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Structure and Function of a
Human TAF,250 Double
Bromodomain Module

Raymond H. Jacobson, Andreas G. Ladurner, David S. King,
Robert Tjian*

TFIID is a large multiprotein complex that initiates assembly of the transcription
machinery. It is unclear how TFIID recognizes promoters in vivo when templates
are nucleosome-bound. Here, it is shown that TAF,250, the largest subunit of
TFIID, contains two tandem bromodomain modules that bind selectively to mul-
tiply acetylated histone H4 peptides. The 2.1 angstrom crystal structure of the
double bromodomain reveals two side-by-side, four-helix bundles with a highly
polarized surface charge distribution. Each bundle contains an N¢-acetyllysine
binding pocket at its center, which results in a structure ideally suited for recog-
nition of diacetylated histone H4 tails. Thus, TFIID may be targeted to specific
chromatin-bound promoters and may play a role in chromatin recognition.

RNA transcription of class II genes in eu-
karyotes requires the assembly of a very large
multiprotein apparatus composed of RNA poly-
merase II along with a complement of accessory
factors (/). One important component required
for Pol II transcription is TFIID (RNA polymer-
ase II transcription factor D), a multisubunit
complex that contains the TATA binding pro-
tein (TBP) along with at least eight additional
subunits known as TAFs (TBP-associated fac-
tors) (2). TFIID contains the sequence-specif-
ic DNA binding activities necessary for rec-
ognition of class II promoters and also func-
tions as a mediator of regulatory signals from
many upstream activators (3). Until recently
most in vitro transcription studies have used
naked DNA templates, which has restricted
such analyses to examination of direct inter-
actions between TFIID, other basal factors,
and DNA. However, in eukaryotic cells the
template is wrapped around the nucleosomal
histone proteins H2A, H2B, H3, and H4 to
form chromatin. This packaging greatly alters
the template accessibility by large protein
complexes, such as TFIID, required for tran-
scriptional initiation.

Studies of transcription in chromatin-con-
taining systems have suggested that transcrip-
tional activity is correlated with acetylation of
specific lysine residues in the NH,-termini of
histone molecules (4, 5). However, the mecha-
nisms underlying the modulation of transcrip-
tional activity by these modifications are not
understood at the molecular level. With the dis-
covery that TAF;250 contained an intrinsic his-
tone acetyltransferase (HAT) activity (6), the
possibility arose that the basal machinery could
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also play an active role in chromatin targeting
and/or remodeling. In addition to the HAT do-
main, TAF;;250 also contains a tandem pair of
~120-residue motifs known as bromodo-
mains. This motif is present in a variety of
proteins including nuclear histone acetyltrans-
ferases, kinases, and chromatin remodeling

factors (7, 8). A double bromodomain module
appears to be an invariant element of TFIID
(9). Nuclear magnetic resonance (NMR) anal-
ysis of a single bromodomain from the p300/
CBP-associated factor P/CAF (10) suggested
a potential role for this motif in binding to
peptides containing N®-acetyllysine residues.
Here, we report the crystal structure of the
double bromodomain module of human
TAF;250 (residues 1359 to 1638) and exam-
ine the interactions between it and acetylated
histone peptides. This region of TAF,250
may play a part in nucleosome recognition
and may mediate acetylation-dependent in-
creases in transcriptional activity.

Based on primary sequence alignments, a
fragment containing the double bromodomain
from human TAF,;250 (hTAF;250) was sub-
cloned, expressed, and purified (residues 1359
to 1638; hTAF;250-DBD) (Table 1). We as-
sayed hTAEK;;250-DBD for its ability to bind a
synthetic peptide corresponding to the fully
acetylated form of the first 36 amino acids of
the histone H4 NH,-terminal tail. Histone H4
includes four sites of acetylation, which have
been correlated with transcriptional activity
(K5, K8, K12, and K16) (/7). The multiple
sites of modification could permit simulta-
neous binding by the two TAF;250 bromodo-

Table 1. Crystallographic data, phasing, and refinement. The hTAF,250 double bromodomain was expressed at
30°C from a pET21a construct in E. coli strain BL21. The recombinant protein was purified with a Perseptive
PorosHQ anion-exchange column followed by fractionation with a Pharmacia Superdex 75 size-exclusion
column. Initial crystals were grown by mixing equal volumes of hTAF,250-DBD (10 mg/ml) and buffer
containing 1.4 M (NH,),SO, and 100 mM tris-HCl (pH 9.5). Fragments of initial crystal clusters were used to
seed new drops at 1.0 M (NH,4),SO, containing 100 mM tris-HCL (pH 9.5). Single crystals in space group
P2,2,2, (a=48.1A b =581A,c = 101.5 A) were obtained. Crystals of a selenomethionine-containing variant
were cryoprotected in 3.0 M (NH,),SO,, 30% (w/v) D-sucrose, 100 mM Tricine (pH 9.0), and MAD data were
collected from a single crystal at 100 K with the CCD detector at beamline 5.0.2 of the Advanced Light Source,
Lawrence Berkeley National Laboratory. Data were processed and scaled and subsequent phase refinement was
carried out with the CCP4 set of crystallographic programs (27) using shell scripts generated automatically by
the program ELVES (22). Selenium positions were located with the program VERIFY (23). Six of eight potential
selenium sites were identified and used for phasing. MAD phases were generated with MLPHARE (24) and
improved through solvent flattening and histogram matching by the program DM (25). The model was built
using O (26) and subsequently refined with CNS (27) using the MLHL maximum likelihood target function in
conjunction with the DM-generated set of density-modified phases as prior experimental phase information.
Restrained B-factor refinement, anisotropic B-factor correction, and a bulk solvent model were used in the
refinement. The Protein Data Bank accession code for this protein is 1EQF.

Crystallographic data

dmin  Observed Unique Complete- [ Rmerge™
Data set A (A) (A)  reflections reﬂeciions nes.f (%) (o;) (%g)
Anomalous peak 0.9801 2.1 122,732 17,084 97.6 17.3 7.9(34.1)
Inflection point 0.9804 2.2 95,818 14,842 96.4 16.5 7.9 (34.7)
High-energy 0.9611 23 86,182 12,999 97.1 14.4 8.0(30.8)
remote
Low-energy remote  1.0000 2.2 93,653 14,886 96.7 16.2 7.3(25.4)
Phasing and refinement
Overall figure of merit to 2.3 A MLPHARE: 0.581 DM: 0.721
R factor to 2.1 At Repyer: 22.4% Rieet 24.9%
RMSD from ideality} Bond lengths: 0.006 A Bond angles: 1.11°
Ramachandran analysis Most favored: 94.8% Additionally allowed:

52%

*Renergell) = Z(i) — (I(h))|/24I(i)) where /(i) is the ith observation of the intensity of the hk! reflection and (/) is the
mean intensity from multiple measurements of the hk! reflection. TReryst(F) = 2plFopslh) = Fupic(h)/Z4F,pq(h) where
Fops(h) and F_, (h) are the observed and calculated structure factor amplitudes for the hk! reflection. Ry, is the
cross-validated R factor calculated with 10% of the data omitted from refinement. 1RMSD is root mean square
deviation.
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mains to give a 1:1 complex between the
TAE;250 module and the acetylated tail. Iso-
thermal titration calorimetry (ITC) was used
to measure the stoichiometry and affinity of
TAF,;250-DBD for nonacetylated and fully
acetylated (KS, K8, K12, and K16) versions
of the H4 peptide (Fig. 1). The fully acety-
lated peptide bound with an affinity of about
5 uM and a 1:1 stoichiometry, but no detect-
able binding of the corresponding nonacety-
lated peptide could be observed [estimated
dissociation constant (K;) > 250 uM]. Thus
the binding affinity of TAE;250 for acetylated
H4 peptide is about 70 times higher than that
previously reported for the single bromodo-
main from P/CAF assayed with a monoacety-
lated histone H4 NH -terminal peptide (10).
hTAF,;250-DBD containing selenomethi-
onine was expressed in Escherichia coli and
purified. Identity and purity were analyzed by
electrospray-ionization mass spectrometry.

Crystals containing a single copy of the mole- -

cule per asymmetric unit were used for subse-
quent analysis at 2.1 A resolution by applying
the multiwavelength anomalous dispersion
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(MAD) method (12) (Table 1). Clear density
was present for all amino acids between resi-
dues 1379 and 1624 of the TAE;;250 sequence.
This “core” region includes all residues with-
in the two bromodomain motifs that had been
previously identified by inspection of the pri-
mary sequence and corresponds to the por-
tions of the sequence with well-defined sec-
ondary and tertiary structure. Residues
COOH-terminal to the bromodomain motifs
(residues 1625 to 1638) were not visible in
the experimental map and presumably are
disordered. However, weak electron density
for the NH,,-terminal residues upstream of the
well-defined core domain structure was
present and became more readily apparent
after model building and subsequent refine-
ment. The NH,-terminal three residues of
hTAF;;250-DBD form a fortuitous crystal con-
tact with a symmetry-related molecule in the
crystal lattice, inserting into one of the apparent
acetyllysine binding pockets. The current mod-
el contains 267 residues, a SO,2~ ion, and
166 H,O molecules with a working R factor
of-22% and an R-free value of 25%. Refine-
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Fig. 1. Isothermal titration calorimetry profiles. Comparison of unacetylated and tetraacetylated peptide
binding to the hTAF,250 double bromodomain. (Upper left) Differential power (AP) data time course for
both acetylated and unacetylated peptides corresponding to the first 36 residues of human histone H4.
Peptides (~750 M) were titrated into a solution of hTAF,250 double bromodomain (~96 pM). (Inset)
Calculated affinities and stoichiometries for all H4 peptides tested; Ac-K, positions of acetylation.
N*-acetylated histone H4 peptides were synthesized by fluorenyl methoxycarbonyl chemistry on an
Applied Biosystems model 431A synthesizer [user-derived dicyclohexyl carbodiimide/1-hydroxybenzo-
triazole (DCC/HOBT) cycles], cleaved and deprotected with reagent K, and purified by reversed-phase
high-pressure liquid chromatography. Peptide purity was assessed by electrospray-ionization ion trap
mass spectrometry (Bruker-HP). All peptides contained a mutation of Asp* to Glu to avoid aspartimidyl/
isoaspartyl formation and a single nonnative COOH-terminal tyrosine residue to determine peptide
concentrations. Experiments were conducted at 25.0° *+ 0.1°C with a VP-ITC instrument from MicroCal
(Northampton, MA). hTAF,250-DBD was dialyzed extensively against 50 mM tris-HCl (pH 7.9), 25 mM
NaCl, and 0.25 mM EDTA buffer. Lyophilized peptides were dissolved in the same dialysis buffer. All
protein and peptide concentrations were determined by absorbance spectroscopy (Tyr €,g,=1,420 M~*

cm™; Trp €,5, = 5600 M~ cm™) (19).
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ment statistics are summarized in Table 1.

A ribbon representation of hTAF;250-DBD
is shown in Fig. 2. The core of each bromodo-
main is made up of a four-helix bundle with the
same unusual lefi-handed topology observed in
the NMR structure from the human histone
acetyltransferase P/CAF (I0). This topology
consists of four antiparallel « helices (aZ, aA,
aB, and aC) (7) with a long, well-defined loop
connecting helices aZ and oA (ZA loop) and a
shorter connection between helices aB and aC
(BC loop). The ZA and BC loops of each
domain in hTAF;250-DBD contribute several
residues (domain 1: Phe!4%5, Val'4®®, Val!414
Tyr'*7, Tyr*®, and Leu'*%; domain 2:
Phe!528, Val!532, Tyrls‘“’, Tyr1582’ and Tyr1589)
to form deep hydrophobic pockets at the centets
of each of the four-helix bundles. These pockets
form the putative acetyllysine binding sités and
are located at the ends of the bromodomains
opposite the NH,- and COOH-termini. The
TAE;250 bromodomains contain one extra
helix not present in the P/CAF structure.
These linking helices (aL) directly follow
helix oC in the primary sequence. A sharp
bend is formed between helices oC and aL,
placing the linking helix across the ends of
helices aB and oC and positioning it to con-
nect to the first helix, aZ, of the second
bromodomain.

The two bromodomains within the
TAF,;;250 fragment adopt essentially identical
three-dimensional structures. A least-squares
fit calculated by LSQMAN (73) located 117
structurally equivalent o carbons with a re-
sultant agreement between o carbon positions
of 0.79 A root mean square. The region dis-
playing the largest discrepancy between the

Domain 1

C
= Domain 2

Acetyl-Lysine Binding Sites

Fig. 2. Ribbon representation of the hTAF.2250
double bromodomain calculated with Molmol
(20). Each of the two bromodomains consists of
a four-helix bundle with left-handed topology.
Linking the helices within the domains are long
well-defined ZA loops and shorter BC loops
(bottom) responsible for recognition of acetyl-
lysine moieties. The binding pockets are sepa-
rated by about 25 A, which makes them ideally
positioned to recognize histone tails containing
two N&-acetyllysine residues separated by sev-
en or eight amino acids. The two domains are
connected through a linking helix (aL), which is
visible running across the top of the domain.
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superimposed domains occurs within the aZ
helices as a result of an insertion of a single
residue in the second domain at position 1518.
Although this insertion occurs near the end of
helix, it has little effect on the conformation
of the ZA loop and is accommodated by a
bulge in the aZ helix of the second bromodo-

AC etyl-ly

Fig. 3. Electrostatic charge distribution and bind-
ing pockets. Delphi electrostatic potential calcu-
lated and mapped onto the Connelly solvent ac-
cessible surface using Insightil calculated with
coordinates corresponding to the core domain
(residues 1379 to 1625). Simulated ionic strength
was set to 0.145 M with a bulk solvent dielectric
constant of 80. The first seven NH,-terminal
residues from a symmetry-equivalent mole-
cule are shown as a green stick model. The first
three residues (1359 to 1361) are visible binding
into the putative acetyllysine recognition pocket
of the first domain. (A) Orientation of the
hTAF,250-DBD is the same as that of Fig. 2.
Numerous clustered lysine and arginine residues
result in an extended basic surface. (B) Reverse
side of the double bromodomain relative to (A)
displaying the acidic stripe present running across
the top of the molecule. (C) Putative binding
surface of the double bromodomain viewed from
the bottom surface of (A). Two deep pits (labeled)
at the center of each four-helix bundle are readily
apparent .and are separated by about 25 A.
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main. It is likely that the hydrophobic binding
pockets formed from the ZA loops are well
conserved among various members of the bro-
modomain family, which is consistent with a
role for these pockets in substrate recognition.

The substrate binding specificity for the
double bromodomain would be expected to

be tightly coupled to the relative orientation

of the two domains and could be enhanced
through cooperative binding between the first
and second pockets. The relative spatial or-
ganization between the two TAF;;250 bromo-
domains is given by a 108° rotation about an
axis approximately parallel to the principal
axes of the four-helix bundles. This arrange-
ment results in a V-shaped structure with the

NH,- and COOH-termini of the fragment:

close together at one end of the molecule and
the two putative acetyllysine binding pockets
at the opposite end, separated by about 25 A.

The interaction interface between the two
bromodomains in hTAF;250-DBD is composed
of two patches separated by a solvent channel.
Near the middle of the molecule, glutamate
residues 1443, 1444, and 1447 of domain 1 and
lysine residues 1555 and 1559 of domain 2
participate in a series of electrostatic interac-
tions. These residues adopt extended conforma-
tions that position their side chains in the solvent
channel located between the first and second
domains, resulting in a pattern of alternating
positive and negative charges. At the end of the
molecule near the putative binding pockets, the
two ZA loops form a complementary hydropho-
bic interface. This patch is formed from contacts
between residues Y1418, K1419, 11420, and
T1422 of the first domain and residues

Fig. 4. Simplified model for
assembly of transcription
complexes on chromatin-
bound templates. First, re-
cruitment of a HAT-con-
taining coactivator com-
plex via interactions with
an upstream DNA binding
protein occurs. After re-
cruitment, the coactivator
HAT activity might acety-
late the NH,-terminal his-
tone tails (light blue tails)
of nearby nucleosomes
(upper). Acetylated histone
tails positioned at an ap-

propriate distance from (

o°

the start site of a gene

might then help to recruit ]
TFIID by interactions with ¥
the TAF;250 bromodo- y
mains. Nonspecific interac-

tions between the TAF,250
bromodomains and  the
promoter DNA as well as

other TAF-DNA interac-

tions could further increase

P1531, N1533, K1534, K1535, and Y1541
of the second domain (/4), burying about
160 A? of surface from each. Together the
electrostatic and hydrophobic contacts sta-
bilize a conformation that places the bind-
ing pockets in a suitable spatial arrangement
to recognize a diacetylated peptide with
high affinity.

Although the net charge of TAF;250-DBD
is nearly neutral (predicted pl 6.0), in the three-
dimensional structure the charged residues are
clustered in distinctly polarized patches. An ex-
tended basic patch composed of residues con-
tributed from both of the domains runs diago-
nally across one of the two largest faces of the
double bromodomain module (Fig. 3A). On the
opposite side, an equally striking pateh of acidic
residues runs across the top of the double bro-
modomain (Fig. 3B). The bottom surface of the
molecule contains two deep hydrophobic pock-
ets that are clearly visible (Fig. 3C). The resi-
dues that form the extended charged patches are
conserved among known metazoan TAE;250
sequences, which points to a possible functional
role.

A fortuitous crystal contact between symme-
try-related molecules within the crystal lattice
mimics potential interactions between the bro-
modomain and acetyllysine residues. The
most NH,-terminal residues of the TAF;250
fragment (G1359, T1360, and T1361) are in-
serted into the hydrophobic pocket from the
first domain of a symmetry-related molecule
within the crystal lattice. There the first three
residues make contact with the conserved ar-
omatic residues F1405, Y1417, and Y1459
and other hydrophobic residues that form the

W i o

?? TFHD Intrinsic HAT
n and Kinase Activities

affinity of TFIID for the core promoter. The bromodomain-mediated increase in affinity for the
acetylated histones near the core promoter would provide a linkage between histone acetylation
and transcriptional activation by enhanced preinitiation complex formation. Such a model would

not preclude other activation pathways.
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binding pocket (Fig. 3C).

To span the distance of 25 A between the
two binding pockets would require about seven
residues. Sites of acetylation observed on H4 in
vivo (K5, K8, K12, and K16) in active euchro-
matin (/5) are consistent with this spacing. We
performed further binding assays to define
which sites of acetylation are important for the
TAF,;250-DBD-H4 interaction. Peptides con-
taining acetyllysine at K16, at K8/K16, and at
K5/K12 were synthesized. The ITC measure-
ments (Fig. 1) detected no significant binding
for the unacetylated peptide, whereas multiple
acetylation of H4 tails at lysine residues K5/
K12, K8/K16, or K5/K8/K12/K16 dramatically
enhanced binding. The K5/K12 peptide bound
most tightly (K; = 1.4 £ 03 pM; n = 1.05 =
0.03), followed by the K5/K8/K12/K16 peptide
(K; = 53 £ 02 uM; n = 1.00 = 0.01).
Affinity for the fully acetylated K5/K8/K12/
K16 peptide did not dramatically increase rela-
tive to K8/K16 (K; = 5.6 £ 02 uM; n =
0.81 = 0.01). However, singly acetylated pep-
tides (K16) bound with reduced but still signif-
icant affinity (K; ~ 40 uM) (Fig. 1). In contrast,
a control peptide (KPGQPMYKGKKALR-
RQETVDAL) unrelated to histone tails acety-
lated at the NH,-terminus and at K8 did not bind
detectably to the bromodomains of TAF,;250.
These data suggest that a single acetylated
lysine within a peptide unrelated to histone
H4 is not sufficient for high-affinity binding
to the TAF;;250 bromodomains.

The ability of the double bromodomain of
TAE;;250 to recognize histone H4 peptide tails
containing transcriptionally relevant patterns of
acetylation coupled with the striking distribution
of charged residues on the protein fragment’s
surface hints at a new and unexpected role for
TAF,;250. We suggest that these bromodomains
may serve to target TFIID to promoters near or
within regions of the chromosome that are nu-
cleosome-bound. This would be in contrast to
the notion that TFIID nucleates preinitiation
complexes at nucleosome-free regions. Upon
recognition of the acetylated tails of histone H4,
the charged surfaces of the double bromodo-
main could potentially make nonspecific con-
tacts with the nucleic acid on the basic side of
the double bromodomain and contact the core
histone molecules along the acidic surface. This
notion provides an attractive possibility because
TATA elements are often located near or within
nucleosomes in vivo (/6). A simplified scheme
linking histone acetylation and core promoter
recognition by TFIID (Fig. 4) might include
recruitment by upstream activators of coactiva-
tor HAT activities such as CBP (5, 17) or GenS
(18). These HATs could then acetylate appro-
priate lysine residues of the histones near core
promoters thereby increasing affinity for TFIID.
At this point there is no evidence that proteins
containing both bromodomains and HAT do-
mains concomitantly bind the same substrate.
Thus the TAF,;250 HAT could potentially acet-
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ylate histones downstream of the core promoter,
other basal transcription factors, or other as yet
unidentified protein targets. This could set up a
cascade of acetylation events opening the tem-
plate and rendering it competent for activated
transcription. This model would include a direct
role for TFIID in targeting transcriptionally rel-
evant patterns of acetylation within the histone
tails and could provide a link between HAT
activities and enhanced initiation through in-
creased recruitment of TFIID to genes contain-
ing multiply acetylated histone tails.
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Rapid Destruction of Human
Cdc25A in Response to DNA
Damage

Niels Mailand, Jacob Falck, Claudia Lukas, Randi G. Syljuasen,
Markus Welcker, Jiri Bartek,* Jiri Lukas

To protect genome integrity and ensure survival, eukaryotic cells exposed to
genotoxic stress cease proliferating to provide time for DNA repair. Human cells
responded to ultraviolet light or ionizing radiation by rapid, ubiquitin- and
proteasome-dependent protein degradation of Cdc25A, a phosphatase that is
required for progression from G, to S phase of the cell cycle. This response
involved activated Chk1 protein kinase but not the p53 pathway, and the
persisting inhibitory tyrosine phosphorylation of Cdk2 blocked entry into S
phase and DNA replication. Overexpression of Cdc25A bypassed this mecha-
nism, leading to enhanced DNA damage and decreased cell survival. These
results identify specific degradation of Cdc25A as part of the DNA damage
checkpoint mechanism and suggest how Cdc25A overexpression in human
cancers might contribute to tumorigenesis.

High-fidelity maintenance of genomic integ-
rity in eukaryotes is ensured by DNA repair
and cell cycle checkpoints, surveillance path-

ways that respond to DNA damage by inhib-
iting critical cell cycle events (/). The key
G, -phase checkpoint in mammalian cells re-

1425



