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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 advantages in the control of complex biological processes.
The development challenges of such molecules are significant, however. Many protein-protein
interactions require multiple points of contact over relatively large surface areas. More significantly,
several binding modes can be superimposed upon a single sequence within a protein, and a true small
molecule replacement must be pre-programmed for such multi-modal binding. This is the case for
the transcriptional activation domain or TAD of transcriptional activators as these mofifs utilize a
poorly characterized multi-partner binding profile in order to stimulate gene expression. Here we
describe 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 comparison of functional and non-functional small molecules
indicates that an interaction with CBP is a key contributor to transcriptional activity. Taken together,
the evidence 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.

Transcriptional activators are essential for high fidelity transcription, responsible for seeking
out particular genes and up-regulating them to precise 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 mis-regulated transcriptional activators.(3-6) Alterations in the
function of the tumor suppressor p53, for example, are found in >50% of all human cancers;
(7,8) similarly, constitutively active NF-κB, an activator that regulates genes responsible for
apoptosis, inflammatory response, and proliferation, is observed in inflammatory disorders and
most cancers.(9,10) There is thus tremendous interest in the development of activator artificial
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 consist of a DNA binding domain (DBD) that
confers gene-targeting specificity and a transcriptional activation domain (TAD) that controls
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the extent of gene activation. Of the two domains, it has proven more challenging to identify
small molecule TAD replacements with functional properties comparable to the natural system
despite their likely advantageous stability, delivery 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 most well
studied class of activators is the amphipathic class, characterized by interspersed polar and
hydrophobic amino acid residues in the TAD (Figure 1a).(1, 2) As part of transcription
initiation TADs facilitate assembly of the transcriptional machinery (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 Mediator complex.(15-19, 20, 21-26) However, the identity of coactivator 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 nonpeptide based molecules.(27-30) Further
complicating small molecule TAD discovery is that there are few structures of natural
TAD•coactivator complexes upon which molecular scaffolds could be based.(31-38) Indeed,
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 reconstitutes the function of a transcriptional
activation domain, isoxazolidine TAD (iTAD) 1 (Figure 1b).(42) (43) This molecule and
related iTADs (2, 3) were designed to emulate amphipathic TADs, with hydrophobic and polar
functional groups displayed on a conformationally constrained scaffold similar to a helix.(44,
45) However, an open question was if these small molecules were genuine TAD mimics, able
to replicate the complex binding pattern(s) of their endogenous counterparts in addition to up-
regulating transcription. Here a detailed study of the interaction with one binding partner, 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 factor).(32, 47, 48) Molecular mutagenesis of the
isoxazolidine scaffold further supports this model, as incorporation of functional groups into
the iTAD scaffold that in the context of MLL promote or prohibit interaction with CBP
similarly impact the small molecules. More broadly, we further demonstrate that iTADs exhibit
a multi-partner binding profile analogous to natural TADs, interacting with several coactivator
binding partners. Thus, the binding pattern and function of a natural transcriptional activation
domain can be reconstituted with a small molecule despite a considerable difference in size
and structural complexity.

RESULTS
iTAD 1 interacts with CBP

Although prevailing evidence suggests that transcriptional activators interact with several
coactivators in the transcriptional machinery as part of pre-initiation complex assembly, the
identity of those coactivators remains a topic of debate.(2) There is, however, a `short list' of
transcriptional machinery 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 activator KBP 2.20, thought to function at least in part through
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interaction with CBP (Supp. 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
crosslinking group, p-benzoylphenylalanine, at the C5 position 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 undergoes C-H insertion reactions with nearby amino acid residues.
(56) Isoxazolidine 1b was combined with HeLa 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 (Supporting Figure S2) and one of these was confirmed
as CBP (Figure 2a).

Focus on CBP: the KIX domain
CBP integrates signals from numerous transcriptional activators using several distinct domains.
(15,16) Given the competitive inhibition of KBP 2.20, it appeared most likely that 1 interacts
with the so-called KIX domain of CBP, an approximately 90 residue module that consists of
three α-helices and two 310 helices.(57) Originally identified in CBP/p300 this domain has
now been found in several eukaryotic coactivators in mammals, plants and fungi and it is
hypothesized to be a conserved TAD binding motif.(21,58,59) The CBP KIX domain interacts
with >12 different TADs(16) and contains at least two distinct binding sites for TADs.(32,
57,60) A larger, shallower binding site formed at the interface of the α1 and α3 helices interacts
with the TADs of CREB and Myb whereas a deeper binding site on the other face of the protein
formed by the sidechains of the C-terminus of α1, L12, the N-terminal half of α2 and the C-
terminus of α3 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 interacts
with the KIX domain, there was an additional question of binding site specificity. To assess
the first question, a plasmid encoding hexahistidine-tagged murine KIX domain [CBP
(586-672)] with a polar linker was constructed (His6KIX), and the protein was overexpressed
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 μM ± 4 μM (Supp. Figure S1). This is consistent with dissociation constants for
endogenous KIX ligands (KDs ranging from 300 nM to 40 μM).(35,47,57,60,63,64)

Binding site identification
To identify the binding site(s) of the iTAD, the KIX domain was uniformly labeled with 15N
and an 1H, 15N-HSQC spectrum was recorded 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 ligand
induced gradual chemical shift perturbations, consistent with a fast exchange process. This is
analogous to endogenous ligands such as Jun and Tax that also interact with the KIX domain
in the fast exchange regime.(60,61) Figure 3 shows the spectrum (red) of the protein in the
presence of 5-fold excess isoxazolidine 1 overlayed on the spectrum of free protein (black).
Chemical 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 interaction 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 observed 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 3b reveals that the significant perturbations
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occur for residues clustered in the structure indicative of specific binding. Residues
experiencing significant chemical shifts map onto the C-terminus of α1, L12, G2, and the N-
terminus of α2, corresponding to the MLL/Tax/Jun/Tat binding site, the smaller of the two
binding sites of the CBP KIX domain (Figure 3c). Overall, the binding profile of iTAD 1 with
KIX is remarkably 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(16) TADs despite
differences in sequence (Figure 1). At least in the case of the larger of the two binding sites
significant changes in the identity 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 substituents
are identical to 1 but the N2 substituent is now a larger, biphenyl sidechain. 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 coactivator
binding surfaces. Monoisoxazolidines 4-6 were prepared in accordance with previously
reported methods and characterization can be found in the Supporting 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 chloride to introduce a substituent at C3 of the
second ring. This reaction proceeds with high selectivity (20:1). Alkylation 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 localized to a promoter (Supporting Figure S3).
Additional synthetic and characterization details can be found in the Supporting Information.

Of these molecules, two (5 and 6) showed no interaction at concentrations up to 600 μM, 2-
fold excess compared to KIX in these experiments (Supp. 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 molecule alone in the NMR buffer showed a sharp, well-defined
spectrum analogous to that obtained in organic solvents (Supp. Figure S4). However, upon
combination with 15N-labeled His6KIX, no specific interaction was observed. In addition, in
a fluorescence polarization 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 observed at low concentrations of the small molecule, precipitation precluded
examination at higher concentrations. In contrast, 4 and 8 exhibited binding behavior similar
to 1. Indeed, when chemical shift perturbation analysis was carried out, the pattern for
isoxazolidine 4 was nearly identical to that of 1 in terms of direction and magnitude (Supp.
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 presenting 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 α2 and further changes
are observed in the C-terminus of α3, analogous to MLL.(32, 47)
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Interactions with other coactivators
Natural TADs typically interact with multiple coactivator proteins and the current model is
that contact with at least three distinct transcriptional machinery proteins is a critical contributor
to function.(22,23) We thus assessed the interaction of 1 with other coactivators identified as
common binding partners of endogenous amphipathic TADs. In each case fluorescence
polarization binding experiments 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 μM) and Med23(Sur2) (KD 6 μM) with low micromolar KDs, similar to the
interaction with CBP (Figure 2b and Supp. Information Figure S4). TRRAP(Tra1) is a
component of the chromatin remodeling SAGA complex whereas Med23(Sur2) is a component
of the Mediator complex. In addition, iTAD 1 binds to the amino terminus of Med15(Gal11)
with a KD of 62 μM. 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 μM.* 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 specifically.

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

The HSQC experiments of iTADs 1, 4, and 8 (Figures 3, 6, and Supp. Figure S4) in complex
with 15N-labeled KIX module revealed that the molecules interact 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 acids (residues 2848-2857) comprise the structured region of the amphipathic helix
that interacts with the KIX domain. One polar (T2857) and four hydrophobic (I2849, F2852,
V2853, L2854) residues make extensive contacts with a predominantly hydrophobic binding
groove (Figure 7), contributing to a KD of approximately 3 μM.(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) functional groups. The substituent at C5 (the point of
attachment for DNA binding functionality in the context of activation, Figure 1b) does not
contribute significantly to binding; molecules containing larger and more polar substituents
(dimethylacetal, for example) show nearly identical binding characteristics. The difference in
available binding surface is reflected in the reduced affinity (KD 38 μM). The three iTAD 1
functional groups are remarkably similar to those of the MLL residues that interact with the
subsite (F2852, L2854 and T2857) and they also assume similar relative positions. The MLL

*It was not possible to obtain a KD for the interaction with TRRAP under these conditions.
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binding site of KIX undergoes significant structural rearrangement upon binding endogenous
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 several resonances involved in binding to the iTADs (K621, R624, N627, for
example), a characteristic of protein flexibility.

iTADs 6 and 8 have significantly larger hydrophobic surface area than 1 and 4 (Figures 1 and
4). Compound 6 has a more extended hydrophobic substituent at N2 whereas bis-isoxazolidine
8 has five substituents in addition to the azide group in the second ring. Compound 6 was not
observed to bind to the KIX domain (Supp. 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 extend into α2 and α3. The additional perturbations
along α2 are located in the same region that I2849 of MLL contacts (Figure 7). A binding model
consistent with the observed chemical shift changes in α2 of the KIX domain would be ring A
of iTAD 8 binding in the same orientation as iTAD 1 with one of the groups on the second
ring making contacts similar to I2849 of MLL. However, additional 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 activity 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 complex is analogous
to the MLL•KIX complex and both of the hydrophobic functional groups as well as the pendant
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 similar in size to the biphenyl of 6. Further, a F2852Y mutation in the
MLL TAD abrogates binding to KIX and concomitantly 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 tolerated. 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 coactivators, 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 pre-
programmed to exhibit a multi-partner coactivator binding profile that is analogous to natural
transcriptional activation domains. The comparison with the transcriptional activation domain
of MLL indicates some degree of structural mimicry, 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, however, 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 isoxazolidines as transcriptional regulators. There is significant evidence that
the two KIX sites are bound cooperatively in vitro and emerging evidence that a number of
metazoan promoters utilize two KIX-binding activators to recruit CBP.(32,48,60,74-76) For
example, the MLL•KIX complex interacts with the TAD of Myb approximately 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 non-activating, should be excellent
starting points for the design of inhibitors for activator-coactivator interactions, long a
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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 reported.(43,45) Med23(352-625) and
Med15(1-357) were bacterially expressed and purified as previously described.(52,77)
Fluorescence polarization binding experiments were conducted as previously reported.(78)

Photocrosslinking
HeLa nuclear extracts (25 mL, 13.5 mg/mL, Promega) were incubated with 30 μM 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 handheld UV lamp (365 nm) at 4 °C
for 30 min. The irradiated solution was enriched for crosslinked products using Neutravidin
beads (50 μL, 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 elution 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 plasmid encoding His6KIX, was generated by amplifying the DNA sequence encoding the
KIX domain residues 586-672 of mouse CBP from pGEX KT KIX 10-672 and insertion into
pRSET-B (Invitrogen) 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 containing 15N-labelled 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
affinity purified using Ni-NTA beads (Qiagen) and buffer exchanged to CH3CN/H2O using
PD-10 columns (GE Healthcare) before being lyophilized. The lyophilized protein was utilized
immediately for NMR experiments.

1H, 15N-HSQC experiments
The uniformly 15N-labelled His6KIX protein was prepared as a 300-400 μM 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 equivalents 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 contained 1% CD3OD. 1H, 15N-heteronuclear single
quantum coherence 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 protein was generated by
amplifying the Tra1 DNA sequence encoding 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
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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.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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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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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 hours followed by 30 min irradiation of the mixture
with 365 nm light. Following 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 indicated
dissociation constants. Each experiment was performed in triplicate (R2>0.98) with the error
indicated. See Supporting Information for additional details.
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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
overlayed on the spectrum of free 15N-His6KIX. NMR samples were prepared with 400 μM
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 (Δδ=[Δδ(1H)2 + 0.1Δδ(15N)2]1/2) and
plotted against residue number. 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) Residues experiencing chemical shifts greater than
2 standard deviations above the average are V608, A618, L620, K621, and R623. Residues
experiencing shifts one standard deviation above the average are I611, T614, R624, and E665.
Pymol figures were generated from 1kdx.(35)
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Figure 4. Additional isoxazolidines evaluated for their ability to interact with the KIX domain of
CBP
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Figure 5. Synthesis of bis-isoxazolidine 8
Reaction conditions: a) allyl alcohol, NaOCl, CH2Cl2, 0 °C to rt, 5h b) BF3•OEt2,
allylmagnesium chloride, tol, -78 °C, 4h c) TBSOTf, Et3N, DMAP, THF, 0 °C, 2h d) BnBr,
iPr2NEt, DMF, μwave e) TBAF, THF, 0 °C, 3h f) MsCl, Et3N, CH2Cl2, 0 °C, 30 min g)
NaN3, DMSO, 100 °C, 12h h) OsO4, NMO, tBuOH/THF/H2O, rt, 5h.

Buhrlage et al. Page 16

ACS Chem Biol. Author manuscript; available in PMC 2010 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. iTAD 8 binds the site on the CBP KIX domain bound by endogenous TADs MLL, Jun,
Tat, and Tax
iTAD 8 binds the site on the CBP KIX domain bound by endogenous TADs MLL, Tat, Tax,
Jun, and others. a) A 1H, 15N-HSQC of His6KIXwas collected in the presence of excess iTAD
8 and the amide chemical shifts were quantitated (Δδ=[Δδ(1H)2 + 0.1 Δδ(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 indicated the average chemical shift. c) The residues
that experience the largest chemical shift upon binding iTAD 8 and MLL(47) are highlighted
in red on the space filling diagrams of the CBP KIX domain. Pymol figures were generated
from 1kdx.(35)

Buhrlage et al. Page 17

ACS Chem Biol. Author manuscript; available in PMC 2010 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 a similar orientation to iTAD 1.
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