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SUMMARY

Binding of the chromatin remodeling complex NoRC

to RNA complementary to the rDNA promoter medi-

ates transcriptional repression. TIP5, the largest sub-

unit of NoRC, is involved in recruitment to rDNA by

interactions with promoter-bound TTF-I, pRNA, and

acetylation of H4K16. TIP5 domains that recognize

posttranslational modifications on histones are

essential for recruitment of NoRC to chromatin, but

how these reader modules recognize site-specific

histone tails has remained elusive. Here, we report

crystal structures of PHD zinc finger and bromodo-

mains from human TIP5 and BAZ2B in free form and

bound toH3 and/or H4 histones. PHDfinger functions

as an independent structural module in recognizing

unmodified H3 histone tails, and the bromodomain

prefers H3 and H4 acetylation marks followed by a

key basic residue, KacXXR. Further low-resolution

analyses of PHD-bromodomain modules provide

molecular insights into their trans histone tail recogni-

tion, required for nucleosome recruitment and tran-

scriptional repression of the NoRC complex.

INTRODUCTION

Chromatin remodeling complex NoRC (nucleolar remodeling

complex) interactswith the rDNApromoter regions of silent genes

repressing rDNA transcription. It consists of TIP5 (TTF-I interact-

ing protein 5), also known as BAZ2A (bromodomain [BRD] adja-

cent to zinc finger domain protein 2A), which is the largest sub-

unit, and the adenosine triphosphatase (ATPase) SNF2h

(sucrose nonfermenting protein 2 homologue). Human TIP5 is a

1,908 amino acid multidomain protein of a molecular weight of

211 kDa and consists of several protein and DNA interaction do-

mains (Grummt, 2007). The biological function of the related hu-

man 240 kDa protein BAZ2B (BRD adjacent to zinc finger domain

protein 2B) remains unknown, although it is postulated to regulate

nucleosome mobilization through the ATP-dependent chromatin

remodeling factor ISWI (imitation switch), resulting in transcrip-

tional regulation (Eberharter et al., 2004). BAZ2B shares 29%

sequence identity with TIP5 at the full-length level and harbors

similar domain organization. Both proteins contain a MBD

(methyl-CpG-binding domain), also known as TAM (TTF-IIP5,

ARBP, MeCP1) domain, AT-hook DNA-binding domains, DDT

(DNA binding homeobox and different transcription factors),

and a PHD (plant homeodomain) zinc finger adjacent to a BRD

at their C terminus (Figure 1). Sequence similarity reaches up to

50% to 65% for individual PHDs and BRDs, suggesting related

roles of these two proteins (Figure S1A available online). These

functional domains are also sharedwith ACF1 (ATP-utilizing chro-

matin assembly and remodeling factor) and WSTF (Williams

syndrome transcription factor), two large subunits of human chro-

matin remodeling complexes hCHRAC (human chromatin acces-

sibility complex) and hWICH (human WSTF-ISWI chromatin

remodeling complex) (Wu et al., 2009). A recent study determined

how the DNA-binding TAM and AT-hook components of TIP5 in-

crease the association of rDNA with the nuclear matrix regulating

large-scale chromatin organization (Zillner et al., 2013). On the

other hand, it has been shown that the tandem PHD finger-BRD

modules of human TIP5 represent an independent unit that inter-

acts with H4K16ac and triggers the cascade of events that estab-

lish the repressed state of rDNA (Zhou and Grummt, 2005).

Zhou and coworkers reported that inactive TIP5 BRD mutant at

the conserved tyrosine does not repress Pol I transcription and

suggested that interaction of the BRD with acetylated histone

H4 is a key event in NoRC-mediated gene silencing. Additionally,

nuclear localization assays and chromatin immunoprecipitation

sequencing with deletion constructs of the PHD finger-BRD re-

gion have established a role for TIP5 abrogating NoRC-mediated

transcriptional repression and heterochromatic features. Indeed,

the PHD zinc finger adjacent to the BRD has an important role for

the NoRC function, binding to DNMTs (DNAmethyltransferases),
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HDAC1 (histone deacetylase 1), and the ATPase subunit SNF2h,

further establishing heterochromatic features (including DNA

methylation, hypoacetylation of histone H4 and methylation of

H3K9) at the rDNA promoter (Zhou et al., 2009). However, struc-

tural elucidation of the tandemPHD-BRD reader modules of TIP5

and BAZ2B as well as their recognition specificity toward histone

tails have to date remained elusive.

PHDs represent a diverse family of protein interaction domains

that may specifically recognize methylated or unmodified his-

tone tails, whereas BRDs recognize their target sequences usu-

ally in an acetylation-dependent manner (Sanchez and Zhou,

2011; Filippakopoulos et al., 2012). Coexistence of PHD-BRD

module is evolutionary conserved and considerably more

frequent than the pairing of other epigenetic effector domains

(Figure 1). Synergistic combinatorial readout of epigenetic marks

by PHD zinc finger and BRD modules has been characterized in

several chromatin-associated proteins (Figure S1B). Structural

studies on the tripartite motif (TRIM)-containing proteins re-

vealed single tightly linked functional PHD-BRD units and a

multivalent recognition on the same H3 histone tail mediated

by interaction with unmodified K4 and acetylated K23 (for

TRIM24) and unmodified K4, trimethylated K9, and acetylated

K18 (for TRIM33) (Tsai et al., 2010; Xi et al., 2011). In contrast,

interaction with two histones (H3 and H4) has been reported

for the tandem PHD-BRD of BPTF (Ruthenburg et al., 2011),

where the PHD finger recognizes methylation signatures at

H3K4me2/3 and the BRD selectively binds to the H4K16ac acet-

ylation mark. The simultaneous interaction with two histones is

imparted by a rigid a-helical linker of 12 residues in length,

preventing direct PHD-BRD interactions and enabling a trans

histone intranucleosomal association. Another example of a

BRD-PHD arrangement is found in the crystal structure of the

human transcriptional activator CBP (Plotnikov et al., 2014) as

well as in the structure of the entire HAT/RING/PHD-BRD unit,

which exhibited tight integration of all domains in a single struc-

tural assembly (Delvecchio et al., 2013). Thus, the conserved

PHD-BRD module constitutes a diverse structural scaffold for

recognition of one or two histones depending on the spatial or-

ganization of the individual interaction modules (Figure S1B).

The BAZ2 tandem PHD-BRD module is characterized by a

long linker region. Here we report the high-resolution crystal

structures of the PHD finger and BRDof TIP5 and BAZ2B in com-

plex with their specific target sequences identified by histone

peptide array screens. Our crystal structures combined with

biophysical and mutagenesis data demonstrate that PHD zinc

fingers recognize N-terminal unmodified H3K4 tail, whereas

the TIP5 and BAZ2B BRDs recognize H4K16ac and H3K14ac,

respectively, with specificity pattern KacXXR. Low-resolution

small-angle X-ray scattering (SAXS) studies in solution show

that both domains are loosely tethered by a flexible linker region

and act as structurally independent units.

RESULTS AND DISCUSSION

Histone Peptide Recognition of TIP5 and BAZ2B

Systematic biophysical screening and validation were carried

out in order to determine posttranslational modifications

(PTMs) on histones that are recognized by the BAZ2 PHD finger

and BRD modules. We used biolayer interferometry (BLI) as a

biosensor technology to monitor and quantify interactions of

biotinylated histone peptides immobilized on optical fiber strep-

tavidin-coated biosensor tips with individual and tandem PHD

finger and BRDs of TIP5 and BAZ2B in solution. Interestingly,

when analyzing PTMs in histone 3 and 4 (Figures S2A and

S2B), we observed a stronger response for unmodified H3 pep-

tides and decreasing binding with increasing K4 methylation

levels (K4R K4me > K4me2 > K4me3) (Figures S2C–S2F). The

binding data generated on isolated PHD fingers suggested that

these reader domains preferentially recognize unmodified K4.

Additionally, using either single PHD finger and the dual-domain

construct, acetylation on H3K9ac and phosphorylation of H3S10

and H3T11 increased binding response. The TIP5 and BAZ2B

Figure 1. Domain Organization of Human Chromatin Associated Proteins Containing PHD Zinc Fingers Adjacent to BRDs

See Figure S1.
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BRDs recognized preferentially the K14ac mark from a system-

atic H3 PTM array, demonstrating interactions of the TIP5 BRD

with acetylated H3 and confirming previous studies showing

recognition of this mark by the BAZ2B BRD (Filippakopoulos

et al., 2012; Philpott et al., 2011). Calorimetric results showed

3-fold stronger potency of H3K14ac peptide for BAZ2B (KD =

10 mM) than for TIP5 (KD = 33 mM) BRD (Table 1). Regarding H4

histone Kac recognition, the TIP5 BRD was more promiscuous

than the BAZ2B. We detected significant interaction of the

TIP5 BRD with singly acetylated peptides of H4 K5, K8, K12,

K16, andK20 and increased affinities for peptides harboringmul-

tiple acetylation sites (Figure S2B). Isothermal titration calorim-

etry (ITC) data suggest a preference of the TIP5 BRD for K16ac

(Table 1). In a similar fashion, an unexpected and significant inter-

action with H2A acetylation marks was evident in experiments

using both the tandem PHD-BRD and the isolated BRD of TIP5

in our BLI study. Additionally, we analyzed the likelihood of single

cis-histone engagement of tandem domains comparing combi-

nations of marks and unmodified peptides sequences localized

on the same peptide. The strongest interaction was observed

for peptides containing H3K14ac and unmodified K4. Further

calorimetric analysis confirmed a single-digit micromolar bind-

ing, with KD values of 2 mM for TIP5 and BAZ2B (PHD-BRD)

for the peptide H3K14ac (1–18). These data are not consistent

with a dual recognition for the tandem domain due to marginal

potency enhancement. In contrast, binding studies with cis-

reading PHD-BRD-related human proteins such as TRIM24

and TRIM33 confirmed a combinatorial readout in which the

binding affinity was 90-fold increased for histone H3 (residues

1–33) bearing unmodified H3K4 and H3K23ac mark in compari-

son with shorter H3 peptides with individual marks for TRIM24

(Tsai et al., 2010) and strongest binding to H3 (1–28) containing

H3K4ac and K18ac for TRIM33 (Xi et al., 2011).

Histone Recognition of the NoRC PHD Zinc Finger:

Structural Insights with Unmodified H3 Histone

In order to gain structural insight into the histone recognition

of NoRC, we determined the crystal structures of the PHD zinc

fingers of human TIP5 and BAZ2B in the free state as well as

in complex with N-terminal H3 histone peptide in the case of

TIP5 (Table 2). Human TIP5 and BAZ2B adopt the canonical

PHD finger ‘‘cross-braced’’ topology with two zinc-binding sites

coordinated by the Cys4-His-Cys3 motif (Figures 2A and 2B).

Interestingly, TIP5 and BAZ2B PHD fingers adopted a right-

handed 310 helix localizing residues D1688, E1689, F1670 and

E1943, E1944, and L1945, respectively, into the binding surface.

This is a key structural feature to modulate the H3-binding site.

A peptide soak of unmodified H3 histone to apo crystals allowed

us to determine the peptide-binding at high resolution (1.91 Å)

(Figure 2E). The structure of the complex revealed that the

N terminus of H3 is recognized by main chain hydrogen-bond

interactions with backbone carbonyl groups of P1714, E1715,

Table 1. Summary of Thermodynamic Analysis

Histone Peptides Protein KD (mM) N DH (kcal/mol) TDS (kcal/mol) DG (kcal/mol)

H3(1–9) TIP5 PHD 2.51 ± 0.63 0.928 ± 0.002 �11.510 ± 0.041 �3.874 �7.636

BAZ2B PHD 3.07 ± 0.71 1.016 ± 0.003 �9.809 ± 0.038 �2.289 �7.520

H3(1–9)K4me TIP5 PHD 2.50 ± 0.43 1.015 ± 0.003 �8.253 ± 0.040 �0.608 �7.645

BAZ2B PHD 3.98 ± 0.61 1.211 ± 0.005 �6.717 ± 0.042 0.647 �7.364

H3(1–9)K4me3 TIP5 PHD 28.18 ± 0.34 1.101 ± 0.014 �3.549 ± 0.073 2.419 �6.202

BAZ2B PHD 19.67 ± 0.21 1.020 ± 0.012 �6.567 ± 0.117 �0.143 �6.424

H3(11–20) TIP5 PHD ND ND ND ND ND

BAZ2B PHD ND ND ND ND ND

H3(9–19)K14ac TIP5 BRD 33.38 ± 0.68 0.904 ± 0.014 �10.120 ± 0.208 �4.102 �6.018

BAZ2B BRD 10.35 ± 0.20 1.050 ± 0.008 �9.147 ± 0.095 �2.455 �6.692

H4(1–10)K5acK8ac TIP5 BRD 65.91 ± 0.46 0.554 ± 0.070 �7.780 ± 0.118 �2.171 �5.609

BAZ2B BRD ND ND ND ND ND

H4(6–13)K8acK12ac TIP5 BRD 63.25 ± 0.11 0.639 ± 0.026 �5.963 ± 0.307 �0.331 �5.632

BAZ2B BRD ND ND ND ND ND

H4(9–17)K12acK16ac TIP5 BRD 44.76 ± 0.73 1.087 ± 0.021 �3.839 ± 0.103 1.992 �5.831

BAZ2B BRD ND ND ND ND ND

H4(14–22)K16ac TIP5 BRD 23.69 ± 0.62 1.186 ± 0.015 �12.740 ± 0.226 �6.533 �6.207

BAZ2B BRD 46.82 ± 0.73 1.062 ± 0.064 �2.820 ± 0.223 2.989 �5.809

H4(14–22)K16acK20ac TIP5 BRD 26.08 ± 0.37 0.984 ± 0.017 �15.400 ± 0.369 �9.259 �6.141

BAZ2B BRD 42.41 ± 0.42 1.124 ± 0.033 �2.382 ± 0.097 3.4878 �5.869

H3(1–18)K14ac TIP5 PHD-BRD 1.87 ± 0.29 1.238 ± 0.190 �10.350 ± 0.071 �3.106 �7.244

BAZ2B PHD-BRD 2.33 ± 0.19 1.118 ± 0.014 �16.600 ± 0.037 �9.054 �7.546

ITC-based binding parameters for complex formation between different histone peptides and wild-type of TIP5 and BAZ2B single PHD and BRD

proteins and tandem PHD-BRD proteins. Error values represent errors of the nonlinear least-squares fit. Data obtained for stoichiometry of n = 0.5

binding constants are likely to represent two independent binding events. Buffer conditions used for the titrations were 20 mM HEPES (pH 7.5–8),

150 mM NaCl, and 0.5 mM TCEP. See also Figure S2). ND, not determined.
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and G1716 located in loop 2 and by hydrophobic interaction of

the side chain of H3A1, which was well accommodated in a hy-

drophobic pocket formed by L1692 and P1714 (Figure 2D). Pep-

tide binding was associated with structural changes in loop 2,

which was shifted about 2 Å in the peptide bound state (Fig-

ure S4A). As observed in other PHD finger complexes, the H3

peptide binds to the surface in an antiparallel b sheet conforma-

tion with the TIP5 b1 stabilized by backbone hydrogen bonds

with residues L1693, L1691, and D1688. An important feature

of the structure is the recognition of theH3K4 side chain, in which

the N terminus and loop1 of the TIP5 PHD finger harbor the lysine

side chain, forming a shallow but well-defined groove. The H3K4

epsilon amino group interacts through hydrogen bonds with two

main chain carbonyl oxygens (V1677, G1685) and a long-range

salt bridge (4.2 Å) with D1688 located in the TIP5 310 helix. The

limited space in the lysine binding cavity and the absence of

the typical aromatic cage present in methyl-lysine interacting

PHD domains restricts binding of this PHD finger to unmodified

lysine side chains. However, our thermodynamic binding data

suggests that binding to single methylation mark can still be

accommodated with similar binding potency. ITC measure-

ments using a histone H3 peptide containing K4, K4me, and

K4me3 resulted in KD values of 2.51, 2.50, and 28.18 mM for

TIP5 (Figure 2C) and 3.07, 3.98, and 19.67 mM for BAZ2B (Fig-

ure 2F). Therefore, increasing the degree of methylation resulted

in a marked decrease in binding affinity, as suggested by the

structure. However, despite similar binding affinity the enthalpic

contribution to binding were more favorable for the unmodified

K4, suggesting more optimal interaction. Additionally, on the ba-

sis of our biophysical screening (Figure S2A), methylation of R2

and acetylation of K9 did not significantly affect peptide binding.

Interestingly, we observed a favorable increase of the affinity to-

ward H3S10ph and H3T11ph but not to other phosphorylation

marks. We examined the crystal packing of the TIP5 PHD finger

in the free form and highlighted a phosphate ion establishing a

solid attractive interaction with the guanidinium group of the

Table 2. Crystallographic Data Collection and Refinement Statistics

Protein ID TIP5 PHD TIP5 PHD TIP5 BRD TIP5 BRD BAZ2B PHD BAZ2B BRD BAZ2B BRD

Ligand H3K4 H4K16acK20ac H3K14ac H4K8acK12ac

Data Collection

Space group P43212 P43212 P312 1 P41 P212121 P212121 P21

Cell dimensions

a, b, c (Å) 72.01, 72.01,

99.06

71.87, 71.87,

98.77

95.42, 95.42,

33.05

64.87, 64.87,

71.64

38.49, 45.60,

65.25

29.72, 67.01,

136.10

61.67, 32.40,

62.03

a, b, g (�) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution (Å)a 29.12 (1.70) 29.06 (1.91) 27.54 (1.76) 29.01 (1.65) 29.41 (1.60) 29.04 (1.99) 29.18 (1.60)

Unique

observations

28,791 (3,972) 20,562 (1,313) 17,392 (2,512) 35,633 (1,743) 15,620 (2,199) 19,403 (1,322) 30,743 (1,522)

Completeness (%) 98.0 (95.1) 99.8 (98.3) 100.0 (100.0) 99.6 (100.0) 99.6 (98.4) 99.7 (96.2) 99.4 (97.1)

Redundancy 14.8 (14.9) 7.0 (7.0) 9.9 (9.7) 8.5 (8.8) 5.4 (5.2) 8.4 (8.1) 4.3 (4.4)

Rsym or Rmerge 0.063 (0.514) 0.062 (1.020) 0.063 (0.850) 0.067 (0.446) 0.029 (0.140) 0.068 (0.635) 0.019 (0.044)

I/sI 24.9 (5.9) 20.4 (2.2) 20.0 (2.6) 15.6 (3.4) 29.7 (8.1) 17.6 (3.6) 45.4 (23.2)

Wavelength 1.2822 0.9796 0.9686 0.9796 1.2816 0.9796 0.9796

Phasing Zn-SAD MR MR MR Zn-SAD MR MR

Refinement

Rwork/Rfree (%) 18.22/21.50 18.29/21.86 17.60/21.70 18.53/20.50 18.99/22.13 21.23/25.57 16.77/18.70

Number of atoms

Protein/other/

solvent

1635/29/120 1672/126/70 842/23/103 1763/166/224 897/4/77 1731/138/94 1756/61/275

B factors (Å2)

Protein/other/

solvent

31.2/41.6/32.6 35.6/53.7/35.7 39.6/49.9/40.7 22.8/29.6/29.9 28.9/20.4/31.3 36.0/48.8/36.0 14.0/15.4/22.2

Rmsd bond (Å) 0.012 0.012 0.015 0.010 0.014 0.015 0.009

Rmsd angle (o) 1.926 1.553 1.617 1.386 1.660 1.658 1.307

Ramachandran Statistics

Allowed (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Favored (%) 99.50 99.07 98.00 99.55 100.00 99.55 99.54

Outliers (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

PDB accession

number

4QF2 4Q6F 4LZ2 4QBM 4QF3 4QC1 4QC3

aHighest resolution shell shown in parentheses.
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same arginine residue (R1707) for three of the four molecules

(Figure S4C). On the basis of our structural analysis, we could

envisage that longer H3 peptides including K4 and phosphory-

lated marks at S10 and T11 can bind to the peptide-binding

site and further stabilize the histone peptide through electro-

static interactions and hydrogen bonds when interacting to

R1707 positioned at the beginning of loop 2.

As expected from our peptide binding and structural data, pro-

tein sequence alignment of human PHD fingers that specifically

recognize unmodified H3 (Figures S3A and S3B) revealed the

absence of aromatic residues common to PHD fingers that

recognize methylation marks in K4 (Figures S3C and S3D).

Within this group, we now can subclassify the PHD fingers of

TIP5, BAZ2B, WSTF, and DPF3B as those containing the 310
helix, which prevents the histone tail grapping around the reader

domain next to the K4-binding surface. Superposition of TRIM24

(Ca rmsd = 1.48 Å), BHC80 (Ca rmsd = 1.20 Å) with TIP5 crystal

structures in complex of H3K4 also demonstrated this feature

(Figure S4B). A comparison of available structures of PHD fin-

gers in complex with H3K4me0 highlights how the lysine side

chain recognition is essentially formed by acidic residues and in-

teractions through carbonyl backbone groups (Figure S3C). In

the case of PHD finger in complex of H3K4me2/3, an aromatic

cage preferentially harbors methylated lysines (Figure S3D).

NoRC BRDs Favor Binding to KacXXR Motifs

To gain insight into the recognition of acetylation marks by the

NoRC complex, we solved crystal structures of the TIP5 BRD

in its free form and in complex with a H4K16acK20ac histone

peptide and two cocrystal structures of BAZ2B BRD bound to

H3K14ac and H4K8acK12ac peptides (Table 2).

The crystal structure of BAZ2B BRD with acetylated H3K14

revealed sequence-specific interactions of the BRD. The histone

peptide was well defined in the electron density map, allowing

unambiguous tracing of residues 12 to 19 interacting with the

acetyl-lysine binding site (Figure 3H). As expected, the carbonyl

group of H3K14ac formed the canonical hydrogen bond with the

conserved N2140 as well as a water-mediated hydrogen bond

with Y2097 (Figure S5B). The complex was further stabilized

by additional hydrogen bonds mediated between the BRD

Figure 2. Structures of TIP5 and BAZ2B PHD Zinc Fingers in Free State and in Complex with H3K4 Peptide

(A) New crystal structures superposition on ribbon representation of TIP5 (PDB accession number 4QF2) and BAZ2B (PDB accession number 4QF3) PHD zinc

fingers on Ca positions (rmsd = 1.595).

(B) Positioning of the unmodified peptide H3K4 (ART[K]Q) on the surface of TIP5. The binding interface of BAZ2B and TIP5 are characterized of being hydrophobic

and slightly acidic. Regions of positive and negative electrostatic potential are shown in blue and red from +5 to�5 V, respectively (CCP4mg; McNicholas et al.,

2011).

(D) Detailed interactions between PHD finger of TIP5 and H3K4 peptide.

(E) View of the peptide-binding pocket. Simulated-annealing 2Fo-Fc maps showing the electron density for the H3 peptide. Map was calculated at 1.91 Å

resolution and contoured at 1.2 s above the mean.

(C and F) ITC binding curves of PHD fingers from TIP5 and BAZ2B with H3 histone peptides bearing different PTMmarks on K4. The resulting integrated DH data

(kcal/mol) plotted versus the molar ratio of total ligand and protein concentrations are shown in the inset panel.

See also Figures S3 and S4.
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backbone and H3 peptide amide bonds (Figures 3F and 3G). The

typical network of water molecules located at the bottom of the

acetyl-lysine binding pocket was conserved (Figure S5B) (Fili-

ppakopoulos et al., 2012). Interestingly, two key interactions

were observed comprising a hydrophobic stacking interaction

between H3P16 with F2139 from the end of helix aB, as well

as a sequence-specific interaction involving H3R17 and residues

located in the BC loop. The BAZ2B BC loop contains two acidic

residues (E2141 and D2142) that formed electrostatic inter-

actions with the side chain of H3R17. These salt bridges are

particularly important in determining the binding specificity. An

additional hydrogen bond was formed between Nε-H of the argi-

nine side chain and the carbonyl of the E2137 backbone

(Figure 3F). We observed only little structural changes

comparing the BAZ2B BRD in its free (Protein Data Bank [PDB]

accession number 3G0L) and peptide-bound states, suggesting

a rigid interaction between the BRD and its targeted acetylated

substrate. The most notable difference comparing both struc-

tures was the ordering of the side chain of E2141 in the peptide

complex. The key residues involved in the H3K14ac recognition

(F2139, E2141, and D2142) are conserved in the TIP5 BRD but

not in the related BRD proteins BAZ1A and BAZ1B. Sequence

alignment (Figure 3B) and thermodynamic binding data (Table

1) suggested a similar molecular recognition of the H3 tail by

the TIP5 BRD. Interestingly, moderate to weak binding affinities

have been reported for other BRDs to recognize the H3K14ac

mark, such as SMARCA2 (KD = 285 mM by ITC) (Filippakopoulos

et al., 2012), SMARCA4 (KD = 1.2 mM by saturation transfer dif-

ference nuclear magnetic resonance [STD-NMR]) (Shen et al.,

2007), PCAF (KD = 128 mM by STD-NMR, KD = 188 mM by ITC)

(Zeng et al., 2008; Filippakopoulos et al., 2012), or PB1 BRD 2

(KD = 500 mM by STD-NMR) (Charlop-Powers et al., 2010). Our

binding studies and molecular characterization with the histone

peptide interaction exhibit, unexpectedly, much stronger binding

with NoRC BRDs to the acetylated K14 in the low micromolar

range (KD = 10 and 33 mM for BAZ2B and TIP5 BRDs, respec-

tively). A structural comparison with the available NMR structure

of the human polybromo BRD 2 in complex with H3K14ac

uncovers a diverse peptide-binding mode compared with the

BAZ2B complex (Figure S5D). The superposed structures (Ca

rmsd = 2.30 Å) exhibit distinct binding cavities. The shallower

surface area for the PB1 BRD displays how the peptide extends

through the ZA loop, forming weak protein-protein interactions

with selectivity driven through H3A15 specific contacts, whereas

the deeper hydrophobic binding cavity of BAZ2B accommo-

dates more efficiently the ε-acetyl-lysine 14.

Apart from interaction of TIP5 and BAZ2B with unmodified

K4 and acetylated K14ac of H3, we also identified interactions

of these two BRDs with acetylated lysines in H4. In order to

compare the molecular mechanism of the recognition of these

sites, we solved high-resolution crystal structures of TIP5 and

BAZ2B BRDs with histone H4 peptides bearing acetylation

marks at K8, K12, and K16.

The crystal structures of free-state TIP5 BRD (Figure 3A) as

well as in complex with H4K16acK20ac (Figures 3C–3E) were

solved at 1.76 and 1.65 Å resolution, respectively. The H4 pep-

tide conformation extended from its N terminus at the ZA loop re-

gion to the C terminus at the BC loop region of the BRD. Several

residues V1822, V1827, F1872, and V1879 provided a hydropho-

bic environment to accommodate the hydrophobic segment of

the K16ac side chain orienting the N-acetyl group toward the

amide nitrogen of N1873. Similar to the BAZ2B complex, further

stabilizing contributions were provided by interaction with the

conserved water network (Figure S5A). Only few side-chain in-

teractions with BRD residues were involved in the molecular

interface, which was mediated mainly through the peptide back-

bone hydrogen bond interactions with TIP5 residues N1873,

F1872, E1874, and R1832. An interesting interaction involved

the guanidine group of H4R19 that oriented toward the BC

loop, forming a hydrogen bond between its Nε-H and the

carbonyl of Q1870, and a salt bridge with the two acidic residues

E1874 and D1875 (Figure 3D). These features demonstrate a

conservation of BRD-histone interactions between TIP5 and

BAZ2B in this region. Analyses of our peptide arrays, ITC data,

and crystal structure suggests that much of the recognition

specificity for H4K16ac by the TIP5 BRD in vitro is due to the

intricate network of interactions formed by the R19 side chain.

ITC determined an affinity of 23 mM for H4K16ac (G14-A15-

K16ac-R17-H18-R19-K20-V21-L22), whereas binding affinity

decreased 2-fold for the H4K12acK16ac (G9-L10-G11-K12ac-

G13-G14-A15-K16ac-R17). We compared the cocrystal struc-

ture of TIP5 BRD with the NURF (nucleosome remodeling factor)

subunit BPTF (BRD and PHD finger-containing transcription

factor), which was also crystallized with H4K16ac (Ca rmsd =

0.61 Å) (Figure S5C). We observed a similar conformation of

R19 folding toward the BC loop. However, the NoRC BRDs are

characterized by a more negative electrostatic potential in this

region, favoring interaction with positively charged residues

such as H4R19, thus offering a rationale for the weaker interac-

tion of this peptide with BPTF. We determined KD values of

23 mM for TIP5 and 46 mM for BAZ2B in comparison with a KD

of 99 mM for the BPTF BRD. Indeed, a second crystal form of a

complex of BPTF with H4K16ac showed an inverse peptide

orientation most likely reflecting the lower specificity for this

mark (Ruthenburg et al., 2011).

In contrast to H3K14ac and H4K16ac, the diacetylated pep-

tide H4(6–13)K8acK12ac simultaneously bound two BAZ2B

BRD molecules in the complex crystal structure that was solved

at 1.6 Å resolution (Figures 3I–3K). Interestingly, in this dual-

recognition binding mode, the segment H4(6–10) containing

the K8ac mark targets one BRD molecule, whereas the H4(10–

13) is recognized by a second BRD module. The linking residue

L10may favor the crystallographic packing in its well-accommo-

dated hydrophobic cage formed by F2139 by each BRD. ITC

measurements also confirmed a 2:1 stoichiometry of protein to

peptide, hence two N-acetyl lysine binding sites for a single his-

tone tail with two acetylation marks. Although this complex is

unlikely to be physiological, structural data suggest that

BAZ2B BRD recognize only single lysine acetylation marks per

binding site.

Regarding surface properties around the acetyl-lysine cavity,

all three cocrystal structures show a slightly negatively charged

electrostatic potential (Figures 3C, 3F, and 3I), which is in agree-

ment with recognition of largely basic peptides. Interestingly,

both TIP5 and BAZ2B BRD contain the aromatic ‘‘WPF shelf’’

at the ZA loop shared with BRD families such as the BET family.

However, in the BAZ BRDs, these three aromatic residues adopt

a closer conformation compared with the more open form of
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Figure 3. Structures of TIP5 and BAZ2B BRDs in the Free State and in Complex with H3 and H4 Peptides

(A) Crystal structures superposition on ribbon representation of novel TIP5 (PDB accession number 4LZ2) and BAZ2B (PDB accession number 3G0L) BRDs onCa

positions (rmsd = 0.488).

(legend continued on next page)
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BET BRDs that creates a wider binding site sufficient to accom-

modate two acetyl-lysine side chains in BET (Morinière et al.,

2009; Filippakopoulos et al., 2012).

Our studies demonstrate how TIP5 and BAZ2B BRDs specif-

ically recognize the K14ac-X-X-R17 motif, thereby discrimi-

nating against other acetylation marks in histone H3. The spec-

ificity of these reader domains is more variable in the case of

histone H4 peptides, but we also demonstrated that histone

H4 recognition is also favored in the case of the K16ac-X-X-

R19 motif.

In order to further confirm this sequence motif preference,

mutated H4 histone peptide at position R19 to A19 and H3

histone peptide at position R17 to A17 were used to measure

binding affinities against TIP5 and BAZ2B BRDs, respectively.

The results obtained (Figure 4) show no binding toward the

peptides containing the arginine mutation, confirming the role

of this specific arginine position for the histone recognition.

Furthermore, methylation at the R residue of the K14ac-X-X-

R17 motif significantly decreased histone peptide binding in

BLI (Figure S2A), reinforcing the role of unmodified Arg side chain

(B) Structure-based sequence alignment of single BRDs from the human TIP5 and BAZ2B. The conserved asparagine involved in the histone recognition is

highlighted in red.

(C, F, and I) Surface representations of the peptide-bound structures of single BRDs. (C) Corresponds to TIP5-BRD in complex with H4K16acK20ac

(GAKacRHRKacVL), with the acetylation recognized by the conserved asparagine highlighted in bold. (F) BAZ2B-BRD in complex with H3K14ac

(TGGKacAPRKQ). (I) BAZ2B-BRD in complex with H4K8acK12ac (GGKacGLGKacG). Electrostatic surface potentials are shown between +5 V (blue) and �5 V

(red).

(D, G, and J) Detailed interactions between BRD of TIP5 with H4K16acK20ac and BRD of BAZ2B with H3K14ac and H4K8acK12ac.

(E, H, and K) View of the peptide-binding pocket. Simulated-annealing 2Fo-Fc maps showing the electron density for the H3 and H4 peptides. Maps were

calculated at 1.65, 1.99, and 1.60 Å resolution and contoured between 1.2 and 1.5 s above the mean.

See also Figure S5.

Figure 4. ITC-Based Binding Curves of Individual BRDs with Histone Peptides and Further Analysis on the Specificity of the Recognition

Sequence Kac-X-X-R

(A) H4K16ac (Gly-Ala-Kac-Arg-His-Arg-Lys-Val-Leu) and the specific mutated H4K16ac (R19A) (Gly-Ala-Kac-Arg-His-Ala-Lys-Val-Leu) peptides are titrated

separately into a solution of TIP5 BRD. The single mutation on the residue R19 abolishes the binding to the BRD.

(B) A similar analysis has been performed for BAZ2B and its binding specificity to H3R17. Wild-type H3K14ac (Lys-Ser-Thr-Gly-Gly-Kac-Ala-Pro-Arg-Gln) and

mutated H3K14ac (R17A) (Lys-Ser-Thr-Gly-Gly-Kac-Ala-Pro-Ala-Gln) are titrated into a solution of BAZ2B BRD. No binding is observed for the mutated R17A

peptide.

(C) Thermodynamic parameters summary and comparison of wild-type and mutated peptides at the specific arginine position. The same sequence length

peptides were purchased with their corresponding arginine mutation.
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in the molecular recognition. Taken together, our data in the

context of isolated histone peptides strongly suggest a general

recognition specificity of KacXXR motif for this subclass of

BRDs.

The NoRC PHD and BRD Act as trans Histone

Recognition Modules

PHD/BRD reader motifs are evolutionary-conserved peptide-

binding modules. Previous crystal structures revealed either a

tightly connected dual-reader unit (Tsai et al., 2010; Xi et al.,

2011; Plotnikov et al., 2014) or a rigidly linked dual-domain struc-

ture (Ruthenburg et al., 2011). We therefore investigated the role

of the two adjacent reader domains of TIP5 and BAZ2B and

asked whether they perform simultaneous engagement to the

same substrate or to two different substrates. Our attempts at

crystallizing constructs harboring both reader domains have

failed to date. Likely the unstructured nature of the linker amino

acid sequence between the PHD finger and the BRD prevented

our efforts in crystallizing the full-length tandemproteins. Indeed,

analysis of the sequences linking both domains suggests that

this region is intrinsically disordered using different bioinformat-

ics analysis tools (IUPred and DISpro) that predict protein disor-

der from amino acid sequences (Dosztányi et al., 2005; Linding

et al., 2003; Cheng et al., 2005). The output consistently indi-

cated a high likelihood of a disordered or flexible linker between

the PHD finger domain and the BRD (approximately 65 and 70

residues junction between reader domains of TIP5 and BAZ2B)

(Figure S6A). Size exclusion chromatographic analysis of mix-

tures of individual PHD finger and BRD of each protein showed

single elution peaks, suggesting no intermolecular interaction

between reader domains (data not shown). However, the ability

of a potential spring motion of the middle junction between

domains leading to a cis engagement to H3 on the basis of

recognition of unmodified K4 and acetylated K14 was not clear

with our thermodynamic data, in which there is no evidence of

an enhancement on the binding affinity (KD values of 1.9 mM for

TIP5 and 2.3 mM BAZ2B tandem domains) (Table 1).

In order to examine the plasticity of this junction between

reader domains in solution, we further analyzed tandem TIP5

and BAZ2B proteins (PHD-BRD) using SAXS. The scattering

data were collected from free tandem domains and, for

BAZ2B, also in complex with the histone H3 peptide with the

K14 acetylation mark H3(1–18)K14ac (Table S1). The experi-

mental molecular mass (MM) of both proteins (28 ± 5 kDa for

TIP5 and 33 ± 5 kDa for BAZ2B) points to monomeric state of

the two PHD-BRD constructs in solution. The Kratky plots (Fig-

ure S6B) for the tandems in the free state do not display a bell

shape, expected for compact particles, but instead indicate an

extended shape and potential flexibility. Comparing the two

curves in Figure S6B, TIP5 tandem shows somewhat higher

compactness, whereas BAZ2B follows a pattern closer to that

of flexible proteins. These qualitative conclusions are corrobo-

rated by the overall parameters of the two constructs, radius

of gyration (Rg) and maximum diameter (Dmax) (Rg = 31 ± 1 Å,

Dmax = 100 ± 10 Å for TIP5; Rg = 42 ± 1 Å, Dmax = 145 ± 10 Å

for BAZ2B). These parameters are indicative of extended struc-

tures, whereby TIP5 is more compact than BAZ2B. The distance

distribution functions p(r) displayed skewed shapes character-

istic for elongated particles (Figure S6C). To characterize the

potential protein mobility, an ensemble optimization method

(EOM; Bernadó et al., 2007) was used, which selects an

ensemble of conformers fitting the experimental data from a

large pool of generated models with random linker conforma-

tions. The Rg and Dmax distribution analyses of TIP5 from the

EOM-selected ensemble (Figures 5C–5E) indicated that the

ensemble is more compact than the random pool, suggesting

a limited flexibility of the linker between reader domains. In

contrast, the EOM results on the collected SAXS data of

BAZ2B (Figures 5F–5H), showed broad Rg and Dmax distribu-

tions, which are more extended in comparison with the pool,

thereby suggesting high flexibility on the linker. The combined

data strongly proposed an extended and flexible linker con-

formation for BAZ2B and a rather more rigid and compact

arrangement for TIP5. The limited flexibility of TIP5 allowed us

to reconstruct its low-resolution shape ab initio and also to build

a hybrid model of the construct in which the linker is represented

by a chain of dummy residues. The models presented in Figures

5A and 5B fit well the experimental data and display similar

overall shapes revealing the probable conformation that TIP5

can adopt in solution.

The SAXS data were also measured for the complex of the

tandem domains with the H3 histone peptide. However, only

interpretable data were obtained for the complex of the BAZ2B

tandem. The H3 bound form provides an MM of 45 ± 5 kDa

and displays a distance distribution profile p(r) similar to that of

the free protein (Figure S6C) but with an increased maximum

size (Dmax = 160 ± 10 Å). Rg also increases for the bound

compared with the free state (Table S1). These results clearly

indicate that the peptide interacts with the individual reader do-

mains independently, as simultaneous binding to both of them

would have decreased, not increased, Rg and Dmax. The intrinsic

dynamic motion of the junction between domains would not

favor interactions of both domains in cis in the case of the

extended H3K14ac (residues 1–18). In summary, the SAXS

data and analysis have provided us with a low-resolution model

of the overall structure of TIP5 PHD/BRD revealing well-sepa-

rated individual domains. Besides, for BAZ2B, our biophysical

and low-resolution structural data support a flexible linker model

between the PHD and BRD, but we had no evidence of cis

interaction to the same histone peptide but most favorable

recognition in a trans manner with two histones tails.

Conclusions

In this study, we used biochemical screening, structural, and

biophysical approaches in vitro to investigate the molecular

mechanism of TIP5 and BAZ2B histone recognition.

The crystal structures of free and bound TIP5 BRD with

H4K16ac demonstrated the selectivity of the reader domain to

this epigenetic mark, as previously suggested by Zhou and

Grummt (2005). Interestingly, we found that TIP5 and BAZ2B

BRDs also have considerable affinity for acetylated sequences

in histone H3. By far, the most favorable mark in H3 was

K14ac. Cocrystal structures with H4K16ac and H3K14ac re-

vealed single acetylation recognition to the Kac-X-X-R sequence

motif, where the second X is preferably an hydrophobic or aro-

matic residue. Also, polar interactions with the BC loop of the

BRD are conserved. Such substrate specificity of the TIP5 and

BAZ2B BRDs for H3 and H4 marks reinforces the argument
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that a major function of this domain is to facilitate the coupling

between histone acetylation and the process of nucleosome

remodeling mediated by the ATPase subunit.

Our work further provides the structural elucidation of two

previously uncharacterized PHD fingers, which are adjacent to

the BRDs from the C terminus of TIP5 and BAZ2B. Screening

with histone peptide PTM marks revealed the specificity of the

PHD fingers for unmodified or singly-methylated H3K4. Addi-

tional high-resolution crystal structure of the unmodified peptide

bound deciphers how this peptide accommodates well in the

PHDzinc finger shallow surface. However, an important outcome

of our analysis established that unmodified H3K4 and acetylated

H3K14 are not recognized in a combinatorial manner by PHD-

BRD tandem modules of BAZ2B in solution. In summary,

Figure 5. SAXS Analyses Are Shown for Tandem TIP5 PHD-BRD and BAZ2B PHD-BRD in the Free State

(A) The experimental SAXS profile (log intensities as a function of the momentum transfer) for free TIP5 (blue spotty curve) and the fitting curve (red) using the

corresponding crystallographic structures from the BRD and PHD finger.

(B) The ab initio calculated SAXS model is superimposed on the individual crystal structures linked with dummy atoms (cyan spheres) representing the linker

between modules for TIP5 (BRD, orange spheres; PHD finger, green spheres).

(C) The experimental SAXS profile for TIP5 with the fitting curve on the basis of the EOM distribution calculations.

(D) Rg distributions from EOM-selected ensemble (red) for TIP5 tandem and that corresponding to the pool (blue).

(E) Dmax distribution from the pool (blue) and optimized ensemble (red) for TIP5.

(F) Same as (C) but with BAZ2B.

(G) Same as (D) but with BAZ2B.

(H) Same as (E) but with BAZ2B.

See also Figure S6 and Table S1.
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complex structures analysis established that NoRC readout of

histone PTMs potentially depend on an unmodified state of

H3K4 and acetylation states of preferred positions on H3K14

and H4K16.

The disclosure of our structural work on the BAZ2 BRD with

histone substrate will aid in the rational design for targeting these

reader domains with small molecules. Additionally, structural

elucidation of the BAZ2 PHD zinc finger domains alone and in

complex with the histone substrate provide the structural basis

to consider targeting this other reader domain as well. Recently,

the BAZ2 proteins have emerged as new epigenetic drug targets

because of their involvement in human diseases as evidenced by

microRNA expression profiles in prostate cancer progression

(Leite et al., 2011) or upregulated BAZ2A gene in patients with

chronic lymphocytic leukemia (Hanlon et al., 2009). Therefore,

a rising pharmacological interest on targeting BAZ2 reader

domains has evolved with the discovery and optimization of

micromolar fragment-like molecules (Ferguson et al., 2013) and

selective nanomolar compounds GSK2801 and BAZ2-ICR (see

the Structural Genomics Consortium [SGC] website at http://

www.thesgc.org) targeting the BAZ2 BRD.

SIGNIFICANCE

Molecular recognition of the PTM H4K16ac by the TIP5 PHD-

BRD tandem facilitates the recruitment of the NoRC complex

to chromatin and initiates the cascade of events that trigger

gene silencing. Using an in vitro PTM histone biophysical

screening approach, we demonstrate more extended histone

recognition profile of the PHD finger and BRD to H3 and H4.

Our results allow us to classify the TIP5 and BAZ2B PHD fingers

as unmodified H3K4 recognition subclass with single-digit mM

affinities. Structural details of this interaction confirm the

absence of an aromatic cage and the presence of negatively

charged residues that form hydrogen bonds with the K4 side

chain. Our work has also provided molecular insights into the

BRD function of the NoRC complex. Crystal structure complexes

with histone tails explain how TIP5 and BAZ2B BRDs recognize

the specific pattern of H3 and H4 histones: Kac-X-X-R. Addition-

ally, our structural studies of the tandem PHD-BRD in solution

suggest an extended conformation with potential independent

histone recognition. The precise understanding of the histone

recognition of the NoRC/BAZ2B reader domains will aid in tar-

geting these reader domains in ligand discovery campaigns.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification

Analytical details for construct design, protein overexpression, purification,

and characterization are given in Supplemental Experimental Procedures.

BLI of Modified Histone Peptide Arrays

Biotinylated histone sets were purchased from AltaBioscience. Libraries

contain different combination of PTMs of histones N-terminal tails (Figures

S2A and S2B). Peptides were immobilized on two trays of Super Streptavidin

(SSA) Biosensors (FórteBio). All binding experiments were conducted at 25�C

in buffer 20 mM Tris$HCl (pH 8), 200 mM NaCl, 2 mM dithiothreitol, using an

OctetRed 384 instrument (FórteBio). The final nontagged protein concentration

of all samples was 20 mM, dispensed in a volume of 100 ml per well. Assays

were performed in black, solid, 384-well, flat-bottom plates harboring the

analytes and agitated to 1,000 rpm. Common cycles steps for analysis

included 120 s of biosensor baseline equilibration step, associations in wells

containing the free label protein for 240 s, and dissociations in buffer wells

for 240 s. Reference subtraction was performed with the FórteBio data anal-

ysis software to subtract the effect of baseline drift and the effect of nonspe-

cific binding to biosensor tips without immobilized peptides.

ITC Measurements

All calorimetric experimentswere performed on an ITC200 or VP-ITCmicrocal-

orimeters (MicroCal). Protein solutions were buffer exchanged by gel filtration

into buffer (20 mM HEPES [pH 8], 150 mM NaCl, 0.5 mM Tris [2-carboxyethyl]

phosphine [TCEP]), and lyophilized histone peptides were dissolved in the

same buffer. All measurements were carried out at 293 or 298 K. Protein solu-

tions (60–120 mM) in the calorimetric cell were titrated with the peptide solu-

tions (800–1,500 mM) in the syringe. The data were analyzed with the MicroCal

ORIGIN software package using, in most cases, a single binding site model.

The first data point was excluded from the analysis. Thermodynamic parame-

ters and binding constants are given in Table 1.

SAXS Experiments

Synchrotron radiation X-ray scattering data were collected at two different

beamlines for BAZ2B apo form and in complex with H314ac (1–18) and TIP5

apo form and in complex with H3K14ac (1–18). For BAZ2B, four different con-

centrations in the range 1.1 to 10.5 mg/ml in 20 mM Tris (pH 8), 500 mM NaCl,

2 mM DDT, and 10 mM ZnCl2 were collected on the X33 camera of the Euro-

pean Molecular Biology Laboratory (EMBL) storage ring DORIS III (Deutsches

Elektronen-Synchrotron [DESY]). Data were collected using a photon-count-

ing Pilatus 1M detector at a sample-detector distance of 2.7 m and a wave-

length of l = 1.5 Å; the range of momentum transfer 0.09 < s < 6.0 nm�1

was covered (s = 4psinq/l, where q is the scattering angle). To monitor radia-

tion damage, eight successive 15 s exposures were compared, and no signif-

icant changes were observed. For TIP5, four different concentrations in the

range 1.1 to 10.5 mg/ml in 20 mM Tris (pH 8), 500 mM NaCl, 2 mM DDT,

and 10 mM ZnCl2 were collected on the P12 camera of the EMBL storage

ring PETRA III (DESY). Data were collected using a photon-counting Pilatus

2M detector at a sample-detector distance of 3.1 m and a wavelength of l =

1.24 Å; the range of momentum transfer 0.07 < s < 4.6 nm�1 was covered.

To monitor radiation damage, 20 successive 1 s exposures were compared,

and no significant changes were observed.

In both cases, the data were normalized to the intensity of the transmitted

beam and radially averaged; the scattering of the buffer was subtracted, and

the difference curves were scaled for protein concentration. The low-angle

data collected were obtained from single-concentration scattering curves,

except for TIP5, for which two different concentrations were merged. The

forward scattering I(0), the radius of gyration Rg, the pair distribution of the

particle p(r), and themaximum dimensionDmaxwere computed using the auto-

mated SAXS data analysis pipeline (Franke et al., 2012). TheMMof BAZ2B and

TIP5 was evaluated by comparison of the forward scattering with that from a

reference solution of BSA (MM = 66 kDa). DAMMIF (Franke and Svergun,

2009) was used to compute the ab initio models, BUNCH (Petoukhov and

Svergun, 2005) was used to model TIP5, and EOM (Bernadó et al., 2007)

was used to assess the flexibility of both BAZ2B and TIP5.

Crystallization

Highly purified proteins were crystallized at either 4�C or 20�C using vapor

diffusion methods. Details on the protein crystallization in the free state and

in complex with peptides are provided in Supplemental Experimental

Procedures.

Data Collection and Structure Determination

Zinc single-wavelength anomalous diffraction data were collected at peak

wavelength for both crystals of TIP5 and BAZ2B PHD Zinc fingers at the

Diamond Light Source (beamlines I02 and I24) and processed to 1.70 and

1.60 Å, respectively, using XDS (Kabsch 2010) and SCALA (Evans 2006).

The zinc positions in both proteins were determined using SHELXC/D

(Sheldrick 2010), the SAD data enabled to find eight zinc sites per asymmetric

unit in TIP5 and four zinc sites per asymmetric unit in BAZ2B (two permonomer

for both cases). Phases and density modification were calculated using the

program SHELXE (Sheldrick 2010). A total of 50 cycles of automated protein
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chain tracing starting from experimental phases were computed using ARP/

wARP (Langer et al., 2008), obtaining 209 of 232 residues in the ASU for

BAZ2A-PHD and 109 of 116 for BAZ2B-PHD. Further manual model building

was performed using Coot (Emsley and Cowtan, 2004) alternated with crystal-

lographic refinement with REFMAC5 (Murshudov et al., 1997) within the CCP4

suite until the final model was obtained. Crystal structure of the TIP5-PHD zinc

finger with unmodified H3K4 peptide bound was elucidated by molecular

replacement with the apo TIP5 PHD finger structure using PHASER (McCoy

et al., 2005). Omit map showed clear electron density to fit the 5-mer H3K4

peptide. Further manual building and refinement were carried out using Coot

and REFMAC5.

A complete data set was collected for the TIP5 BRD apo crystals at the

Diamond Light Source (beamline I04) and processed to 1.78 Å using XDS

and AIMLESS. Crystal structure of the free-state BRDwas solved bymolecular

replacement using PHASER using an ensemble of different BRDs as the

searching templates (PDB accession numbers: PCAF, 3GG3; BPTF, 3UV2;

BAZ2B, 3G0L; BRD2[1], 1X0J; BRD2[2], 2DVV; BRD3[2], 2OO1; BRD4[1],

2OSS; BRD4[2], 2OUO; GCN5, 3D7C; ATAD2, 3DAI; CREBBP, 3DWY;

TAF1L[2], 3HMH). The unique and initial solution was improved in a total of

50 cycles of automated protein chain tracing starting from the existing model,

computed using ARP/wARP. Further manual building (Coot) and refinement

against maximum likelihood target were performed using REFMAC5.

Data sets were collected for the cocrystals of histone peptides with TIP5

and BAZ2B BRD at Diamond Light Source (beamline I04) and processed to

1.65, 1.99, and 1.60 Å (TIP5-H4K16acK20ac, BAZ2B-H3K14ac, and BAZ2B-

H4K8acK12ac, respectively) using XDS and AIMLESS. Three crystal struc-

tures were solved by molecular replacement using PHASER with the same

ensemble of BRDs mentioned above as the searching templates. All three

coordinate solutions were further manually built and refined using Coot and

REFMAC5.

All model validations were carried out using MolProbity (Chen et al., 2010).

All data collections and refinement statistics are shown in Table 2. Figures

were generated using PyMOL, CCP4mg, and ICM-Molsoft molecular viewer.

ACCESSION NUMBERS

The atomic coordinates and structure factors of human TIP5 and BAZ2B PHD

zinc fingers have been deposited in the PDB with accession numbers 4QF2

and 4QF3. Complex of TIP5 PHD finger with H3 peptide was deposited with

PDB accession number 4Q6F. Human TIP5-BRD in the free state was depos-

ited with PDB accession number 4LZ2. Complex structures of TIP5-BRD

with H4 histone and BAZ2B-BRD with H3 and H4 histones were deposited

with PDB accession numbers 4QBM, 4QC1, and 4QC3, respectively. SAXS

experimental data and analysis is deposited in Small Angle Scattering Biolog-

ical Data Bank (http://www.sasbdb.org) with accession numbers SASDA46

(TIP5 free state), SASDA56 (BAZ2B free state), and SASDA66 (BAZ2B in

complex of histone H3(1-18)K14ac peptide).
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Supplemental Information includes Supplemental Experimental Procedures,

six figures, and one table and can be found with this article online at http://
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