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ABSTRACT: Numerous transcription factors interact with the basal transcriptional machinery through the
transcriptional co-activators p300 and CREB-binding protein (CBP). The Zn2+-binding cysteine/histidine-
rich 1 (CH1) domain of p300/CBP binds many of these transcription factors, including hypoxia-inducible
factor (HIF). We studied the structural and biophysical properties of the p300 CH1 domain alone and
bound to the HIF-1R C-terminal transactivation domain (TAD) to understand the diverse binding properties
of CH1. The Zn2+-bound CH1 domain (CH1-Zn2+) and the HIF-1R TAD-CH1 complex (CH1-Zn2+-
HIF-1R) are similarly helical, whereas metal-free CH1 is mostly random coil. CH1-Zn2+ undergoes
noncooperative thermal denaturation, does not have a near-UV elliptical signal, and binds the hydrophobic
fluorophore ANS. In contrast, the CH1-Zn2+-HIF-1R complex undergoes cooperative thermal
denaturation, does produce a near-UV signal, and does not bind ANS. Addition of Zn2+ ions to metal-
free CH1 produced one conformational change, and subsequent addition of a HIF-1R TAD peptide induced
a second conformational change as detected by intrinsic tryptophan fluorescence spectroscopy. The NMR
1H-15N HSQC spectrum of CH1-Zn2+ exhibits few poorly dispersed peaks with broad line widths.
Removal of metal ions produces more poorly dispersed peaks with sharper line widths. Addition of a
HIF-1R TAD peptide to CH1-Zn2+ produces many well-dispersed peaks with sharp line widths. Taken
together, these data support three conformational states for CH1, including an unstructured metal-free
domain, a partially structured Zn2+-bound domain with molten globule characteristics, and a stable, well-
ordered HIF-1R TAD-CH1 complex.

Transcriptional activation requires the coordinated as-
sembly of large protein complexes at gene promoters (1).
Essential components of these transcriptosomes include a
transcription factor, one or more transcriptional co-activators,
and the basal transcriptional machinery, including RNA
polymerase. General transcriptional co-activators belonging
to the p300/CBP1 family serve as adapters between a
multitude of transcription factors and the basal transcriptional

machinery. In addition, they facilitate transcription by
opening chromatin through their intrinsic histone acetyl-
transferase activity. Recently, p300 was shown to have
ubiquitin ligase activity used to target p53 for degradation
(2). Consequently, p300/CBP has diverse roles in cell growth,
differentiation, transformation, and apoptosis (3, 4). Defi-
ciencies of p300 and CBP result in developmental disorders
in animals and humans; the human disease Rubinstein-Taybi
syndrome is caused by heterozygosity for CBP gene muta-
tions (5). In addition, chromosomal translocations in some
hematological malignancies produce fusions of p300/CBP
with other proteins (6).

CBP and p300 are paralogous proteins containing multiple
protein interaction domains (Figure 1A), some of which can
bind numerous transcription factors (7-9). Many of these
transcription factors bind to the Zn2+-binding cysteine/
histidine-rich domains, CH1 and CH3 [also termed TAZ1
and TAZ2 (10), respectively]. Remarkably, the 100-residue
CH1 and CH3 domains are approximately 30% identical,
yet they bind nearly distinct sets of transcription factors. For
instance, CH1 binds HIF-1R, CITED2, Stat2, p53, MDM2,
NFκB, Ets-1, and others (11-16). Of these transcription
factors, CH3 binds only Ets-1 and p53; however, different
regions of p53 interact with CH1 and CH3 (14, 17).
Therefore, important questions about p300/CBP function
relate to the diverse yet specific binding properties of CH1
and CH3. CH2 is also a Zn2+-binding domain but is
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FIGURE 1: Domains of p300/CBP and CH1/CH3 sequences and structures. (A) Schematic representation of the p300/CBP domains from
the N-terminus to the C-terminus. In order, these are nuclear hormone receptor-binding domain (Nu), CH1, CREB-binding domain (KIX),
bromodomain (Br), CH2, histone acetyltransferase domain (HAT), CH3, glutamine-rich domain (Q), and interferon regulatory factor 3-binding
domain (I). Lists of CH1- and CH3-binding transcription factors are shown. (B) Sequences of human p300 and CBP CH1 and CH3 are
aligned. Helical regions of CH1 derived from the HIF-1R TAD-CH1 complex are shown in dark blue (19). Strictly conserved histidines
and cysteines of the three HCCC Zn2+-binding clusters are grouped according to color. The arrowheads indicate insertions in the CH3
sequences relative to the CH1 sequences, and the number of residues inserted is shown. (C) Structure of the HIF-1R TAD-p300 CH1
complex [PDB entry 1L3E (19)]. (D) Structure of the CITED2 TAD-p300 CH1 complex [PDB entry 1P4Q (21)]. (E) Structure of CH3
[PDB entry 1F81 (26)]. (F) Superimposition of CH1 domains from the HIF-1R-p300 complex and the CITED2-p300 complex indicating
differences in the helixR1 and first Zn2+-binding loop conformations. (G) Superimposition of CH1 from the HIF-1R-p300 complex and
free CH3 indicating the differences in the third Zn2+-binding loop and helixR4 conformations. (H) Same superimposition as in panel G
indicating differences in the first Zn2+-binding loop conformations due to an eight-residue insertion in the CH1 sequence. HIF-1R is colored
red, CITED2 yellow, CH1 from the HIF-1R complex dark blue, CH1 from the CITED2 complex magenta, and CH3 light blue, and Zn2+

ions are colored green. Arrows point to regions of conformational differences between superimposed structures.
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homologous to PHD fingers (18); its function in p300/CBP
is not as well characterized as that of CH1 or CH3.

Recruitment of p300/CBP by HIF-1 is becoming a model
system for understanding CH1 domain interactions (11, 19-
21). HIF-1 transcribes hypoxia-response genes, including
vascular endothelial growth factor, erythropoietin, nitric oxide
synthetase, and glycolytic enzymes, in response to a hypoxic
stimulus (22). HIF-1 is heterodimeric and contains an
oxygen-sensitive HIF-1R subunit and a constitutively ex-
pressed HIF-1â subunit. During hypoxia, HIF-1 recruits
p300/CBP to promoters containing hypoxia-response ele-
ments through a high-affinity interaction between the HIF-
1R transactivation domain and the p300/CBP CH1 domain
(11, 19, 20). Binding to CH1 is prevented during normoxia
by post-translational hydroxylation of Asn803 within the
HIF-1R transactivation domain (23); this modification has
the dual role of disrupting a helix in the HIF-1R transacti-
vation domain and sterically interfering with binding to CH1
(19). In addition, hydroxylation of Pro402 and Pro564 targets
HIF-1R for ubiquitin-mediated degradation by allowing it
to interact with the von Hippel-Lindau protein (pVHL), a
component of an E3 ubiquitin ligase complex (24, 25).
Interestingly, CITED2, a hypoxia-response gene product of
HIF-1, can turn off HIF-1-mediated transcription by compet-
ing with HIF-1R for binding to the CH1 domain (12).

The structures of free CH3 and bound CH1 in complexes
with the HIF-1R TAD and CITED2 TAD are known (19-
21, 26, 27). Free CH3 and ligand-bound CH1 are structurally
homologous as expected on the basis of sequence homology;
each domain has three long helices that cross each other to
form a compact globular fold (Figure 1). A fourth helix
projects away from the core CH1-CH3 structure, but is
oriented differently in each domain. Connecting the helices
are three loops, each of which coordinates one Zn2+ ion
through three cysteines and one histidine. The HIF-1R and
CITED2 TADs interact with CH1 by wrapping around helix
R3 and helix R1, respectively (21). Thus, one structural
explanation for CH1’s diverse binding properties is that it
has more than one binding surface. The TAD binding
surfaces on CH1 do, however, overlap, and therefore,
competition for this common binding site is the structural
basis for negative regulation of HIF-1R by CITED2 (21).
Interestingly, helixR4 in CH3 occupies the same confor-
mational space that the HIF-1R and CITED2 TADs occupy
on CH1, thereby providing a potential structural explanation
for CH1 specificity. However, the absence of a free CH1
structure precludes a firm conclusion about whether the helix
R4 conformation is a true structural difference between CH1
and CH3 or whether it simply represents a ligand-induced
conformational change in the former.

A current model for CH1 binding is that CH1 presents a
stable structural scaffold for protein folding. Our group and
others have demonstrated that transactivation domains from
HIF-1R and CITED2 bind and fold on CH1 simultaneously
(19, 21). In this report, we describe the biophysical and
structural properties of CH1 in the absence of a protein ligand
and compare them to those of a HIF-1R TAD-p300 CH1
complex. We find that CH1 can exist in three different
conformational states depending on whether it is metal-free,
bound to Zn2+, or bound to Zn2+ and HIF-1R. The functional
implications of this three-state model for CH1 are discussed.

MATERIALS AND METHODS

Protein Preparation.The human HIF-1R TAD (786-
826)-p300 CH1 (323-423) complex was expressed in
Escherichia coliand purified using the GST-glutathione
expression and purification system as described previously
(19). A synthetic HIF-1R TAD peptide (790-826) was
prepared using standard Fmoc chemistry on an Applied
Biosystems 430A peptide synthesizer. Following cleavage,
the peptide was purified by HPLC (Beckman, System Gold)
over a C18 reverse-phase column (Vydac, 250 mm× 21.5
mm) using a linear gradient of acetonitrile and 0.1%
trifluoroacetic acid. Alternatively, a recombinant HIF-1R
TAD peptide (786-826) was obtained by separating the
purified HIF-1R (786-826)-p300 (323-423) complex by
reverse-phase HPLC. Elution fractions containing peptides
were pooled and lyophilized for storage at-20 °C.

The CH1 domain (323-423) was expressed inE. coli
strain BL21(DE3) using a pACYC plasmid. Typically,
bacteria (1 L) were grown in LB medium at 37°C to an
optical density of 0.5-0.6 at 600 nm, and then induced with
1 mM IPTG for 3 h at thesame temperature. Alternatively,
bacteria were grown and induced in15N-containing minimal
medium (Bio-Express, Cambridge Isotope Labs) to prepare
isotope-labeled CH1 for NMR spectroscopy. Bacteria were
harvested at 6000g for 20 min, washed with 50 mL of 20
mM Tris-HCl (pH 8.0), reharvested, and then frozen at-20
°C. The bacterial pellet was thawed at room temperature,
resuspended in 50 mL of 20 mM Tris-HCl (pH 8.0), 0.1
mg/mL lysozyme, 1 mM dithiothreitol, 0.1 mM ZnSO4, and
one EDTA-free protease inhibitor tablet (Roche Molecular
Biochemicals), and then sonicated. The soluble fraction was
separated from inclusion bodies and other insoluble material
by ultracentrifugation at 40 000 rpm for 30 min using a 70Ti
rotor (Beckman). CH1 obtained from bacteria grown in LB
was mostly soluble, whereas15N-labeled CH1 obtained from
bacteria grown in minimal media was mostly insoluble;
nutrient-enriched Bio-Express minimal medium (Cambridge
Isotope Labs) improved the recovery of soluble15N-labeled
CH1. The CH1 pI of 9.39 enabled separation from mostE.
coli proteins by cation exchange at pH 8.0. Thus, the soluble
fraction of bacterial extract was filtered through a 0.2µm
filter, then loaded through a superloop over a 1 mLHiTrap
SP HP column (Amersham Biosciences) in 20 mM Tris-
HCl (pH 8.0) and 0.1 mM ZnSO4, and eluted in a continuous
NaCl gradient using an A¨ KTA purifier (Amersham Bio-
sciences). The elution fractions containing CH1 were pooled
and concentrated using a 15 mL ultrafree centrifugal filter
device (Millipore), and then purified again over a Superdex
75 HR gel filtration column (Amersham Biosciences). The
sample volume was reduced to 0.5 mL, and the final con-
centration was determined by absorbance at 280 nm (extinc-
tion coefficient of 5690 M-1 cm-1). The purity and quality
of the sample were assessed by SDS-PAGE. All CH1 sam-
ples contained Zn2+ ions unless they were removed inten-
tionally by chelation with EDTA or by repurification using
reverse-phase HPLC; a possible perturbation in pH because
of the addition of EDTA was controlled with the buffers
used as confirmed by measuring the pH of the samples.

CD Spectroscopy.CD spectra were recorded on an Aviv
62DS spectropolarimeter equipped with a thermoelectric
temperature controller. CH1-Zn2+ and CH1-Zn2+-HIF-
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1R samples contained 5µM protein (for a 1.0 cm cell) or
20 µM protein (for a 0.1 cm cell) in a buffer containing 20
mM MES (pH 6.0) and 100 mM NaCl, or 20 mM Tris-HCl
(pH 8.0) and 100 mM NaCl. Metal-free CH1 was prepared
by chelating Zn2+ ions with 5 mM EDTA. Far-UV and near-
UV CD spectra represent the average of five scans measured
at 25 °C using a step size of 1 nm and a signal averaging
time of 3 s. Thermal denaturation was assessed at 222 nm
between 25 and 80°C in 2 °C increments with equilibration
over 2 min and data acquisition over 30 s. All spectra were
corrected for the baseline by subtracting control spectra of
buffer alone. The following equation was used to convert
raw data in mole degrees to molar ellipticity per residue:
(mole degrees× 100)/(number of amino acids× path length
× peptide concentration).

Fluorescence Spectroscopy.Spectra were recorded on an
SLM 8000C fluorescence spectrometer at 25°C using a 1
cm path length cuvette and 4 nm excitation and 4 nm emis-
sion slit widths. Following excitation at 280 or 295 nm, base-
line emission spectra of 2µM metal-free CH1, CH1-Zn2+,
or CH1-Zn2+-HIF-1R in 20 mM MES (pH 6.0) or in 20
mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.1 mM ZnSO4

were recorded from 200 to 400 nm at intervals of 1 nm/s.
For ANS binding experiments, baseline emission spectra

of 2 µM ANS (Molecular Probes) in 20 mM MES (pH 6.0)
or in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.1
mM ZnSO4 were recorded between 375 and 650 nm at in-
tervals of 1 nm/s following excitation at 370 nm. Following
the addition of metal-free CH1, CH1-Zn2+, or CH1-Zn2+-
HIF-1R to a final concentration of 2µM, ANS emission spec-
tra were acquired again and compared to those for ANS
alone.

For Zn2+ binding experiments, samples contained 1µM
metal-free CH1, 20 mM MES (pH 6.0), and 100 mM NaCl.
Metal-free CH1 was prepared by chelating Zn2+ from CH1
with EDTA (2 mM), and then repurifying metal-free CH1
by gel filtration (Superdex 75 HR) in 20 mM MES (pH 6.0)
and 100 mM NaCl pretreated with Chelex beads (Bio-Rad)
to remove ambient levels of Zn2+ ions. Samples were excited
at 280 nm, and fluorescence emission was measured at 335
nm. Samples were allowed to equilibrate for 5 min following
each titration, and then fluorescence data points were
recorded at 1 s intervals for 100 s. EDTA (2 mM) was added
at the end of Zn2+ titration to assess reversibility. Zn2+

binding spectra were corrected for buffer dilution effects by
subtracting spectra obtained with buffer alone.

For HIF-1R binding experiments, samples contained 1µM
CH1-Zn2+, 50 mM Tris-HCl (pH 8.0) or 20 mM MES (pH
6.0), and 100 mM NaCl. Samples were excited at 280 nm,
and fluorescence emission was measured at 335 nm. Samples
were allowed to equilibrate for 5 min following each titration,
and then fluorescence data points were recorded at1/10 s
intervals for 5 s. HIF-1R binding spectra were corrected for
dilution and HIF-1R peptide effects by subtracting spectra
obtained by HIF-1R titration in the presence of 2 mM EDTA.
The final fluorescence for both Zn2+ and HIF-1R binding
experiments is reported as [(F1 - F0)/F1] × 100, whereF0

is the initial fluorescence andF1 the final fluorescence. Each
data point represents the average value for all data points
collected at each ligand concentration.

NMR Spectroscopy.All 1H-15N HSQC spectra were
acquired at 25°C on a Bruker Avance 500 or 600 MHz

spectrometer equipped with cryogenic probes. A sample con-
taining 100µM 15N-labeled CH1, 5 mM deuterated MES
(pH 6.0), 100 mM NaCl, 0.1 mM ZnSO4, and 10.0% (v/v)
D2O was prepared by buffer exchange over a PD10 column
(Amersham Biosciences). Addition of unlabeled HIF-1R pep-
tide (790-826) to a final concentration of 250µM was used
to assess formation of a CH1-Zn2+-HIF-1R complex. Met-
al-free CH1 was prepared by addition of 2 mM EDTA to
[15N]CH1-Zn2+. NMR processing and analysis were carried
out using PROSA (28) and XEASY (29). Structures in Figure
1 were prepared using the graphics display program MOL-
MOL (30, 44).

RESULTS

The far-UV CD spectrum of CH1-Zn2+ shows that the
major secondary structure is helical as for the CH1-Zn2+-
HIF-1R complex (Figure 2A). Spectra of CH1-Zn2+ in 100
mM NaCl at pH 6 and 8 were the same (data not shown);
therefore, all further experiments were performed at either
pH value or at both values. The thermal stability of CH1-
Zn2+ helical structure between 25 and 80°C was monitored
by changes in ellipticity at 222 nm (Figure 2B). Unexpect-
edly, the melting curve shows noncooperative, reversible
unfolding, which is characteristic of molten globule proteins.
This result differs from the cooperative, unfolding pattern
of the CH1-Zn2+-HIF-1R complex as reported by us
previously (21) and reproduced again here. The CD spectrum

FIGURE 2: Far-UV CD spectra and thermal denaturation of CH1.
(A) CD spectra of CH1-Zn2+ (b) and CH1-Zn2+-HIF-1R (2)
show similar helical patterns characterized by negative deflections
at 222 and 209 nm. In contrast, metal-free CH1 (O) is mostly
random coil. (B) The thermal unfolding of CH1-Zn2+ (b) as a
function of molar ellipticity per residue at 222 nm is linear, whereas
unfolding of CH1-Zn2+-HIF-1R (2) is cooperative. Metal-free
CH1 (O) has negligible ellipticity at this wavelength and is mostly
unfolded at the starting temperature (25°C).
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of metal-free CH1 exhibits a marked loss of helical structure,
and no significant change in ellipticity at 222 nm when
heated to the maximal temperature (Figure 2).

On the basis of the results presented above, we performed
additional experiments to characterize the molten globule
features of CH1-Zn2+, and then compare them to the
structural features of CH1-Zn2+-HIF-1R. The hydrophobic
fluorophore, ANS, characteristically binds molten globule
proteins because their hydrophobic interiors are open and
accessible, but does not bind compact, well-ordered globular
structures whose hydrophobic cores are protected from sol-
vent. We found that addition of CH1-Zn2+ to ANS enhanced
the ANS fluorescence emission spectrum and was therefore
consistent with ANS binding (Figure 3). Metal-free CH1 also
bound ANS (data not shown). In contrast, addition of CH1-
Zn2+-HIF-1R at the same concentration did not perturb the
ANS emission spectrum. Another classical feature of molten
globule proteins is the absence of a near-UV elliptical signal.
Neither CH1-Zn2+ nor metal-free CH1 exhibits an elliptical
signal in the near-UV range (Figure 4). In contrast, CH1-
Zn2+-HIF-1R did have a weak signal. Disruption of this
complex by removing Zn2+ ions with EDTA caused the loss
of this absorption signal.

The CH1 domain binds three Zn2+ ions as determined
by electrospray mass spectrometry and by the structural
organization of Zn2+-binding residues into three discrete
coordination centers in the CH1-Zn2+-HIF-1R structure
(19, 20). A Zn2+ binding experiment was performed to
measure the average binding affinity for Zn2+ ions. Tryp-
tophan 403 in CH1 is the only fluorophore, and therefore
provides an intrinsic probe for monitoring conformational
changes associated with Zn2+ binding. Excitation of CH1-
Zn2+ at 280 nm has a wavelength of maximal emission (λmax)
of 338 nm; in contrast, theλmax for CH1 when Zn2+ ions are
removed with EDTA is 349 nm and relatively quenched,
and theλmax for CH1-Zn2+-HIF-1R is 328 nm (data not
shown). The red shift ofλmax for metal-free CH1 and the
blue shift ofλmax for CH1-Zn2+-HIF-1R are consistent with
a less folded state and more folded state, respectively,
compared to CH1-Zn2+. Titration of metal-free CH1
(prepared without EDTA present) with Zn2+ resulted in a
sigmoidal pattern of fluorescence enhancement (Figure 5A).
The EC50 value is 1.6µM. As expected, the addition of
EDTA reversed the fluorescence change to baseline. Also
as expected, addition of excess Zn2+ to CH1-Zn2+ in a Zn2+-
free solvent had no effect on fluorescence. Thus, Zn2+

binding is associated with a conformational change in CH1
as detected by intrinsic tryptophan fluorescence.

The CH1 and HIF-1R peptides can be coexpressed in
bacteria and purified as a complex. Next, we determined
whether this complex could be reconstituted from purified
peptides. Binding of the HIF-1R peptide (residues 786-826)

FIGURE 3: ANS binding to CH1. Fluorescence emission spectra
of ANS alone (O), ANS with CH1-Zn2+ (b), and ANS with CH1-
Zn2+-HIF-1R (2). ANS binds CH1-Zn2+ but does not bind CH1-
Zn2+-HIF-1R.

FIGURE 4: Near-UV CD spectra of CH1. The CD spectrum of
CH1-Zn2+-HIF-1R (2) has a near-UV signal, whereas the spectra
of CH1-Zn2+ (b), metal-free CH1 (O), and a CH1-Zn2+-HIF-
1R complex disrupted by EDTA (4) do not exhibit any emission
changes in this region.

FIGURE 5: Conformational changes upon Zn2+ and HIF-1R TAD
binding to CH1. (A) Fluorescence change of metal-free CH1 as a
function of increasing Zn2+ concentration. (B) Fluorescence change
of CH1-Zn2+ as a function of increasing HIF-1R TAD peptide
concentration.
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to CH1-Zn2+ was monitored by fluorescence spectroscopy
(Figure 5B). Addition of the HIF-1R peptide caused a
fluorescence decrease that plateaued in the low micromolar
range, and had an EC50 value of 200 nM. In contrast, no
fluorescence change was detected when the HIF-1R peptide
was added to metal-free CH1 (i.e., in the presence of excess
EDTA). Thus, binding of HIF-1R to CH1 induces a second
conformational change in CH1.

The 1H-15N HSQC spectrum of a protein provides a
“fingerprint” of its structure because the chemical environ-
ment of each residue affects its backbone amide proton and
nitrogen chemical shift values. The spectrum of Zn2+-bound
CH1 is shown in Figure 6. There are fewer than expected
cross-peaks present, and they have extremely broad line
widths. The broad peaks are likely the result of chemical

exchange phenomena among many conformational states;
protein aggregation is excluded by the monomeric size of
CH1 estimated by gel filtration (data not shown). Thus, these
NMR data are consistent with CH1 as a molten globule (31).
Addition of EDTA to remove Zn2+ ions produces more cross-
peaks with sharper line widths. All amide protons are
centered around the random coil value of 8.35 ppm,
consistent with a completely unfolded molecule. Addition
of a 2.5-fold molar excess of unlabeled HIF-1R peptide
(790-826) to the CH1-Zn2+ protein produced a marked
increase in the number of cross-peaks having narrow line
widths. Moreover, the dispersion of these cross-peaks
indicates a well-ordered structure. The cross-peak pattern is
nearly identical to that of a HIF-1R TAD-CH1 complex
coexpressed in bacteria and purified as a complex (19). The
removal of metal ions from CH1 precludes HIF-1R TAD
from binding.

DISCUSSION

This study demonstrates different conformational states
for metal-free CH1, Zn2+-bound CH1, and the HIF-1R-CH1
complex. CH1-Zn2+ has significant helical secondary
structure, but lacks well-defined tertiary structure. In contrast,
metal-free CH1 is almost completely disordered, and CH1
in complex with the HIF-1R TAD is stable and completely
ordered. It is unlikely that bacteria misfold free CH1-Zn2+

because the same bacteria produce correctly folded com-
plexes between CH1 and HIF-1R or CITED2 TADs (19, 21),
and as shown here, free CH1-Zn2+ can bind a HIF-1R TAD
peptide to saturation. In fact, when CH1 is denatured by
HPLC purification in acetonitrile and then refolded with Zn2+

under different conditions, the refolded CH1-Zn2+ has
different structural and functional properties compared to
CH1-Zn2+ purified from bacteria. The1H-15N HSQC
spectrum of refolded CH1-Zn2+ shows a small population
of weak cross-peaks, which appear like the bacterially
produced form, but a major population of strong cross-peaks
with narrow line widths and intermediate dispersion (relative
to the unfolded form and the form in complex with HIF-
1R), suggestive of a misfolded protein (data not shown).
Moreover, only a small fraction of this refolded protein can
bind the HIF-1R TAD peptide in contrast to fully functional,
bacterially produced CH1-Zn2+.

Previous work suggested that metal-free CH1 was disor-
dered on the basis of the absence of NMR chemical shift
dispersion when a complex of CH1 and HIF-1R were
disrupted with EDTA (19). However, no other structural or
biophysical information was available for full-length metal-
free or Zn2+-bound CH1. In a study by Newton et al., a 27-
residue Zn2+-bound CH1 peptide (CBP residues 376-402)
had some helical content on the basis of CD and HR proton
chemical shift index data (32). This region corresponds to
helix R2 in the HIF-1R-CH1 complex structures (19, 20).
The ends of the peptide contain partial HCCC Zn2+-binding
motifs for two Zn2+ ions (i.e., the two C-terminal cysteines
from Zn2+-binding site 1 and the N-terminal histidine and
cysteine from Zn2+-binding site 2). The three-dimensional
structure of this peptide was determined by NMR spectros-
copy, and shows two short helices connected by a loop (33).
The tertiary structure is defined by coordination of a single
Zn2+ ion. The authors acknowledge that this structure
represents a nonphysiologically active form due to the variant

FIGURE 6: NMR 1H-15N HSQC spectra of CH1: (top) CH1-
Zn2+, (middle) metal-free CH1, and (bottom) CH1-Zn2+-HIF-
1R. Note that the CH1-Zn2+ spectrum exhibits only a few poorly
dispersed cross-peaks which are broad; that of metal-free CH1
shows more poorly dispersed cross-peaks with narrower line widths,
and that of CH1-Zn2+-HIF-1R has many dispersed cross-peaks
with narrow line widths. Each spectrum, therefore, represents a
different CH1 structure.
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Zn2+-binding motif (CCHC instead of native HCCC), and
have termed it a CHANCE finger (cysteine/histidine exhibit-
ing a nonexpected conformational ensemble). Nonetheless,
this fold proved to be stable to thermal denaturation and
multiple alanine substitutions. These structural and biophysi-
cal attributes differ substantially from those of full-length
CH1-Zn2+ determined here.

A molten globule is defined as a partially folded structural
intermediate (34-36). As such, molten globules have native-
like secondary structure but are devoid of the fixed packing
interactions that define a stable tertiary structure.R-Lactal-
bumin (RLA) has served as a model in studying the molten
globule state (37). RLA forms a molten globule under
denaturing conditions (e.g., low pH) or in the absence of
Ca2+ ions. Several criteria have been put forth to classify
the molten globule state (38), many of which belong to the
Zn2+-bound CH1 domain. (1) The secondary structure
content determined by far-UV CD spectroscopy is similar
in the molten globule and folded states. (2) The environments
of the side chains determined by near-UV CD spectroscopy
and NMR spectroscopy are homogeneous for the molten
globule state and asymmetric for the folded state. (3)
Unfolding of the molten globule state is rapid and nonco-
operative, whereas unfolding of the folded state is slow and
cooperative. (4) The solvent-exposed hydrophobic core of
molten globules binds the hydrophobic fluorophore ANS,
whereas the fully folded form cannot do the same. Unfor-
tunately, the absence of stable tertiary structure and confor-
mational heterogeneity has precluded high-resolution struc-
ture determination of molten globule proteins. The molten
globule state ofRLA produces very few1H-15N cross-peaks
by NMR spectroscopy (31). This result is attributed to
extreme broadening of cross-peaks as a result of conforma-
tional fluctuation on a millisecond time scale (39). We found
similar results for CH1-Zn2+ whereby there were fewer and
broader cross-peaks than in the fully folded form (in complex
with HIF-1R) or unfolded metal-free form. The visible cross-
peaks of CH1-Zn2+ are poorly dispersed; most likely, cross-
peaks belonging to residues in partially folded regions are
more dispersed but too broad to be observed.

The results presented here for Zn2+-bound CH1 are in stark
contrast to those reported by De Guzman et al. for Zn2+-
bound CH3 (26). The 1H-15N HSQC spectrum of CH3-
Zn2+ looks all together different from that for CH1-Zn2+;
there are numerous, well-dispersed peaks with narrow line
widths for CH3-Zn2+ (26). Consequently, CH3-Zn2+ has
well-defined secondary and tertiary structures. These dra-
matic differences between free CH1-Zn2+ and CH3-Zn2+

structures are surprising given that CH1 in complexes with
HIF-1R or CITED2 TADs is structurally homologous to free
CH3-Zn2+ (i.e., rmsd of 1.0 Å) (19). However, chimeras
between different species ofRLA, and even single-amino
acid substitutions inRLA, can help stabilize the molten
globule state (40, 41). Therefore, subtle sequence differences
between CH1 and CH3 may have pronounced effects on the
structural stability of this Zn2+-binding module. We also
speculate that differences in the Zn2+-binding sites between
CH1 and CH3 may be responsible for their structural
differences. For instance, the first Zn2+-binding site in CH1
has an eight-amino acid insertion between the second and
third cysteines of the HCCC motif. As a result, the structure
of the first Zn2+-binding loop is different for free CH3 and

bound CH1 in complex with HIF-1R and CITED2 TADs
(Figure 1). In free CH1-Zn2+, this insertion may destabilize
the first Zn2+-binding site until CH1 binds a transcription
factor ligand. The conformational differences between the
first Zn2+-binding loop in the HIF-1R-CH1 complex and
CITED2-CH1 complex are consistent with the notion of a
flexible first Zn2+-binding loop (Figure 1).

What is the biological importance of this three-state model
of CH1? Metal-free CH1 does not bind transcription factor
TADs (19, 21). Thus, the accessibility to Zn2+ ions within
the cell will determine if p300/CBP can interact with certain
transcription factors. Transcription factor TADs derived from
HIF-1R and CITED2 are unstructured until they bind CH1
and fold. A current model for CH1 protein interactions is
one in which CH1 provides a versatile scaffold for protein
folding, thereby implying that Zn2+-bound CH1 has a rigid
structure. In fact, this model should now be modified to
incorporate the current structural information indicating that
Zn2+-bound CH1 is only partially folded. It thus appears that
CH1 and its transcription factor ligandscofold to produce a
compact, stable complex structure. Cofolding was also
observed between the p160 nuclear-receptor coactivator and
a C-terminal domain of CBP, which the authors of this report
termed “mutual synergistic folding” (42). More generally,
folding as a means of binding is becoming an increasingly
common theme in protein-protein interactions, and provides
a mechanism by which one structural domain can interact
with multiple partners (43). Part of this versatility in protein-
protein interaction is a product of the structural plasticity
inherent in a folding model for binding. For instance, the
crossing angles of helixR1 with respect to the rest of the
CH1 structure differ between the HIF-1R-CH1 and CITED2-
CH1 complex structures (Figure 1). This plasticity of CH1
is necessary to accommodate binding to either HIF-1R or
CITED2 without steric interference; rigid body interactions
would not be quite as tolerant. In addition, the helixR4
conformational differences between ligand-bound CH1 and
free CH3 may not impart structural specificity for transcrip-
tion factor binding as initially suggested (19, 21), but instead
represent a ligand-induced change upon cofolding. Another
advantage of cofolding is that each protein in the complex
can present large internal hydrophobic surfaces for enhanced
binding affinity. Indeed, both the HIF-1R TAD-CH1 and
CITED2 TAD-CH1 complexes have extensive intermo-
lecular surfaces larger than most protein-protein interactions
and have binding affinities in the low nanomolar range (19,
21). Consequently, these complexes appear like single
structural domains (Figure 1).

In conclusion, the p300 CH1 domain can assume three
conformational states depending on Zn2+ ion and transcrip-
tion factor binding. The characterization of Zn2+-bound CH1
as a partially folded molecule with molten globule features
is a novel, unexpected finding. These results add substantially
to our understanding of how p300/CBP functions as an
adaptor between numerous transcription factors and the basal
transcriptional machinery.
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