed that out of the 26 genes, 22 were 

upregulated in the uhrf1 RNAi cells, representing greater than 80% confirmation rate 

(Figure 4B). GO term analysis identified potential involvement of UHRF1-regulated genes 

in RNA processing and metabolism, as well as cell death (Figures S3A and S3B), while 

KEGG Pathway analysis suggested possible regulation of cancer pathways by UHRF1 

(Figure S3C), which are consistent with the previous reports of possible roles for UHRF1 in 

apoptosis and tumorigen esis (Abbady et al., 2003; Hervouet et al., 2010; Tien et al., 2011). 

Importantly, we demonstrated by ChIP followed by quantitative PCR (ChIP-qPCR) that 

these two UHRF1-regulated genes are bound by UHRF1 near promoters (Figure 4C), as 

well as gene bodies (data not shown), indicating that their expression is directly regulated by 

UHRF1. Consistently, ChIP also showed that the promoter regions of these two genes lack 

H3R2 methylation (H3R2me2s) (Figure 5A). These two promoters also lack H3K9 

trimethylation (Figure 5B), which may explain the dependency on the PHD domain for 

UHRF1 regulation of these genes (see below). We also investigated DNA methylation status 

of these promoters and determined whether UHRF1 is involved in the regulation by 

methylated DNA immunoprecipitation (MeDIP) assays (Weber et al., 2007). As shown in 

Figure 5C, the 5-methyl-C antibodies (Eurogentec) detected MeDIP signals at the promoters 

of ADAM19 and SUSD2 as well as that of RARβ, which is known to be methylated 

(Widschwendter et al., 2000) (also Figure S4). Consistently, the MeDIP signals are 

significantly higher than that of RPL30, which is an actively transcribed gene and therefore 

is expected to have no or low levels of DNA methylation. Interestingly, knockdown of 

UHRF1 reduced methylation signals at both promoters (Figure 5C), suggesting that UHRF1-

mediated repression of these two genes may involve DNA methylation. While insight into 

whether and how these UHRF1-regulated genes may play a role in mediating UHRF1 

biology requires additional studies, these results nevertheless suggest that both histone and 

DNA methylation may play a role in UHRF1-regulated gene repression and provide 

UHRF1-regulated target genes for the genetic complementation experiments described 

below.
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To determine the functional significance of PHDUHRF1 binding unmodified H3R2, we next 

carried out genetic complementation experiments using full-length, wild-type, and the R2-

binding defective dual mutant (D347A and adjacent E348A), which showed undetectable 

H3 binding as determined by the ITC assay (Figure 6A). As shown in Figure 6B, wild-type, 

but not the binding-defective dual mutant of UHRF1 (D347A and adjacent E348A), restored 

repression of the two UHRF1-reguated genes, SUSD2 and ADAM19. Both the wild-type 

and the dual mutant proteins were comparably expressed, suggesting that the lack of rescue 

by the binding-defective mutant was not due to lack of expression (Figure S5). Taken 

together, these results suggest that the primary function of PHDUHRF1 is to localize UHRF1 

to euchromatic targets by recognizing and binding the unmodified R2 residue.

DISCUSSION

Comparison of N-Terminal H3 Peptide Recognition by PHDUHRF1 and WD40WDR5 Domains

In the present study, we have demonstrated that unmodified H3R2 recognition of 

PHDUHRF1, mediated predominantly by inter-side-chain hydrogen bonds, represents a mode 

of histone H3 tail recognition. Recognition of unmodified H3R2 by its binding pocket 

within PHDUHRF1 involves both an electrostatic and hydrogen bonding contribution 

between its guanidinium group and the side chain of acidic residues (Figure 2B), as well as a 

hydrophobic contribution between its aliphatic side chain and the side chain of Met345 

(Figure 2A). Indeed, dimethylation of Arg2, or its replacement by Ala, results in a 

pronounced drop in binding affinity (Figure 3A).

Previous studies identified the WD40 domain of WDR5, a component of the SET1/MLL 

family of histone methyltransferases, as a reader of unmodified H3R2 (Couture et al., 2006; 

Han et al., 2006; Ruthenburg et al., 2006; Schuetz et al., 2006). Recognition of unmodified 

H3R2 by WD40WDR5 involves targeting of both the N terminus and insertion of the 

unmodified R2 side chain into the central cavity of the torroidal WD40 propeller fold, where 

it is oriented through direct and water-mediated hydrogen bonds and sandwiched between 

staggered Phe side chains (Figure S6B). However, there is an important distinction between 

the PHDUHRF1 (Figure S6A) and WD40WDR5 (Figure S6B) complexes, since unmodified 

H3R2 is targeted by PHDUHRF1 using a “surface groove” recognition mode, whose binding 

pocket is more accessible, while it is targeted by WD40WDR5 using a “cavity insertion” 

recognition mode, in which the mark is inserted and buried within a deep protein cleft, with 

greater potential for size-selective discrimination (Taverna et al., 2007).

It should be noted that TUDORJMJD2A (Huang et al., 2006; Lee et al., 2008) and 

ADDDNMT3A (Otani et al., 2009) that bind H3K4me3 and unmodified H3K4 marks, 

respectively, also display contacts with the unmodified H3R2 site. These TUDOR/ADD 

domains cannot be specified as readers of H3R2 marks since they do not form the extensive 

network of intermolecular hydrogen bonds to the guanidinium group of R2, as observed for 

the PHDUHRF1 (Figure 2A). Further, much smaller reductions in binding affinities were 

observed following either methylation of R2 or its replacement by Ala for ADDDNMT3A and 

TUDORJMJD2A compared to PHDUHRF1.
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Unlike other complexes involved in unmodified K4 recognition (Lan et al., 2007; Ooi et al., 

2007), where the ammonium group forms multiple hydrogen bonds with acidic side chains, 

the side chain of unmodified H3K4 forms a single hydrogen bond to the backbone carbonyl 

of Cys329 in the PHDUHRF1 complex (Figure 2A and Figure S6A). Thus, there is ample 

room to accommodate methylation modifications at H3K4, as validated by binding studies 

as a function of K4 methylation state (Figure 3B) and the crystal structure of H3(1-9)K4me3 

peptide bound to PHDUHRF1 (Figure 2D).

PHDUHRF1 Is Critical for Targeting UHRF1 to Euchromatic Locations and for Regulation of 
Euchromatic Gene Expression

UHRF1 has been shown to be mainly involved in heterochromatin function (Karagianni et 

al., 2008; Papait et al., 2008; Papait et al., 2007) and in CpG methylation regulation during 

DNA replication (Bostick et al., 2007; Sharif et al., 2007). Although previous studies 

identified a handful of genes regulated by UHRF1, suggesting a possible role for UHRF1 in 

gene expression regulation (Kim et al., 2009), our study investigated such a role for UHRF1 

at the genome-wide level. Our analysis identified thousands of potential UHRF1 target 

genes, supporting a general transcriptional role for UHRF1. Earlier studies implicated 

UHRF1 in cell proliferation and apoptosis regulation (Fang et al., 2009; Fujimori et al., 

1998; Tien et al., 2011) and suggested that UHRF1 may function as a possible oncogene 

(Bronner et al., 2007). Our GO term analysis (Figure S3) identified possible tumor 

suppressor genes such as Axin2 and BMP4, among UHRF1-upregulated genes, as well as 

genes in apoptosis, raising the exciting possibility that these genes may mediate UHRF1's 

ability to regulate cell proliferation and cell death. Interestingly, a number of previously 

reported, UHRF1-regulated genes involved in cancer such as BRCA1 and p73 are not 

among the UHRF1-regulated genes identified in our analysis. This could be due to cell type 

or assay condition differences. Regardless, our studies support the notion that UHRF1 

directly regulates the expression of a large number of genes, setting the stage for future 

studies directed toward providing further insights into how these genes may mediate UHRF1 

biology.

It is important to note that our findings have provided molecular and structural insights into 

how UHRF1 is targeted to euchromatic regions to exert its transcriptional roles, namely by 

recognizing and binding the unmodified H3R2 residue. We believe that the primary function 

of PHDUHRF1 is to target UHRF1 to euchromatic regions lacking H3K9me3. For those 

genes that carry H3K9me3, we predict that TudorUHRF1, which binds H3K9me3, will 

predominate and relieve the dependency on PHDUHRF1. Consistent with this, we found that 

the presence of H3K9me3 counteracts the inhibitory effect of R2 dimethylation on UHRF1 

binding to histone H3 in vitro (data not shown). In addition to the euchromatic targeting 

function of PHDUHRF1 reported here, previous studies also demonstrated the requirement of 

PHDUHRF1 in the regulation of PCH structure (Papait et al., 2008). Collectively, PHDUHRF1 

appears to be important for targeting UHRF1 to euchromatic and for PCH function, although 

it is dispensable for PCH targeting.
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Potential for Crosstalk between Histone Arginine Methylation and UHRF1 Function

In summary, we have provided binding, structural, and functional data highlighting the 

discovery of an effector module dedicated to the recognition of an unmodified arginine 

residue (R2) on histone H3. Our findings further suggest that any modifications of R2 may 

negatively impact on UHRF1 binding to H3, including methylation (Figures 2 and 3) and 

possibly deimination (Cuthbert et al., 2004), raising the possibility of crosstalk between 

UHRF1 chromatin binding and pathways that regulate H3R2 posttranslational 

modifications. Interestingly, R2 monomethylation exhibits a lesser impact on UHRF1 H3 

binding (3.5-fold reduction, Figure 3A) compared to symmetrical and asymmetrical 

dimethylation (20-fold reduction in binding, Figure 3A), suggesting that subtle differences 

in R2 modifications may impart differential regulation on UHRF1 chromatin binding. The 

potential functional significance of mono- versus dimethylation of UHRF1 regulation 

remains unclear and awaits a better understanding of the methyltransferases involved in 

these modifications. Together with recent reports of readout of methylated arginine marks 

on histone (Yang et al., 2010) and protein (Liu et al., 2010a, 2010b) by TUDOR domains, 

these findings begin to uncover a potentially elaborate effector network for the recognition 

of differential methylation states on histone arginine residues.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

All constructs were generated using PCR-based cloning strategy, and all mutants were 

generated by the QuikChange Mutagenesis protocol (Strata-gene). DNA fragments of full-

length UHRF1 (1–806), Tudor (139–298), and PHD (311–379) were subcloned into 

pGEX-6P-1 or pET-15b derivative encoding a 3C protease cleavage site. All constructs were 

expressed in Escherichia coli strain BL21(DE3) and purified using glutathione 4B column 

chromatography. The PHD finger (311–380), as well as TUDOR (140–295) and SRA (427–

630), were also cloned into GST- and hexahistidine-sumo-tagged expression vectors, 

respectively. The expression conditions and sequential protein purification protocols are 

detailed in the Supplemental Experimental Procedures.

Peptide Pull-Down Assays

Biotinylated histone peptides (1 μg each) were used for the pull-down assays with either 

GST-fused PHD or his6-tagged full-length UHRF1 following the binding protocol described 

previously (Lan et al., 2007).

Antibodies

UHRF1 polyclonal antibodies were raised in house, while H3R2me2s antibodies were rabbit 

polyconal antibodies produced and quality controlled in the Gucioone lab in Singapore 

(eguccione@imcb.a-star.edu.sg).

ITC Measurements

Isothermal titration calorimetric experiments were performed using a VP-ITC calorimeter 

(MicroCal, LLC) at 25°C with MicroCal Origin software used for curve fitting, equilibrium 
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dissociation constant, and molar ratio calculations. For detailed procedures, see the 

Supplemental Experimental Procedures.

Crystallization, X-Ray Data Collection, and Structure Determination

Crystallization trials of PHDUHRF1 bound to unmodified and methylated N-terminal H3 

peptides were conducted at 18°C by the sitting drop vapor diffusion method using a 

MOSQUITO crystallization robot. The X-ray data set on crystals of PHDUHRF1 in free state, 

and bound to variants of H3 peptide, was collected at the beam lines mentioned in Table 1. 

The crystal structure of the complex of PHDUHRF1 bound to H3(1-9) was solved by single-

wavelength anomalous dispersion (SAD) technique at Zn-peak wavelength. Subsequent 

structures of PHDUHRF1 and its complexes were solved by molecular replacement method 

using the structure of the PHDUHRF1 bound to H3(1-9) as a search model.

Additional details related to crystallization, data collection, and structure calculations are 

provided in the Supplemental Experimental Procedures. The crystallographic statistics for 

all structures presented above are listed in Table 1.

RNA Interference and Genetic Rescue

Lentiviral Plko.1 constructs expressing shRNAs (sequences listed in Table S2) were 

purchased from Open Biosystems. Viral particles were produced in 293T cells by following 

the recommended protocols (Addgene). Stable HCT116 cell lines were established with 

coexpressed Lentiviral plenti6.2, or plenti6.2-UHRF1 (wild-type or mutant) and plko.1 

shRNAs (control or UHRF1 RNAi). Twenty-four hours after infection, puromycin and 

Blasticidin S hydrochloride were added at 1.6 μg/ml and 5 μg/ml, respectively, to select for 

pooled populations of stably infected cells. Cells were then harvested for RNA extraction 

after 6 days’ selection. Reverse transcription was performed with 1 μg RNA followed by 

real-time PCR. The primers for real-time PCR are listed in Table S3.

Gene Expression Microarray Analysis

Microarray analysis for global gene expression was performed using standard methods on 

the Affymetrix GeneChip System.

Methylated DNA Immunoprecipitation

After treatment with UHRF1shRNA and contol lentivirus for 14 days, genomic DNA was 

purified from HCT116 cells, sonicated, denatured, and incubated (8 μg) with a monoclonal 

antibody against 5-methyl-C (Eurogentec) (10 μl) at 4°C for 4 hr. The antibody-DNA 

complexes were captured by protein A/G beads, and the DNA enrichments in the MeDIP 

fraction were measured by real-time PCR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PHDUHRF1 Recognizes Unmodified Histone H3 Tail
(A) Schematic representation of domain structure of human UHRF1. Numbers indicate 

amino acid positions at the boundaries of various domains.

(B–D) In vitro binding assays using various biotinylated histone peptides containing the 

indicated modifications. Either recombinant full-length UHRF1 or PHDUHRF1 was 

incubated with biotinylated histone peptides immobilized onto streptavidin Sepharose beads. 

Bound proteins were subjected to SDS-PAGE and stained by Coomassie blue.

(E) ITC plots for binding of histone H3(1-10) to Tudor, PHD, and SRA domains of URHF1 

with dissociation constant (Kd) values indicated. UD, undetectable.

Rajakumara et al. Page 14

Mol Cell. Author manuscript; available in PMC 2015 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Crystal Structures of PHDUHRF1 Bound to H3(1-9) and H3(1-9)K4me3 Peptides
(A) Shown is a ribbon (protein) and stick (peptide) representation of the 1.80Å crystal 

structure of PHDUHRF1 bound to H3(1-9) peptide. The PHDUHRF1 is colored in light blue, 

with the pre-PHD not shown in this view. The bound H3 peptide is colored in yellow, with 

interacting residues on PHDUHRF1 colored in magenta. Intermolecular interactions are 

depicted as magenta-colored dashed lines. A bridging water molecule involved in 

intermolecular recognition is shown as a red sphere.

(B) Shown is an electrostatic (protein) and stick (peptide) representation of the crystal 

structure of PHDUHRF1 bound to H3(1-9) peptide. The bound peptide is in yellow, and the 

side chain of R2 is positioned within the red-colored acidic surface patch of the protein.

(C) A stereo view of the superposition of the crystal structures of PHDUHRF1 in the free 

(light blue) and H3(1-9) peptide-bound (magenta) states. The H3(1-4) segment of the bound 

peptide is shown in yellow.

(D) A ribbon (protein) and stick (peptide) representation of the 1.95Å crystal structure of 

PHDUHRF1 bound to H3(1-9) K4me3 peptide.

See also Figures S1 and S6.
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Figure 3. ITC Measurement of Interaction between PHDUHRF1 and Histone H3 Tail
(A) Superposed exothermic ITC enthalpy plots for the binding of PHDUHRF1 to H3(1-10), 

H3(1-10)R2me1, H3(1-10)R2me2s, H3(1-10)R2me2a, and H3(1-10)R2A peptides. The 

insert lists the measured binding constants.

(B) Superposed exothermic ITC enthalpy plots for the binding of PHDUHRF1 to 

H3(1-15)K4me0, H3(1-15)K4me1, H3(1-15)K4me2, H3(1-15)K4me3, and H3(1-15)K9me3 

peptides. The insert lists the measured binding constants.

(C) Superposed exothermic ITC enthalpy plots for the binding of PHDUHRF1 to H3(1-10), 

H3(1-10)K4A, H3AA(1-10), N-acetyl H3(1-15), and H3(1-15)T3ph peptides. The insert 

lists the measured binding constants.

(D) Comparison of exothermic enthalpy plots for wild-type with D350A and D347A 

mutants of PHDUHRF1 bound to H3(1-10) peptide.
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Figure 4. Identification of Target Genes Directly Regulated by UHRF1
(A) H3R2 binding is likely to be dispensable for UHRF1 PCH localization. dsRed-fused 

wild-type and mutant UHRF1 constructs were transfected into NIH 3T3 cells, and 

immunostaining was performed 2 days posttransfection. Representative cells were 

highlighted by dashed circles.

(B) Validation of microarray expression data with RT-qPCR. Twenty-six genes upregulated 

in our microarray were randomly selected for further validation. RNAs were prepared from 

plko.1-control shRNA and UHRF1-sh2-treated HCT116 cells and were reversed transcribed 

into cDNA for qRT-PCR. Error bars represent SEM calculated from three independent 

experiments.

(C) RNAi of UHRF1 results in decreased UHRF1 occupancy at its target genes (ADAM19 

and SUSD2). Error bars represent SEM calculated from three independent experiments.
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Figure 5. UHRF1 Direct Target Genes, ADAM19 and SUSD2, Lack H3R2me2s and H3K9me3 
but Have DNA Cytosine Methylation at Their Promoters
(A) ADAM19 an SUSD2 promoters lack H3R2 symmetric dimethyation. H3R2me2s-

specific polyclonal antibodies developed in the Guccione lab in Singapore were used for the 

ChIP experiments, and the Sp2 promoter was used as a positive control. Error bars represent 

SEM calculated from three independent experiments.

(B) UHRF1 direct targets are associated with low levels of H3K9me3. The same primers 

used in Figure 4C were used for H3K9me3 ChIP. The SAT2 repetitive sequence 

representing heterochromatic regions and the housekeeping gene RPL30 were used as 

positive and negative controls, respectively. Error bars represent SEM calculated from three 

independent experiments.

(C) ADAM19 and SUSD2 promoters are cytosine methylated, and methylation appears to 

require UHRF1. The 5-methyl-C antibodies were used for MeDIP analysis. MeDIP results 

were expressed as values relative to their corresponding input. RARb and RPL30 were used 

as positive and negative controls, respectively. Error bars represent SD calculated from two 

independent experiments.
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Figure 6. UHRF1 Binding H3R2 Is Critical for Its Ability to Regulate Target Gene Expression
(A) Superimposed ITC enthalpy plots for the binding of full-length UHRF1 (wild-type or 

mutant) and histone H3 peptides with the estimated binding affinity (Kd). UD, undetectable.

(B) Rescue experiments. RNAi-resistant wild-type UHRF1, but not the H3R2 binding-

defective mutant of UHRF1 (D347A/E348A), restored repression of two UHRF1-reguated 

genes, SUSD2 and ADAM19, in UHRF1 RNAi cells. HCT116 stable cell lines were 

established that coexpress control or UHRF1 shRNA and/or indicated flag-tagged UHRF1 

constructs. mRNA expression of SUSD2 and ADAM19 was measured by qPCR. GAPDH 

was used as an internal control. SEM was obtained from three independent experiments.
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Table 1

Crystallographic Data Collection and Refinement Statistics of PHDUHRF1 in Free and Peptide-Bound States

Crystal UHRF1 PHD-H3(1-9) UHRF1 PHD-H3(1-9)K4me3 UHRF1 PHD Free State

Beamline BNL X29 APS 24ID-C Home source

Wavelength 1.2828 0.97918

Space group P43212 P43212 I212121

Unit cell

    a, b, c (Å) 42.62, 46.62, 183.48 42.62, 46.62, 183.48 53.74, 53.81, 128.48

    α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å)
20–1.80 (1.86–1.80)

a
20.0–1.95 (2.02–1.95)

a
20.0–2.65 (2.74–2.65)

a

Rsym 0.069 (0.54) 0.12 (0.78) 0.064 (0.84)

I/σ (I) 38.3 (1.67) 34.9 (3.23) 41.9 (3.1)

Completeness (%) 99.1 (92.1) 98.7 (96.1) 99.5 (99.1)

Redundancy 13.1 (6.5) 13.3 (13.7) 7.0 (7.1)

Number of unique reflections 17072 13122 5681

Rwork/Rfree (%) 21.5/24.3 21.3/24.7 24.8/29.4

Number of nonhydrogen atoms

    Protein 1070 1035 948

    Peptide 128 98 -

    Water 122 47 7

    Zn 8 8 8

Average B factors (Å2)

    Protein 29.9 28.8 75.1

    Peptide 38.6 35.6 -

    Zn 34.3 25.3 76.9

    Water 36.5 33.0 74.4

Rmsd

    Bond lengths (Å) 0.008 0.008 0.012

    Bond angles (°) 1.167 1.115 1.700

a
Highest-resolution shell (in Å) is shown in parentheses.

Mol Cell. Author manuscript; available in PMC 2015 December 28.


