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T ranscriptional activators are essential for high fi-
delity transcription, responsible for seeking out
particular genes and up-regulating them to pre-

cise levels in a signal-responsive fashion (1, 2). Indeed,
the altered transcription patterns observed in disease
states can often be attributed to malfunctioning and/or
misregulated transcriptional activators (3–6). Alter-
ations in the function of the tumor suppressor p53, for
example, are found in �50% of all human cancers (7,
8); similarly, constitutively active NF-�B, an activator that
regulates genes responsible for apoptosis, inflamma-
tory response, and proliferation, is observed in inflam-
matory disorders and most cancers (9, 10). There is thus
tremendous interest in the development of activator ar-
tificial transcription factors (activator ATFs), nonnatural
molecules programmed to perform the same function as
endogenous activators, as both mechanistic tools and
as transcription-targeted therapeutic agents (2, 11–14).
The architecture of activator ATFs is analogous to that
of their natural counterparts in that they minimally con-
sist of a DNA binding domain (DBD) that confers gene-
targeting specificity and a transcriptional activation do-
main (TAD) that controls the extent of gene activation. Of
the two domains, it has proven more challenging to
identify small molecule TAD replacements with func-
tional properties comparable to those of the natural sys-
tem despite their likely advantageous stability, deliv-
ery, and/or immunogenic properties (2).

The challenges associated with small molecule TAD
discovery are due in large part to the scarcity of
molecular-level details regarding natural TAD function.
The largest and best-studied class of activators is the
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ABSTRACT Small molecules that reconstitute the binding mode(s) of a protein
and in doing so elicit a programmed functional response offer considerable advan-
tages in the control of complex biological processes. The development challenges
of such molecules are significant, however. Many protein–protein interactions re-
quire multiple points of contact over relatively large surface areas. More signifi-
cantly, several binding modes can be superimposed upon a single sequence within
a protein, and a true small molecule replacement must be preprogrammed for
such multimodal binding. This is the case for the transcriptional activation do-
main or TAD of transcriptional activators as these motifs utilize a poorly character-
ized multipartner binding profile in order to stimulate gene expression. Here we de-
scribe a unique class of small molecules that exhibit both function and a binding
profile analogous to natural transcriptional activation domains. Of particular note,
the small molecules are the first reported to bind to the KIX domain within the CREB
binding protein (CBP) at a site that is utilized by natural activators. Further, a com-
parison of functional and nonfunctional small molecules indicates that an interac-
tion with CBP is a key contributor to transcriptional activity. Taken together, the evi-
dence suggests that the small molecule TADs mimic both the function and
mechanism of their natural counterparts and thus present a framework for the
broader development of small molecule transcriptional switches.
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amphipathic class, characterized by interspersed polar
and hydrophobic amino acid residues in the TAD
(Figure 1, panel a) (1, 2). As part of transcription initia-
tion TADs facilitate assembly of the transcriptional ma-
chinery (RNA polymerase II and associated transcription
factors) through direct binding interactions. Several
lines of evidence suggest that TADs associate with three
or more binding partners (coactivators) as part of this
process, including components of the chromatin-
remodeling machinery, the proteasome, and the Media-
tor complex (15–26). However, the identity of coactiva-
tor targets in vivo remains a topic of significant debate.
Thus, binding screens to identify novel TADs are difficult
to implement, with only limited success with non-
peptide-based molecules (27–30). Further complicat-
ing small molecule TAD discovery is that there are few
structures of natural TAD·coactivator complexes upon
which molecular scaffolds could be based (31–38). In-
deed, although the prevailing model is that natural TADs
interact with coactivators as amphipathic helices, there
is evidence for other structural motifs (39–41).

We recently reported the first small molecule that re-
constitutes the function of a transcriptional activation
domain, isoxazolidine TAD (iTAD) 1 (Figure 1, panel b)
(42, 43). This molecule and related iTADs (2, 3) were de-
signed to emulate amphipathic TADs, with hydropho-
bic and polar functional groups displayed on a confor-
mationally constrained scaffold similar to a helix (44,
45). However, an open question was if these small mol-
ecules were genuine TAD mimics, able to replicate the
complex binding pattern(s) of their endogenous coun-
terparts in addition to up-regulating transcription. Here
a detailed study of the interaction with one binding part-
ner, the kinase-inducible (KIX) domain of the histone
acetyltransferase Creb binding protein (CBP) (15, 16,
46), reveals that the binding footprint of the iTADs and
the binding-induced changes in CBP are remarkably
similar to that of the endogenous TADs that target this
site, including that of MLL (mixed lineage leukemia fac-
tor) (32, 47, 48). Molecular mutagenesis of the isoxazo-
lidine scaffold further supports this model, as incorpora-
tion of functional groups into the iTAD scaffold that in
the context of MLL promote or prohibit interaction with

CBP similarly impacts the small molecules. More
broadly, we further demonstrate that iTADs exhibit a
multipartner binding profile analogous to that of natu-
ral TADs, interacting with several coactivator binding
partners. Thus, the binding pattern and function of a
natural transcriptional activation domain can be recon-
stituted with a small molecule despite a considerable
difference in size and structural complexity.

RESULTS
iTAD 1 Interacts with CBP. Although prevailing evi-

dence suggests that transcriptional activators interact
with several coactivators in the transcriptional machin-
ery as part of preinitiation complex assembly, the iden-
tity of those coactivators remains a topic of debate (2).
There is, however, a “short list” of transcriptional ma-
chinery proteins that through biochemical and genetic
strategies have been often identified as likely targets of
amphipathic transcriptional activators. Among these are
CBP and the closely related p300 (15, 16, 49), several
components of the Mediator complex (Med23, Med15,
for example) (50–52), the SAGA chromatin-modifying
complex (TRRAP(Tra1)), Taf12, and Sug2 (22–26, 53,
54). To identify potential coactivator targets we used 1
in “squelching” or competitive inhibition experiments
against well-characterized activators to preliminarily test
if the iTAD had a similar binding profile. Of particular
note, 1 produced dose-dependent inhibition of the acti-
vator KBP 2.20, thought to function at least in part
through interaction with CBP (Supplementary Figure
S1) (55). KBP 2.20 was originally identified in a “bottom-
up” experiment as a ligand for the KIX domain of CBP
(55). Taken together, these results suggested CBP and
more specifically the KIX domain of CBP as at least one
cellular interaction partner of 1.

As a further assessment of this, a variant of 1 (1b)
was prepared that contains a photoactivatable cross-
linking group, p-benzoylphenylalanine, at the C5 posi-
tion as well as a biotin tag (Figure 2, compound 1b).
Upon irradiation with 365 nm light, the benzophenone
moiety is converted to a diradical species that under-
goes C–H insertion reactions with nearby amino acid
residues (56). Isoxazolidine 1b was combined with HeLa

Figure 1. Natural and designer transcriptional activation domains (TADs). a) Key sequences from amphipathic TADs
that interact with the coactivator CBP. b) Isoxazolidine TADs (iTADs) that were designed to generically mimic their
natural counterparts and up-regulate transcription when localized to a specific promoter (when R � DBD) (42–45).
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nuclear extracts, and following irradiation the mixture
was affinity purified on avidin beads. Western blot
analysis of the resulting mixture revealed seven clear
binding partners (Supplementary Figure S2), and one
of these was confirmed as CBP (Figure 2, panel a).

Focus on CBP: the KIX Domain. CBP integrates sig-
nals from numerous transcriptional activators using sev-
eral distinct domains (15, 16). Given the competitive in-
hibition of KBP 2.20, it appeared most likely that 1
interacts with the so-called KIX domain of CBP, an ap-
proximately 90 residue module that consists of three
�-helices and two 310 helices (57). Originally identified
in CBP/p300, this domain has now been found in sev-
eral eukaryotic coactivators in mammals, plants, and
fungi and is hypothesized to be a conserved TAD bind-
ing motif (21, 58, 59). The CBP KIX domain interacts with
�12 different TADs (16) and contains at least two dis-
tinct binding sites for TADs (32, 57, 60). A larger, shal-
lower binding site formed at the interface of the �1 and
�3 helices interacts with the TADs of CREB and Myb,
whereas a deeper binding site on the other face of the
protein formed by the side chains of the C-terminus of
�1, L12, the N-terminal half-of �2, and the C-terminus of
�3 is used by Jun, MLL, Tax, and Tat TADs (31, 32, 35,

57, 60−62). It is difficult to predict which site a TAD will
utilize. Thus, in addition to querying whether the iTAD in-
teracts with the KIX domain, there was an additional
question of binding site specificity. To assess the first
question, a plasmid encoding hexahistidine-tagged mu-
rine KIX domain [CBP(586-672)] with a polar linker was
constructed (His6KIX), and the protein was overex-
pressed and purified using established protocols (35,
57). A fluorescence polarization binding experiment
with a fluorescein-tagged variant of 1 and the isolated
KIX domain yielded a KD of 38 �M � 4 �M (Supplemen-
tary Figure S1). This is consistent with dissociation con-
stants for endogenous KIX ligands (KD’s ranging from
300 nM to 40 �M) (35, 47, 57, 60, 63, 64).

Binding Site Identification. To identify the binding
site(s) of the iTAD, the KIX domain was uniformly la-
beled with 15N and an 1H,15N-HSQC spectrum was re-
corded for the protein in the absence and presence of
excess isoxazolidine 1 (1d, R � N3). The spectrum of this
fragment of CBP without a tag has been fully assigned
(35, 57), and this facilitated spectral assignment for this
His6-tagged variant. In a titration experiment in which
the concentration of 1 was gradually increased, the li-
gand induced gradual chemical shift perturbations, con-

Figure 2. iTAD 1 interacts with CBP. a) Cross-linking experiments with isoxazolidine 1b and HeLa nuclear extracts. HeLa
nuclear extracts were incubated with 1b for 12 h followed by 30 min of irradiation of the mixture with 365 nm light. Fol-
lowing immunoprecipitation with streptavidin, Western blot analysis demonstrates that one interaction partner of 1b is
CBP. In the absence of UV irradiation (final lane), no CBP is observed, consistent with a direct interaction between 1 and
CBP. Lane 2 (“input”) contains nuclear extracts alone. Nuclear extracts are indicated by NE, and UV indicates irradiation
with 365 nm light. b) Fluorescence polarization binding experiments with a fluorescein-labeled variant of 1 (1c) and CBP-
(KIX domain), TRRAP(Tra1)(3092-3524), Med23(Sur2)(352-625), or Med15(Gal11)(1-357) were used to obtain the indi-
cated dissociation constants. Each experiment was performed in triplicate (R2 � 0.98) with the error indicated. See Sup-
porting Information for additional details.
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sistent with a fast exchange process. This is analogous
to endogenous ligands such as Jun and Tax that also in-
teract with the KIX domain in the fast exchange regime
(60, 61). Figure 3 shows the spectrum (red) of the pro-
tein in the presence of 5-fold excess isoxazolidine 1
overlaid on the spectrum of free protein (black). Chemi-
cal shift perturbation mapping was used to identify the
iTAD binding site; this has proven to be a reliable
method for characterizing the binding sites of natural
TADs with the KIX domain (31, 47, 60, 61). For the inter-
action with isoxazolidine 1, the average chemical shift
change upon binding is 0.016 ppm and the largest shift
is 0.066 ppm (for R623), comparable to changes ob-
served with endogenous KIX ligands. For example, the
average chemical shift observed for KIX residues upon
binding to Jun is 0.02 ppm with the largest shifts just
over 0.10 ppm (60). The plot of chemical shifts in
Figure 3, panel b reveals that the significant perturba-
tions occur for residues clustered in the structure indica-
tive of specific binding. Residues experiencing signifi-
cant chemical shifts map onto the C-terminus of �1, L12,
G2, and the N-terminus of �2, corresponding to the
MLL/Tax/Jun/Tat binding site, the smaller of the two
binding sites of the CBP KIX domain (Figure 3, panel c).
Overall, the binding profile of iTAD 1 with KIX is remark-

ably similar to that of endogenous ligands that utilize
the same site.

Molecular Mutagenesis Impacts CBP Binding and
Function. As outlined above, the KIX domain interacts
with �12 amphipathic TADs despite differences in se-
quence (Figure 1) (16). At least in the case of the larger
of the two binding sites significant changes in the iden-
tity and spacing of the hydrophobic side chains do not
preclude binding to this domain (65). Thus it might be
predicted that iTADs with different side chains and/or
side chain arrangements would maintain KIX binding
ability. To test this, we examined the interaction of five
additional isoxazolidines with CBP (Figure 4).

Isoxazolidine 4 has the same functional groups as 1
but in different orientation. Hydrophobic isoxazolidine
5 maintains the two key hydrophobic functional groups
present in 1 (benzyl, isobutyl) but lacks the C3 hydroxyl
moiety. In the case of isoxazolidine 6, the C3 substitu-
ents are identical to those in 1 but the N2 substituent is
now a larger, biphenyl side chain. In addition to these
monomeric isoxazolidines, two dimeric versions, 7 and
8, were prepared for this study. Both of these molecules
contain additional hydrophobic surface area through
the incorporation of a second ring, surface area that
would presumably enhance the interaction with coacti-

Figure 3. iTAD 1 binds the site on the CBP KIX domain bound by endogenous TADs MLL, Jun, Tat, and Tax. a) The 1H,15N-HSQC spectrum of 15N-
His6KIX bound by iTAD 1 (1d, R � N3), red, is overlaid on the spectrum of free 15N-His6KIX. NMR samples were prepared with 400 �M protein in 90%
H2O/10% D2O 10 mM phosphate buffer with 150 mM NaCl and 1% CD3OD; the spectrum in the presence of iTAD 1 contained a 5-fold excess of the
ligand. b) The amide chemical shifts upon addition of ligand were quantitated (�� � [��(1H)2 � 0.1��(15N)2]1/2) and plotted against residue num-
ber. The average chemical shift is 0.016 ppm, and the largest chemical shift is 0.066 for R623. c) The residues that experience the largest chemical
shift perturbation upon binding iTAD 1, MLL, and Jun, are highlighted in red on the space filling diagrams of the CBP KIX domain (47, 60). Resi-
dues experiencing chemical shifts greater than 2 standard deviations above the average are V608, A618, L620, K621, and R623. Residues experi-
encing shifts 1 standard deviation above the average are I611, T614, R624, and E665. Pymol figures were generated from 1kdx (35).

Figure 4. Additional isoxazolidines evaluated for their ability to interact with the KIX domain of CBP.
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vator binding surfaces. Monoisoxazolidines 4–6 were
prepared in accordance with previously reported meth-
ods, and characterization can be found in the Support-
ing Information (44, 66–68). Bis-isoxazolidines 7 and 8
were prepared via an iterative synthetic strategy in which
successive 1,3-dipolar cycloadditions were employed
to install the two rings. In the case of 8, a cycloaddition
with monoisoxazolidine 9 and allyl alcohol produced 10
as a 1:1 mixture of diastereomers in 63% yield
(Figure 5). The diastereomer shown was isolated by
HPLC purification and treated with allyl magnesium chlo-
ride to introduce a substituent at C3 of the second ring.
This reaction proceeds with high selectivity (20:1). Alky-
lation of the nitrogen and oxidative functionalization of
the allyl side chains then produced isoxazolidine 8.
Similar to 1, isoxazolidine 8 functions as a TAD when lo-
calized to a promoter (Supplementary Figure S3). Addi-
tional synthetic and characterization details can be
found in the Supporting Information.

Of these molecules, two (5 and 6) showed no interac-
tion at concentrations up to 600 �M, a 2-fold excess
compared to KIX in these experiments (Supplementary
Figure S4). There is no evidence that these results are
due to compromised solubility or aggregation. In the
case of 5, for example, a 1H NMR spectrum of the mol-
ecule alone in the NMR buffer showed a sharp, well-
defined spectrum analogous to that obtained in organic
solvents (Supplementary Figure S4). However, upon

combination with 15N-labeled His6KIX, no specific inter-
action was observed. In addition, in a fluorescence po-
larization experiment with a fluorescein-labeled variant
of 5 and the KIX domain, no binding was detected.
Analogous behavior was observed with 6. Evaluation of
7 was hindered by limited solubility in aqueous buffers;
although some shifting of key KIX residues was ob-
served at low concentrations of the small molecule, pre-
cipitation precluded examination at higher concentra-
tions. In contrast, 4 and 8 exhibited binding behavior
similar to that of 1. Indeed, when chemical shift pertur-
bation analysis was carried out, the pattern for isoxazo-
lidine 4 was nearly identical to that of 1 in terms of direc-
tion and magnitude (Supplementary Figure S4). Bis-
isoxazolidine 8 also specifically bound to the MLL
binding site, although the detailed pattern of shifts was
slightly altered compared to 1, consistent with 8 pre-
senting a larger hydrophobic surface area (Figure 6). In
addition to the residues that change upon titration of
iTAD 1, perturbations observed with small molecule 8
extend along �2, and further changes are observed in
the C-terminus of �3, analogous to MLL (32, 47).

Interactions with Other Coactivators. Natural TADs
typically interact with multiple coactivator proteins, and
the current model is that contact with at least three dis-
tinct transcriptional machinery proteins is a critical con-
tributor to function (22, 23). We thus assessed the inter-
action of 1 with other coactivators identified as common

Figure 5. Synthesis of bis-isoxazolidine 8.
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binding partners of endogenous amphipathic TADs. In
each case fluorescence polarization binding experi-
ments were carried out with the domain of the protein
that had been previously identified as the TAD-
interaction module (52, 53, 70). iTAD 1 interacts with
TRRAP(Tra1) (KD 4.5 �M) and Med23(Sur2) (KD 6 �M)
with low micromolar KD’s, similar to the interaction with
CBP (Figure 2, panel b and Supplementary Figure S4).
TRRAP(Tra1) is a component of the chromatin remodel-
ing SAGA complex, whereas Med23(Sur2) is a compo-
nent of the Mediator complex. In addition, iTAD 1 binds
to the amino terminus of Med15(Gal11) with a KD of
62 �M. In contrast, isoxazolidine 5 exhibits a different
binding profile. As outlined above, 5 does not bind to
the KIX domain of CBP; it does, however, interact with
the Mediator protein Med23(Sur2) with a KD of 400 nM
and with Med15 with a KD of 61 �M. (It was not possible
to obtain a KD for the interaction with TRRAP under these
conditions.) Thus, one distinguishing feature of iTAD 1
(and iTAD 8) is its ability to interact with the chromatin-
modifying machinery in general and the KIX domain of
the HAT CBP in particular.

DISCUSSION
CBP, along with the closely related coactivator p300, is
ubiquitously expressed and is an important node for
many signaling networks (15, 16, 46). Deletion of CBP/
p300 is embryonic lethal and loss of a single CBP allele
leads to severe developmental defects (71–73). At the
heart of its importance is its ability to interact with a
wide range of transcriptional activators and by doing so
stimulate transcription initiation (46). The KIX domain
is one of five activator binding motifs within CBP, and it
alone interacts with �12 activators through at least two
binding sites (16, 57, 60). Given this, it is perhaps not
surprising that both the cross-linking and competitive in-

hibition experiments suggested that a small molecule
transcriptional activation domain, iTAD 1, also interacts
with CBP and more specifically the KIX domain (Figure 2
and Supplementary Figure S1).

The HSQC experiments of iTADs 1, 4, and 8 (Figures 3,
6 and Supplementary Figure S4) in complex with 15N-
labeled KIX module revealed that the molecules inter-
act with a single site within the protein, the site that is
also utilized by the TADs of Jun, MLL, Tax, and Tat,
among others (47, 60–62). The iTADs discussed here
are the first small molecules reported to bind this site
in the KIX domain, although small molecules that bind
a distinct site not known to be a target of endogenous
TADs have been reported (69). Of the natural TADs that
target this site, only in the case of MLL has a solution
structure in complex with the KIX domain been solved,
enabling a more detailed comparison with the small
molecules (32). Within the MLL TAD only 10 amino ac-
ids (residues 2848–2857) comprise the structured re-
gion of the amphipathic helix that interacts with the KIX
domain. One polar (T2857) and four hydrophobic
(I2849, F2852, V2853, L2854) residues make exten-
sive contacts with a predominantly hydrophobic bind-
ing groove (Figure 7), contributing to a KD of approxi-
mately 3 �M (47). iTAD 1 has a smaller surface area for
interaction consisting of one polar (hydroxyl at C3) and
two hydrophobic (benzyl at N2 and isobutyl at C3) func-
tional groups. The substituent at C5 (the point of attach-
ment for DNA binding functionality in the context of ac-
tivation, Figure 1, panel b) does not contribute
significantly to binding; molecules containing larger
and more polar substituents (dimethylacetal, for ex-
ample) show nearly identical binding characteristics.
The difference in available binding surface is reflected
in the reduced affinity (KD � 38 �M). The three iTAD 1
functional groups are remarkably similar to those of the

Figure 6. iTAD 8 binds the site on the CBP KIX domain bound by endogenous TADs MLL, Jun, Tat, and Tax. a) A 1H,15N-
HSQC spectrum of His6KIXwas collected in the presence of excess iTAD 8, and the amide chemical shifts were quantitated
(�� � [��(1H)2 � 0.1��(15N)2]1/2) and plotted against residue number (69). b) The average chemical shift is 0.04 ppm, and
the largest chemical shift is 0.25 ppm (L620). The black bar indicates the average chemical shift. c) The residues that ex-
perienced the largest chemical shift upon binding iTAD 8 and MLL (47) are highlighted in red on the diagrams of the CBP
KIX domain. Pymol figures were generated from 1kdx (35).
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MLL residues that interact with the subsite (F2852,
L2854, and T2857), and they also assume similar rela-
tive positions. The MLL binding site of KIX undergoes sig-
nificant structural rearrangement upon binding endog-
enous TAD sequences (32); this flexible nature may
enable the binding site to tailor itself to the recognition
of ligands of different size (iTAD 1) and functional group
orientation (iTAD 4) (32). Indeed, the positional isomer
of 1, iTAD 4, exhibits essentially identical binding and
functional characteristics (44). Further supporting this
model, significant line broadening is observed for sev-
eral resonances involved in binding to the iTADs (K621,
R624, N627, for example), a characteristic of protein
flexibility.

iTADs 6 and 8 have hydrophobic surface areas signifi-
cantly larger than those of 1 and 4 (Figures 1 and 4).
Compound 6 has a more extended hydrophobic substit-
uent at N2, whereas bis-isoxazolidine 8 has five substit-
uents in addition to the azide group in the second ring.
Compound 6 was not observed to bind to the KIX do-
main (Supplementary Figure S4). In contrast bis-
isoxazolidine 8 targets the KIX domain at the same site
as iTADs 1 and 4 (Figure 6). Consistent with the larger
size, the KIX residues that shift upon binding to 8 ex-
tend into �2 and �3. The additional perturbations along
�2 are located in the same region that I2849 of MLL con-
tacts (Figure 7). A binding model consistent with the ob-
served chemical shift changes in �2 of the KIX domain
would be ring A of iTAD 8 binding in the same orienta-
tion as iTAD 1 with one of the groups on the second ring
making contacts similar to I2849 of MLL. However, addi-

tional experiments will be required to define the details
of the interaction.

The ability of isoxazolidines 1 and 4–8 to interact
with the KIX domain parallels the transcriptional activ-
ity of the molecules (42–44). Compounds 1, 4, and 8 all
bind the KIX domain and elicit high levels of activation
when localized to DNA. Isoxazolidines 5 and 6 do not
function as transcriptional activation domains and also
do not detectably interact with KIX. This binding profile
is consistent with a model in which the iTAD 1·KIX com-
plex is analogous to the MLL·KIX complex and both of
the hydrophobic functional groups as well as the pen-
dant hydroxyl are required for interaction. In the case of
6, an examination of the natural TADs that interact with
this KIX site reveals only a single large hydrophobic
amino acid (W at residue 11 of Tat) that would be simi-
lar in size to the biphenyl of 6. Further, a F2852Y muta-
tion in the MLL TAD abrogates binding to KIX and con-
comitantly reduces MLL-mediated transcription by 60%
(48). Thus, at least in the case of this TAD-binding site,
large hydrophobic groups do not appear to be well toler-
ated. Isoxazolidine 6, however, does interact with other
coactivators; it binds to Med23(Sur2), for example, with
a KD of 700 nM. While iTAD 1 interacts with several co-
activators, the correlation of KIX binding and ability to
activate transcription for all analogs tested suggests that
analogous to many natural activators CBP recruitment
is an essential component of iTAD function.

Taken together, the results presented here suggest
that the amphipathic iTADs are preprogrammed to ex-
hibit a multipartner coactivator binding profile that is

Figure 7. MLL·KIX solution structure. The solution structure of MLL·KIX shows that one polar (T2857) and four hydrophobic
(I2849, F2852, V2853, and L2854) residues make extensive contacts with KIX (32). MLL residues F2852, L2854, and T2857
are predicted to be mimicked by iTAD 1 functional groups benzyl, isobutyl, and hydroxyl, respectively. MLL amino acid I2849
is predicted to be mimicked by a ring B substituent of 8 with ring A binding in an orientation similar to that of iTAD 1.
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analogous to natural transcriptional activation domains.
The comparison with the transcriptional activation do-
main of MLL indicates some degree of structural mim-
icry, with the amphipathic mono- and bis-isoxazoldine
scaffold presenting the amphipathic functional groups
for interaction with the permissive binding surfaces
present in coactivators. Perhaps more significant, how-
ever, is that at least in the case of the interaction with
CBP, iTAD 8 reproduces nearly exactly the binding mode
of the MLL TAD despite a considerable size differential.
This suggests several future applications of isoxazoli-
dines as transcriptional regulators. There is significant
evidence that the two KIX sites are bound cooperatively
in vitro and emerging evidence that a number of meta-
zoan promoters utilize two KIX-binding activators to re-

cruit CBP (32, 48, 60, 74–76). For example, the MLL·KIX
complex interacts with the TAD of Myb �2-fold more
tightly than the KIX domain alone (32). Thus, the iTADs
may synergize with activators such as CREB that target
the second, larger binding site of KIX, enhancing their
activity. Further, these data suggest that isoxazolidines,
both activating and nonactivating, should be excellent
starting points for the design of inhibitors for activator-
coactivator interactions, long a challenging endeavor.
This will likely require, however, molecules that bind
more tightly than iTAD 1. The observation that small
structural changes alter the binding profile of the small
molecules also implies that some degree of specificity
for a given activator or activator class may indeed be
achievable within this framework.

METHODS
Isoxazolidines 3, 5, and 6 were prepared as previously re-

ported (43, 45). Med23(352-625) and Med15(1-357) were bac-
terially expressed and purified as previously described (52, 77).
Fluorescence polarization binding experiments were conducted
as previously reported (78).

Photo-Cross-Linking. HeLa nuclear extracts (25 �L, 13.5 mg
mL�1, Promega) were incubated with 30 �M compound 1b with
gentle mixing in Buffer A (10 mM PBS, pH 7.4, 10% (v/v) glycerol)
plus 1% (v/v) DMSO at 4 °C for 12 h. Samples were irradiated
with a hand-held UV lamp (365 nm) at 4 °C for 30 min. The irradi-
ated solution was enriched for cross-linked products using Neu-
travidin beads (50 �L, Pierce) in Buffer A (plus 1% (v/v) BSA, 0.1%
(v/v) Nonidet NP-40) by incubating for 1 h at 4 °C. The beads
were then washed 3x with Wash Buffer (10 mM PBS, pH 7.4, 10%
(v/v) glycerol, 0.1% (v/v) Nonidet NP-40), resuspended in elu-
tion buffer (10 mM PBS, pH 7.4, 10% (v/v) glycerol, 25% (v/v)
1x Nu-PAGE loading dye (Invitrogen)), and heated at 95 °C for 10
min. The eluted samples were subsequently analyzed by Western
blots using standard conditions. The mouse monoclonal anti-
CBP (SC-369) and horseradish peroxidase-labeled goat anti-
mouse antibodies were obtained from Santa Cruz Biotechnology.

His6KIX Plasmid Preparation and Protein Expression. A plas-
mid encoding His6KIX, was generated by amplifying the DNA se-
quence encoding the KIX domain residues 586–672 of mouse
CBP from pGEX KT KIX 10-672 and insertion into pRSET-B (In-
vitrogen) at restriction enzyme sites HindIII and BglII. For protein
expression, the plasmid was transformed into Rosetta2(DE3)
pLysS E. coli (Novagen) and grown in M9 minimal media contain-
ing 15N-labeled NH4Cl (for NMR studies) or LB media. After an
OD600 of 0.6 was reached (37 °C, 250 rpm), the cultures were
cooled to 25 °C for 30 min, and expression was induced with
0.1 mM IPTG for 12 h (250 rpm). The His-tagged protein was af-
finity purified using Ni-NTA beads (Qiagen) and buffer ex-
changed to CH3CN/H2O using PD-10 columns (GE Healthcare)
before being lyophilized. The lyophilized protein was utilized im-
mediately for NMR experiments.

1H,15N-HSQC Experiments. The uniformly 15N-labeled His6KIX
protein was prepared as a 300–400 �M solution in 90% H2O/
10% D2O 10 mM phosphate buffer with 150 mM NaCl at pH 7.2.
Samples containing small molecule ligands were prepared by
adding 2.0–5.0 equiv of the small molecule as a solution in

CD3OD to achieve a final CD3OD concentration of 1%. Samples
recorded in the absence of small molecule ligands also con-
tained 1% CD3OD. 1H,15N-Heteronuclear single quantum coher-
ence experiments were recorded at 27 °C on an Avance Bruker
600 MHz NMR spectrometer equipped with a triple-resonance 5
mm cryogenic probe. Data was processed using NMRPIPE and
analyzed using Sparky.

Tra1 Plasmid Preparation and Protein Expression. A plasmid
encoding Tra1(3092-3524) fused to the maltose binding pro-
tein was generated by amplifying the Tra1 DNA sequence encod-
ing amino acid residues 3092–3524 from S. cerevisiae genomic
DNA and insertion into pMal-c2g (New England Biolabs) using
standard molecular biology techniques. For protein expression,
the plasmid was transformed into Rosetta2(DE3) pLysS E. coli
(Novagen) and grown in Select APS Super Broth (Difco). After an
OD600 of 0.3 was reached (37 °C, 300 rpm), the cultures were
cooled to 16 °C for 1 h (100 rpm), and expression was induced
with 0.1 mM IPTG for 12 h (250 rpm). The MBP-tagged protein
was isolated using amylose resin (New England Biolabs). The
protein solution was stored in Storage buffer (10 mM PBS,
pH 7.0, 1 mM DTT, 10% glycerol (v/v), and 0.01% NP-40) at
�80 °C until needed.
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nuclear receptor-like pathway regulating multidrug resistance in
fungi, Nature (London) 452, 604.

59. Novatchkova, M., and Eisenhaber, F. (2004) Linking transcriptional
mediators via the GACKIX domain super family, Current biology: CB
14, R54�55.

60. Campbell, K. M., and Lumb, K. J. (2002) Structurally distinct modes
of recognition of the KIX domain of CBP by Jun and CREB, Biochem-
istry 41, 13956–13964.

61. Vendel, A. C., and Lumb, K. J. (2003) Molecular recognition of the hu-
man coactivator CBP by the HIV-1 transcriptional activator Tat, Bio-
chemistry 42, 910–916.

62. Vendel, A. C., and Lumb, K. J. (2004) NMR mapping of the HIV-1 Tat
interaction surface of the KIX domain of the human coactivator CBP,
Biochemistry 43, 904–908.

63. Vendel, A. C., McBryant, S. J., and Lumb, K. J. (2003) KIX-mediated
assembly of the CBP-CREB-HTLV-1 Tax coactivator-activator com-
plex, Biochemistry 42, 12481–12487.

64. Zor, T., Mayr, B. M., Dyson, H. J., Montminy, M. R., and Wright, P. E.
(2002) Roles of phosphorylation and helix propensity in the bind-
ing of the KIX domain of CREB-binding protein by constitutive (c-
Myb) and inducible (CREB) activators, J. Biol. Chem. 277, 42241–
42248.

65. Rowe, S. P., and Mapp, A. K. (2008) Assessing the permissiveness
of transcriptional activator binding sites, Biopolymers 89, 578–
581.

66. Minter, A. R., Fuller, A. A., and Mapp, A. K. (2003) A concise ap-
proach to structurally diverse 	-amino acids, J. Am. Chem. Soc. 125,
6846–6847.

67. Kanemasa, S., Nishiuchi, M., Kamimura, A., and Hori, K. (1994) First
successful metal coordination control in 1,3-dipolar cycloadditions.
High-rate acceleration and regio- and stereocontrol of nitrile oxide
cycloadditions to the magnesium alkoxides of allylic and ho-
moallylic alcohols, J. Am. Chem. Soc. 116, 2324–2339.

68. Bode, J. W., Fraefel, N., Muri, D., and Carreira, E. M. (2001) A gen-
eral solution to the modular synthesis of polyketide building blocks
by Kanemasa hydroxy-directed nitrile oxide cycloadditions, An-
gew. Chem., Int. Ed. 40, 2082–2085.

69. Best, J. L., Amezcua, C. A., Mayr, B., Flechner, L., Murawsky, C. M.,
Emerson, B., Zor, T., Gardner, K. H., and Montminy, M. (2004) Iden-
tification of small-molecule antagonists that inhibit an activator:
coactivator interaction, Proc. Natl. Acad. Sci. U.S.A. 101, 17622–
17627.

70. Jeong, C. J., Yang, S. H., Xie, Y., Zhang, L., Johnston, S. A., and
Kodadek, T. (2001) Evidence that Gal11 protein is a target of the
Gal4 activation domain in the mediator, Biochemistry 40, 9421–
9427.

71. Petrij, F., Giles, R. H., Dauwerse, H. G., Saris, J. J., Hennekam, R. C. M.,
Masuno, M., Tommerup, N., Van ommen, G. B., Goodman, R. H., Pe-
ters, D. J. M., and Breuning, M. H. (1995) Rubenstein-Taybi syn-
drome caused by mutations in the transcriptional co-activator CBP,
Nature (London) 376, 348–351.

72. Tanaka, Y., Naruse, I., Maekawa, T., Masuya, H., Shiroishi, T., and
Ishii, S. (1997) Abnormal skeletal patterning in embryos lacking a
single Cbp allele: a partial similarity with Rubenstein-Taybi syn-
drome, Proc. Natl. Acad. Sci. U.S.A. 94, 10215–10220.

73. Tanaka, Y., Naruse, I., Hongo, T., Xu, M., Nakahata, T., Maekawa, T.,
and Ishii, S. (2000) Extensive brain hemmorage and embryonic le-
thality in a mouse null mutant of CREb-binding protein, Mech. Dev.
95, 133–145.

74. Geiger, T. R., Sharma, N., Kim, Y. M., and Nyborg, J. K. (2008) The hu-
man T-cell leukemia virus type 1 Tax protein confers CBP/p300 re-
cruitment and transcriptional activation properties to phosphory-
lated CREB, Mol. Cell. Biol. 28, 1383–1392.

75. Ramı́rez, J. A., and Nyborg, J. K. (2007) Molecular characterization
of HTLV-1 tax interaction with the KIX domain of CBP/p300, J. Mol.
Biol. 372, 958–969.

76. Ghee, M., Baker, H., Miller, J. C., and Ziff, E. B. (1998) AP-1, CREB and
CBP transcription factors differentially regulate the tyrosine hydroxy-
lase gene, Mol. Brain Res. 101–114.

77. DelProposto, J., Majmudar, C. Y., Smith, J. L., and Brown, W. C.
(2009) Mocr: a novel fusion tag for enhancing solubility that is com-
patible with structural biology applications, Protein Expression Pu-
rif. 63, 40–49.

78. Wu, Z., Belanger, G., Brennan, B. B., Lum, J. K., Minter, A. R., Rowe,
S. P., Plachetka, A., Majmudar, C. Y., and Mapp, A. K. (2003) Target-
ing the transcriptional machinery with unique artificial transcrip-
tional activators, J. Am. Chem. Soc. 125, 12390–12391.

344 VOL.4 NO.5 • 335–344 • 2009 www.acschemicalbiology.orgBUHRLAGE ET AL.


