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ABSTRACT: SynTEF1, a prototype synthetic genome reader/regulator BET
(SynGR), was designed to target GAA triplet repeats and restore the expression
of frataxin (FXN) in Friedreich’s ataxia patients. It achieves this complex task by
recruiting BRD4, via a pan-BET ligand (JQ1), to the GAA repeats by using a
sequence-selective DNA-binding polyamide. When bound to specific genomic loci

in this way, JQ1 functions as a chemical prosthetic for acetyl-lysine residues that SynGR P

are natural targets of the two tandem bromodomains (BD1 and BD2) in bromo-

and extra-terminal domain (BET) proteins. As next-generation BET ligands were

disclosed, we tested a select set with improved physicochemical, pharmacological,

and bromodomain-selective properties as substitutes for JQ1 in the SynGR design.

Here, we report two unexpected findings: (1) SynGRs bearing pan-BET or BD2-selective ligands license transcription at the FXN
locus, whereas those bearing BD1-selective ligands do not, and (2) rather than being neutral or inhibitory, an untethered BD1-
selective ligand (GSK778) substantively enhances the activity of all active SynGRs. The failure of BD1-selective SynGRs to recruit
BRD4/BET proteins suggests that rather than functioning as “epigenetic/chromatin mimics,” active SynGRs mimic the functions of
natural transcription factors in engaging BET proteins through BD2 binding. Moreover, the enhanced activity of SynGRs upon
cotreatment with the BD1-selective ligand suggests that natural transcription factors compete for a limited pool of nonchromatin-
bound BET proteins, and blocking BD1 directs pan-BET ligands to more effectively engage BD2. Taken together, SynGRs as
chemical probes provide unique insights into the molecular recognition principles utilized by natural factors to precisely regulate
gene expression, and they guide the design of more sophisticated synthetic gene regulators with greater therapeutic potential.

BD2)

Bl INTRODUCTION others have developed synthetic transcription factors by
tethering DNA-binding polyamides to different ligands that
bind the transcriptional machinery.'*>* These heterobifunc-
tional molecules, much like their natural counterparts, leverage
the principle of induced proximity’”** to “recruit’ specific
cellular machinery to targeted genomic loci. This form of
chemically induced proximity enables the recruited proteins to
perform targeted genomic transactions.

Function-based modular assembly enabled us to generate
SynTEF1, a synthetic transcription elongation factor composed
of a polyamide (PA1) tethered to JQ1 (Figure 1A). PAl was
designed to selectively bind the YWWGWWGWWG* (W = A
or T) DNA sequence, while JQl bound to the tandem
bromodomains of the bromo- and extra-terminal domain
(BET) family of proteins.”'” In cells derived from Friedreich’s
ataxia patients, SynTEF1 effectively enriches at disease-causing

Targeted control of gene expression with rationally designed
small molecules has been a long-standing goal at the interface
of chemistry, biology, and medicine. Chemical control of gene
expression is typically achieved by inhibiting enzymes that act
on the transcriptional machinery/chromatin or by perturbing
protein—protein interactions that drive gene expression.1_3
Such chemical interventions have broad, often undesired,
transcriptome-wide consequences, which constrain therapeutic
applications. The promise of targeting specific genomic loci by
design has fueled the exploration and development of different
classes of sequence-selective DNA-binding molecules. Among
these, pyrrole-imidazole polyamides have emerged as a
versatile class of molecules that can be rationally designed to
target nearly every permutation of the DNA sequence observed
in the human genome.” Not only does this class of synthetic
DNA-binding molecules display sequence selectivity and
affinity properties that are comparable to mammalian DNA- Received:  June 14, 2023
binding transcription factors (TFs), but they can also access Revised:  October 19, 2023
binding sites in nucleosomes and heterochromatin.">~"° Accepted:  October 20, 2023
Moreover, polyamides retain their sequence specificity when Published: November 3, 2023
further conjugated to other small molecules or peptides.”"' ™"

Based on the modular architecture of eukaryotic TFs, we and
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Figure 1. Design of next-generation SynGRs for disease-causing GAA repeat expansions within the FXN locus. (A) A model of the cascade of
interactions and reactions initiated by SynGR1 (SynTEF1) to restore transcription at the frataxin (FXN) locus in Friedreich’s ataxia cells. Pol II,
RNA polymerase. (B) Schematic of the BET family member BRD4 protein and cocrystal structures of BD1 (bronze) and BD2 (silver) domains
each bound to JQI (PDB: 3MXF, 30NI). ET, extra-terminal domain; CTD, C-terminal domain. (C) Tanimoto similarity scores of the BET
ligands used in the construction of SynGRs. (D—K) Chemical and cocrystal structures of BET ligands (green sticks) JQ1 (D), OTX01S (E), I-
BET762 (F), I-BET726 (G), $J432 (H), PLX51107 (1), I-BET151 (J), and GSK778 (K) in complex with either BRD2-BD2 (H) or BRD4-BD1
(all others). PDB: 3MXF, SWMD, 3P50, 4BJX, 6DDJ, SWMG, 3ZYU, and 6SWN, respectively. Magenta arrows indicate the linker attachment site

for coupling to PAL.

GAA trinucleotide repeat expansion within the frataxin (FXN)
gene and recruits BET proteins, including BRD4, to that locus.
SynTEF1-bound BRD4 and its associated cellular proteins
facilitate FXN synthesis by RNA polymerase II (Pol II)
through a repressive chromatin environment established by

expanded GAA repeats in patient cells (Figure 1A).
Remarkably, as a component of SynTEF1, JQI facilitates
transcription elongation at the targeted gene, whereas when
untethered, JQIl performs exactly the opposite function:
globally blocking transcription elongation by binding bromo-
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Scheme 1. Synthesis of SynGR1, SynGR3, SynGR4, and SynGR6

(+)-JQ1:
I-BET762: SynGR3
I-BET726: SynGR4
PLX51107: SynGR6

SynGR1

domains of BRD4/BET proteins and releasing these factors
from actively transcribed regions of the genome.”*™* In other
words, induced proximity and targeted presentation convert
JQ1 from an orthosteric inhibitor of BRD4/BET to a chemical
prosthetic that substitutes for acetyl-lysine residues on proteins
to effectively recruit BRD4/BET in lieu of the natural
biological partners.

JQI binds the tandem bromodomains (BD1 and BD2) of
BRD4 with relatively high affinity>® (49 and 90 nM,
respectively). These ~110 residue domains each comprise
four helices (Za, Aa, Ba, Ca) that form a left-handed helical
bundle.”’ =" (Figure 1B). The loops between the Z and A
helices and the B and C helices as well as conserved residues
and ordered water molecules form a pocket that preferentially
binds diacetylated lysine residues on histone tails.”> The
sequence and structural homology across bromodomains,
especially among BD1 (or BD2) domains of all four BET
family members (BRD2—4 and BRDT), is such that most
ligands function as pan-BET binders and inhibitors. The
success of first-generation pan-BET inhibitors such as JQI in
blocking cancer cell proliferation has led to the development of
a structurally diverse range of highly effective BET
bromodomain-binding ligands.”>™>> More recently, as the
functional distinctions between BD1 and BD2 have become
clearer, ligands that selectively bind one domain or the other
have been developed.’*™*' Each generation of BET ligands has
improved the pharmacological and functional properties.

We set out to test whether newly disclosed BET ligands
could be used to develop a broader repertoire of synthetic
genome readers/regulators (SynGRs) that would enable us to
examine the effects of selectively targeting individual
bromodomains. Among the wealth of available BET ligands,
we chose eight that represent three structural classes based on
the Tanimoto similarity matrix'* (Figure 1C). Even within
each class, ligands displayed varied physicochemical properties
and BET bromodomain selectivities.”***~* In choosing this
set of ligands, we also prioritized the synthetic tractability for
conjugation to the DNA-binding polyamide. Like JQI,
OTXO01S and I-BET762 contain a triazolodiazepine core and
exhibit comparable binding affinities to both BD1 and BD2
(Figure 1D—F); both OTXO01S and I-BET762 have improved
pharmacokinetic properties in vivo and are in clinical trials for

cancer treatment.** ™" I.-BET726°" and SJ432 are members of
the tetrahydroquinoline class (Figure 1G,H); while the domain
selectivity of I-BET726 has not been evaluated, it lacks
pyrazole and nitrile groups on 4-aminobenzene that contribute
to the selectivity of SJ432 for BD2 over BD1.* Finally,
azaindole PLX51107 and imidazoquinolinones I-BET151 and
GSK778 exhibit the opposite selectivity, with increasing
preference for BD1 over BD2 (Figure 1J,K).****”>* Examining
the cocrystal structures, we chose conjugation sites that
protruded out of the ligand-binding pocket of the bromodo-
main and thus would not be expected to affect binding affinity
(marked by an arrow in Figure 1D—K). Moreover, for several
ligands, the sites of conjugation have been previously used to
conjugate E3-ligase-binding ligands without compromising
domain specificity or binding affinity.”>™>*

Conjugating polyamide PAI to these BRD4/BET ligands,
we synthesized seven new SynGRs that, together with
SynTEF1 (referred to here as the prototype SynGR1), enabled
us to delineate the affinity range for BET factors that elicit
biological activity and more interestingly dissect the effects of
selectively targeting individual BET bromodomains. To our
surprise, we found that SynGRs that selectively target BD1
were ineffective in licensing transcription at the diseased FXN
gene, while those that bound BD2 were highly active and
indistinguishable from SynGRs that bear pan-BET ligands.
Surprisingly, the untethered BD1 ligand (GSK778) signifi-
cantly enhanced the activity of all non-BD1 targeting SynGRs.
Our findings reveal distinct and nonidentical roles of each
bromodomain in stably engaging and selectively regulating
gene expression at a targeted genomic locus. Moreover, the
results demonstrate that SynGRs function akin to natural
transcription factors, which preferentially engage BD2, rather
than acetylated histone tails, which are thought to engage BD1
to recruit BET proteins to the sites of active gene transcription.
As such, SynGRs function as bona fide synthetic transcription
factors and not as “epi-mimics” or molecules that mimic the
epigenetic chromatin marks.””*”

B RESULTS

Synthesis of SynGRs. Here, we synthesized polyamide
PAl, which targets the SAAGAAGAAG® sequence® via
manual solid-phase synthesis using Boc f$-alanine PAM resin,

https://doi.org/10.1021/jacs.3c06297
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Scheme 2. Synthesis of SynGR2, SynGRS, SynGR7, and SynGR8
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BocHN-Py—OH, BocHN-Im—OH, BocHN-f-alanine, and
Im—OH building blocks and used this polyamide for the
synthesis of all SynGRs by one of two methods. In the first
method (Scheme 1), PEG-linked PA1 (PA1-PEG6-NH,) was
synthesized by nucleophilic substitution of Fmoc-PEG6-NHS
ester with polyamide PA1 in the presence of DIPEA and DMF
followed by 10% piperidine. PA1-PEG6-NH, was then coupled
to the BET-binding ligands JQ1-COOH, I-BET762-COOH, I-
BET726, and PLX51107 using standard coupling conditions
(PyBOP, DIPEA in DMF) to produce SynGRI1, SynGR3,
SynGR4, and SynGR6, respectively (see the Supporting
Information for details). This new method is synthetically
more facile and led to negligible, if any, side products
compared to our previous method."” For BET ligands that do
not have an available carboxylic acid moiety, a different
method was developed (Scheme 2), where the suitable bromo-
PEG6-tBu ester was reacted with BET-binding ligands
OTXO015, I-BET151, SJ432, and GSK778 by using K,COj; as
a base. The hydrolysis of the resulting tBu-PEG6-linked ligand
was carried out using formic acid, followed by conjugation to
PALI using standard coupling conditions (PyBOP and DIPEA),
yielding SynGR2, SynGRS, SynGR7, and SynGRS, respectively
(see the Supporting Information for details). All SynGRs were
purified by Prep HPLC, and pure fractions were characterized
by liquid chromatography—mass spectrometry (LC—MS) and
lyophilized to offer white fluffy compounds (Supporting
Figures S1-S22).

Binding of SynGRs to DNA. Linear polyamide PA1 binds
to the minor groove of dsDNA with 1:1 stoichiometry in
reverse orientation.”' "’ Surface plasmon resonance (SPR)
was used to determine the binding affinities of PAl and
SynGRs to three different sequences of biotinylated hairpin
DNA (hDNA) that display the PAl target sequence
(*’ AAGAAGAAG®’; hDNAL), a single mutation (5-AGGAA-
GAAG-3’; hDNA2), or two mutations (5'-AGGAGGAAG-3';
hDNA3; Figures 2 and S23 and Supporting Table 1). The SPR
sensorgrams of PAl and SynGR binding to hDNAL1 from low
(3.25 nM) to high (100 nM) concentrations permit affinity
measurements. Kinetic fits were used to determine K, values

24571

because sensorgrams did not always reach a steady-state level,
especially at lower concentrations.’’

PA1 has a very strong binding affinity for its target sequence
(Kp = 0.36 nM), while a single mutation within the binding
site reduces the binding affinity by 26-fold, and two mutations
abolish measurable binding (Supporting Table 1). This trend
holds for all of the SynGRs as well, where conjugation to BET
ligands modestly impacts binding to the target site. This
observation is consistent with previous studies where tethering
ligands to polyamides reduced affinity with minimal con-
sequences on sequence specificity.'”'®°* Interestingly, in the
context of SynGRs, the ability of PAI1 to discriminate between
its target sequence and near-cognate sites appears to increase
upon conjugation to BET ligands, as the binding affinities to
hDNA2 are reduced by 1.5- to 6-fold greater than the sequence
selectivity displayed by PAl. The basis for this nonlinear
sensitivity to binding site perturbation can have complex
kinetic and mechanistic underpinnings. Nevertheless, the
finding highlights the importance of balancing affinity and
specificity, as molecules with very high affinities more readily
overcome the penalty in binding to near-cognate target sites.”’

Recruitment of BRD4 and Activation of FXN Tran-
scription by SynGRs. Having confirmed their sequence
selectivity and DNA-binding properties, the biological function
of SynGRs was tested by monitoring their ability to restore
FXN transcription in Friedreich’s ataxia patient-derived cells
(GM15850; Figures 3A and S24). SynGR1, SynGR2, and
SynGR3 are structurally similar and have similar effects on
FXN expression, except for SynGR2, which peaks at a slightly
lower concentration (0.3 vs 1 #uM) despite having comparable
affinity for BRD4 and an ~2-fold lower affinity for the target
DNA. Maximal activation at lower concentrations is also
displayed by SynGR4 and SynGRS, which are structurally
related but behave differently in terms of FXN expression and
bromodomain selectivity. SynGR4, which is dual bromodo-
main-targeting with a 7-fold lower affinity for DNA than
SynGR1, is the most potent of all tested SynGRs at 0.1 uM,
but its activity drops off at higher concentrations. Meanwhile,
BD2-selective SynGRS shows comparable activity to the dual

https://doi.org/10.1021/jacs.3c06297
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Figure 2. Binding of PA1 and SynGRs to DNA and bromodomains in vitro. Structures of PAl-based SynGRs and representative SPR sensorgrams
for PAI alone and SynGR1 to SynGR8 were measured in the presence of hairpin DNA (hDNA1) with the PA1 target sequence. For each
compound (PA1 or SynGR), the sensorgrams represent 3, 6.25, 12.5, 25, 50, 100, and 200 nM (bottom to top) compound. Solid black lines are
best-fit values for the global kinetic fitting of the results with a single-site function. BRD4 Kp, values of parent BET ligands are taken from the
literature; for OTX01S and I-BET726, binding affinities to individual bromodomains are not available.

bromodomain-targeting SynGRs1—4. SynGRé6, SynGR7, and
SynGRS8 are also structurally related to one another; however,
their BD1 selectivity increases from SynGR6 (~3-fold
selective) to SynGR8 (~130-fold selective). Puzzlingly, FXN
gene expression decreases with increasing BD1 selectivity in
this set of three SynGRs. SynGR8, which is the most selective
for BDI, barely activates FXN even at the highest tested
concentration, while SynGR7, which is moderately selective
(~9-fold), promotes FXN expression only at higher concen-
trations (1 yM). In contrast, the dual bromodomain-targeting

SynGR6, which binds BRD4 more than an order of magnitude
better than the first set of pan-BET SynGRs, displays activity at
the FXN locus almost equal to that of SynGRI.

The data suggest that increased selectivity of SynGRs for
BD1 correlates negatively with activity (Figure 3B), while the
affinity for BD2 correlates positively with activity (Figure 3C).
Rather than a linear correlation, it also appears that beyond a
threshold dissociation constant of approximately 100 nM,
further increasing affinity for BD2 does not result in increased
activity in cells (Supporting Figures S25 and $26). This

https://doi.org/10.1021/jacs.3c06297
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Figure 3. Licensing of FXN transcription by SynGRs in FA cells. (A) Relative expression of FXN mRNA in GM15850 cells following treatment for
24 h with 0.1, 0.3, and 1 #M of the indicated SynGR, normalized to 0.1% DMSO solvent control. Error bars are the SD of three replicates. (B, C)
Correlation of SynGR activity with binding affinities of unconjugated BET ligands to individual bromodomains BD1 (B) and BD2 (C) with activity
at the FXN locus, following treatment with 1 #M SynGR for 18 h. (D) Relative expression of FXN mRNA in GM15850 cells following treatment at
increasing time intervals up to 48 h with 1 uM of the indicated SynGR, normalized to 0.1% DMSO solvent control. Error bars are the SD of three
replicates. (E) ChIP-qPCR for BRD4, normalized to percent input, at amplicons across the FXN gene in GM15850 cells following treatment for 24
h with 1 uM SynGR1, SynGRS, or SynGRS, or 0.1% DMSO. Error bars are the SD of two replicates. (F) Next-generation sequencing of genomic
DNA enriched from GM15850 cells treated for 24 h with 1 uM SynGR1, SynGRS, or SynGR8, or 0.1% DMSO.
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Figure 4. Cotreatment of SynGRs with BET-binding ligands. (A) Relative expression of FXN mRNA, normalized to SynGRI treatment alone, after
the treatment of GM15850 cells with SynGR1 (1 M) for 1 h, followed by BET-binding ligands JQI, SJ432, or GSK778 at increasing
concentrations for 23 h. Error bars are the SD of three replicates. (B) Relative expression of FXN mRNA, normalized to 0.1% DMSO control, after
the treatment of GM15850 cells with each SynGR (1 yM) alone for 24 h (white bars) or each SynGR for 1 h followed by BD2-binding ligand
SJ432 (0.5 uM, cyan bars) or BD1-binding ligand GSK778 (0.5 uM, purple bars) for 23 h. Error bars are the SD of three replicates. (C) ChIP-
qPCR for BRD4, normalized to percent input, at amplicons across the FXN gene in GM15850 cells following treatment for 24 h with 1 uM
SynGR1 (white bars) or for 1 h with 1 uM SynGR1 followed by 23 h with 0.5 uM JQ1, SJ432, or GSK778 (colored bars). Error bars are the SD of

two replicates.

observation prompted us to investigate whether kinetics could
also play a role in determining SynGR activity. We thus tested
these SynGRs at different time intervals, up to 48 h (Figure
3D), and found that only SynGR6 exhibits a striking increase
in activity at later time points. Meanwhile, the BD1-selective
SynGR8 does not activate the FXN gene, even upon prolonged
treatment.

To verify that conjugation to the polyamide does not
materially affect the ability of GSK778 to bind BET
bromodomains, we used SPR to measure the binding affinity
(Kp) of SynGRS8 to recombinant BD1 and BD2 domains from
BRD2/BET (Supporting Table 2). As positive and negative
controls, we also tested the binding of both domains to
SynGR1 and parent polyamide PA1 (Supporting Table 2). As
expected, PA1 did not display any binding to either domain,
while the affinities of the two SynGRs for BD1 and BD2 were
comparable to those of their unconjugated BET ligands
(GSK778 and JQ1). Importantly, the selectivity for BD1 over
BD2 reported for GSK778 is maintained by SynGRS.
Moreover, an ~20-fold increase in affinity for BD2 displayed
by PAl-tethered JQI is consistent with the ability of SynGR1
to license FXN expression at the levels evoked by higher
affinity BD2 ligands in SynGRS and SynGRé. Taken together,
these results indicate that the engagement of the BD2 domain
is critical for licensing FXN transcription in patient-derived
cells.

Our previous results demonstrated that FXN expression is
restored by recruiting BET proteins to rescue stalled RNA
polymerase II in the disease-causing GAA triplet repeat
expansions (Figure 1A). The discordant functional outcomes

of targeting BD1 versus BD2 were unexpected because
SynTEF1 (SynGR1) was designed to recruit BET proteins in
a domain-agnostic manner. Despite the growing appreciation
for nonidentical biological roles of the two domains, current
mechanistic models would predict that the recruitment of BET
proteins to the target FXN locus via either domain should be
equally effective.'” To determine if this were the case, we
performed chromatin immunoprecipitation (ChIP) experi-
ments to monitor BRD4 enrichment upon treatment with
SynGR1 (pan-BET), SynGRS (BD2-selective), or SynGRS
(BD1-selective) (Figure 3E,F). Upon incubation with 1 yM
SynGR for 24 h, the cells were treated with 37% v/v
formaldehyde to induce covalent cross-links between bio-
molecules. BRD4 cross-linking to four distinct sites across the
FXN locus was quantified by PCR amplification using primer
pairs that amplified genomic DNA at the promoter (A),
promoter-proximal intronic region (B), or (C, D amplicons)
flanking the GAA repeats that are targeted by the SynGRs
(Figure 3E). Consistent with expectations, the quantitative
ChIP-qPCR data show that SynGR1 and SynGRS effectively
recruit BRD4 to the targeted region of FXN (Figure 3E). In
stark contrast, SynGR8, despite its high aflinity for the BD1
domain in vitro, failed to stably recruit BRD4. While the
inability to recruit BRD4/BET is consistent with the lack of
transcription activity displayed by SynGR8 in cells, the result
suggests that the stable engagement of BET at repressive
chromatin may be differently mediated in FA patient-derived
lymphoblasts. The inability to directly test SynGR binding to
genomic loci by ChIP methodology®®*~*® prevents us from
determining if the tethered BET ligand cooperatively enables
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SynGR association with repressive GAA repeat expansions. To
further ensure that SynGR8 does not enrich BET proteins at
genomic sites other than those queried by the four bespoke
FXN amplicons, we performed unbiased next-generation
sequencing (ChIP-seq) of the BRD4 enriched genomic DNA
from cells treated with the three SynGRs. These higher
resolution profiles unambiguously demonstrate that SynGRS
does not recruit BRD4 to the GAA repeats within the FXN
locus (Figure 3F). The near-identical BRD4 profiles of
SynGRS and SynGR1 buttress the view that BD2 binding is
necessary and sufficient for stably engaging BRD4 at the
targeted genomic site despite the underlying repressive
chromatin environment.

Cotreatment of SynGRs with Domain-Specific Bind-
ing Ligands. These opposite effects observed for ligands that
target one or the other of the two tandem BET bromodomains
prompted us to further explore the underlying mechanism and
dependence on BD1 versus BD2 engagement by prototype
pan-BET SynGRI. Beginning with the administration of
SynGR1 to GMI15850 cells for an hour, we examined the
effect of competitive inhibition by subsequent treatment with
the cognate pan-BET ligand (+)-JQl (Figure 4A). With
increasing JQI concentration, the expression levels of FXN
decreased up to 50%. As JQI targets both bromodomains of
BET proteins, this result indicates that blocking the binding of
SynGRI1 to either (or both) BD1 or BD2 reduces its ability to
recruit BET proteins to the expanded GAA triplet repeats
within the FXN gene in patient-derived cells.

To distinguish the effects of binding to each bromodomain,
we treated SynGRl-incubated cells with domain-selective
binding ligand SJ432 (BD2) or GSK778 (BD1). Cotreatment
with SJ432 largely mirrored the cotreatment with JQI, though
with a somewhat stronger effect at high concentrations,
decreasing FXN expression by up to 75% (Figure 4A). On
the other hand, contrary to all expectations, GSK778 further
stimulated the activity of SynGRI at high concentrations,
almost doubling FXNN gene expression compared to treatment
with SynGR1 alone. In control experiments, treatment with
these ligands alone or with unlinked PAl did not promote
FXN expression above the baseline (Supporting Figure 4).

To investigate these effects further, we tested the effect of
domain-selective inhibitors on the activity of the entire set of
SynGRs. Cotreatment with SJ432 generally reduced the FXN
transcription activity of the nonselective pan-BET SynGRs
(Figure 4B). This result reinforces the importance of BD2 even
for SynGR8 and SynGR7, which selectively engage the BD1
module of BET proteins but have a residual affinity for BD2.
Remarkably, for those SynGRs that have particularly high
affinity for BD2, FXN expression following cotreatment with
SJ432 was essentially unchanged (SynGRs4 and S) or only
modestly decreased (SynGR6) relative to those SynGRs alone,
suggesting that free SJ432 is not effective at competitively
displacing BET proteins from the genomic locus once it is
recruited to hundreds of tandemly organized GAA repeats and
potentially engaged in higher-order transcriptional complexes.
Conversely, cotreatment with GSK778 enhanced the activity of
the BD2-selective and pan-BET SynGRs while negligibly
reducing the activity of the BD1-selective SynGRs (Figure 4B).
This effect highlights the importance of BD2 in the BET
engagement by active SynGRs, as discussed below. In support
of the competitive displacement of SynGR-bound BRD4/BET,
ChIP-qPCR analysis shows that the addition of JQ1 or SJ432
reduces the recruitment of BRD4 at the FXN locus, whereas

the addition of GSK778 enhances BRD4 recruitment (Figure
4C).

B DISCUSSION

Mechanistic models of human gene regulation guided our
design of SynTEF], the prototype SynGR that recruits BET
proteins to the expanded GAA repeats in the diseased FXN
locus (Figure 1A). We reasoned that SynTEF1/SynGRI1
utilized conjugated JQI1 to bind either one or both tandem
bromodomains of BET proteins. As more effective and
domain-selective BET ligands were developed, we incorpo-
rated them here in our modular SynGR design. These new
chemical probes enabled us to investigate the contribution of
increased affinity and domain selectivity toward restoring FXN
expression in patient-derived cells. The results unequivocally
demonstrate that SynGRs function by engaging the BD2
domain of the BET proteins rather than BD1.

BD1 and BD2 were initially considered functionally
redundant due to their high sequence and structural similarities
and comparable affinities for ligands such as JQI. With this
framework, SynGRs bearing high-affinity synthetic BET ligands
that bind either domain would have been expected to recruit
BET proteins to targeted genomic loci. However, more recent
genetic, structural, and pharmacological studies have revealed
nuanced differences between the two tandem bromodomains
of BET proteins.****°” The fact that BD1-selective SynGRs do
not recruit BRD4 further reveals an unexpected functional
distinction in the mode by which each domain “reads” acetyl-
lysine marks on its interacting partners. In particular, ligands
that selectively bind BD1 elicit broad transcriptome-wide
perturbations, more widely evict BRD4 from chromatin, and
effectively block cell proliferation.®® As such, it is inferred that
diacetylated lysine residues on the unstructured N-terminal
“tails” of histones that project out of the nucleosome
preferentially associate with BD1 (Figure SA). Conversely,
BD2 appears more permissive and is targeted by multiple client
proteins, including transcription factors such as MYC, NFkB,
and Twist.**~7° These distinctions are not absolute: GATAI, a
transcription factor that governs erythropoiesis and red blood
cell maturation, targets BD1,”" while acetylated histone tails
are widely documented to bind BD2 as well.”> Nevertheless,
BD2-selective pharmacological agents have a narrower and
more targeted disruptive impact on gene expression, blunting
specific cellular/physiological responses rather than bluntly
blocking cellular proliferation. These observations are con-
sistent with a transcription factor-directed engagement of BD2
to regulate selective gene networks (Figure SB).

Given this context, the ability of BD2-binding SynGRs to
recruit BRD4 to targeted genomic loci when contrasted with
the inability of BD1-binding SynGRs to do so indicates that
SynGR functions as a synthetic transcription factor rather than
mimicking the acetylated histone tail, a so-called “epi-mimic”
(Figure SC). This is not a semantic distinction, as it explains
the mechanistic basis for the single-gene selective activity of
SynGRs at the targeted GAA repeats of the FXN locus,
whereas an “epi-mimic” would have elicited broader
perturbations in gene expression. More importantly, only
through domain-selective SynGRs were we able to reveal
distinct functional roles of the two tandem bromodomains
despite their similar affinities for diacetylated histone tails.
Notably, BD1 is exquisitely dependent on local context to
stably associate with the genome, whereas BD2 is context-
agnostic and can stably associate with the genome through
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Figure S. Models of the BET protein interactions with acetylated
client proteins. (A) Interaction between acetylated chromatin and
BD1 of a BET protein. (B) Interaction between the acetylated
transcription factor and BD2 of a BET protein. (C) BET protein
recruitment by SynGRs occurs via the binding of BD2, indicating that
SynGRs behave as synthetic transcription factors, not mimics of
epigenetic marks.

binding to a tethered small molecule ligand of modest affinity
(~0.1 uM). This insight enables a more sophisticated design of
next-generation SynGRs for other genome-targeted operations.
We intend to exploit this insight in the design of future
SynGRs targeted to other genomic loci.

The cotreatment of cells with SynGRs and untethered BET
ligands also brought to light at least two unexpected
physiological and physical phenomena. The first was the
surprising result that GSK778, a BD1-selective ligand,
substantively increased the activity of SynGRs when it was
expected to decrease activity, similar to the effects of JQI and
SJ432 (Figure 4A,B). One explanation for this result is that by
binding to and occupying BD1, GSK778 redirects pan-BET
SynGRs to the BD2 domain, leading to a more effective
recruitment and stable association of BRD4. However, such
redirection to BD2 would not explain the increased expression
by SynGRS, which is highly BD2-selective. It is possible that
the binding of GSK778 to BD1 may contribute allosterically to
BD2 binding or coactivator recruitment. On the other hand,
based on previous reports that free BD1 ligands can drive the
global release of chromatin-bound BRD4,® it is possible that
GSK778 treatment increases the available pool of nuclear BET
proteins for recruitment by BD2-targeting SynGRs. The
cotreatment data further suggests that under physiological
conditions, access to BET proteins is limiting, and active
recruitment by transcription factors overcomes this rate-
limiting step in gene expression. The second intriguing result

24576

is that SynGRs conjugated to ligands that bind BD2 with high
affinity (2—23 nM) are remarkably resistant to competitive
inhibition by free SJ432, the BD2-selective ligand. This
observation stands in contrast to the substantial loss of activity
displayed by all pan-BET SynGRs and even BDI-selective
SynGRs upon cotreatment with free/untethered SJ432. The
results suggest a DNA-templated assemblage of higher-order
BET-Pol II complexes that are not readily disassembled.
Whether such assemblages occur and perhaps adopt emergent
properties within biomolecular condensates (as BRD4 is
known to do) remains to be determined.

In summary, this study provides new design principles for
the creation of sophisticated and precision-tailored SynGRs
with potential therapeutic applications. Moreover, our
chemical approach enabled the dissection of molecular
recognition features that govern rate-limiting steps in gene
regulation.
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