Chapter 1

Introduction to Protein-DNA Dimerizers



1.1 Background and Significance

Since the sequencing of the human genome'~ it has been estimated that humans
possess 20,000 to 30,000 genes that are expressed in a highly controlled manner by DNA-
binding proteins called transcription factors.** The evolution of more complex organisms
is thought to be due not only to gene proliferation, but also increasingly sophisticated
transcriptional regulation.® This is particularly evident from the observation that prokaryotes
often utilize single homodimeric transcription factors to regulate target genes, in contrast
to eukaryotes, in which gene expression is frequently controlled in a combinatorial fashion
by multiprotein-DNA complexes.® Errors in regulating gene expression caused by mutant
transcription factors often lead to diseases such as cancer or birth defects, and therapies
that counteract these faulty proteins would have a significant impact on human medicine.’
This thesis describes the design of chemicals called protein-DNA dimerizers that mimic
endogenous transcription factors in that they facilitate the formation of protein-DNA
complexes. Protein-DNA dimerizers are a promising class of compounds that suggest we
may someday engage or replace errant transcription factors and neutralize their deleterious

effects for therapeutic purposes.

1.2 Eukaryotic Gene Transcription

The protein-coding regions of the eukaryotic genomes are transcribed by RNA
polymerase II. The polymerase physically associates with a number of proteins including
TFIIA, TFIIB, TFIID, TFIE, TFIIF, and TFIIH before initiating transcription.® TFIID,
also called TATA-binding protein (TBP), binds to the TATA DNA sequence of the core
promoter region adjacent to the start site of genes (Figure 1.1).*#® Additional transcription
factors also bind close to the core promoter and further away at up- and downstream
enhancer regions which influence the rate of transcription.*® Large mutiprotein complexes
mediate the interactions between the these transcription factors and the RNA polymerase

IT machinery’ and a unified nomenclature for such mediator proteins has recently been
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Figure 1.1 A schematic of a gene promoter. The RNA polymerase II transcriptional
complex is shown bound at the gene start site near the core promoter. Upstream and
downstream enhancer elements are shown to be much farther away from the start site of
the gene. Enhancers contain binding sites for transcription factors which often interact
indirectly with the RNA polymerase II complex through large multiprotein mediator
complexes.

proposed.'® Gene expression is also affected by the local chromatin structure which is

regulated by proteins such as histone-modifying enzymes."

1.3 DNA Recognition by Natural Transcription Factors

Central to the regulation of gene transcription is the sequence specific recognition of
DNA by transcription factors. DNA contains a wide major groove and a narrow minor groove
that expose unique surfaces for interaction with these proteins (Figure 1.2). Transcription
factors are capable of binding to both the major and minor grooves by making defined
electrostatic, hydrogen-bonding, and van der Waals contacts with the composite surface of
nitrogenous bases and sugar-phosphate backbone of DNA (Figure 1.3). Some proteins, such
as TBP'*!5 and the zinc-finger Zif268,'¢ bind to DNA as monomers, but transcription factors
often bind as part of homo- and heterodimeric complexes. For instance, the leucine-zipper
homodimer of GCN4'!7 or the heterodimer of Jun-Fos'® interact through their two coiled-coil
domains that position their a-helical DNA-binding domains into the major groove. These
protein-DNA complexes are often reiterated in a combinatorial fashion which enables the
integration of diverse cellular signals to regulate individual genes. This combinatorial

mechanism is exemplified by the interferon-p (IFN-f) enhanceosome in which a total of
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eight proteins, including ATF-2/c-Jun, IRF-3/IRF-7, and NF-kB, are required to bind to
a conserved stretch of 55 base pairs of DNA in order to activate expression in response
to viral infection.” Recently, an atomic model of the complete IFN-f enhanceosome has

been assembled from three separate x-ray crystal structures (Figure 1.4)."
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Figure 1.2 The structure of DNA. On the left a crystal structure of a DNA double helix is
shown (PDB code 1YSA). On the right, the four nitrogenous bases are shown as Watson-
Crick base pairs where A complexes with T and G with C. The exposed edges of the base
pairs in the major and minor grooves are indicated which are important for the sequence-
specific recognition of DNA by proteins and small molecules.
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Figure 1.3 Crystal structures of four transcription factor-DNA complexes. The top left
shows a structure of TATA-binding protein (TBP) bound to the DNA minor groove as a
monomer leading to significant bending and widening of the groove (PDB code 1TGH).
The top right shows a structure of zinc-finger protein, Zif268, which consists of three
tandem major-groove recognition domains (PDB code 1ZAA). The bottom left shows a
GCN4 leucine-zipper homodimer, which inserts its extended a-helical coiled-coil domains
into the DNA major grooves (PDB code 1YSA). The bottom right shows a c-Jun/c-Fos
heterodimer, which binds to DNA in a similar manner to the GCN4 homodimer (PDB code
1IFOS).



Figure 1.4 Anatomic model ofthe IFN-f enhanceosome in which atotal of eight transcription
factors bind to a highly conserved 55 base pair segment of DNA (PDB from supplemental
of reference 19). All eight transcription factors must bind to the enhanceosome to activate
IFN-B expression in response to viral infection.

1.4 HOX Transcription Factors

Homeobox (HOX) proteins are a particular class of transcription factors central to
this thesis that are critical for the proper execution of developmental programs of higher
organisms.?*?> HOX genes have been intensely studied in the fruit fly D. melanogaster in
which they were identified by the abnormal body segment phenotypes caused by mutations
to single genes.”*** For instance, a mutation to the gene ultrabithorax (Ubx) leads to the
development of an additional thorax in place of the fly’s balance-sensing organs called
halteres. In humans, mutations to HOX proteins are implicated in several forms of cancer
and limb deformation diseases.?'*** Thus, HOX transcription factors serve as master
regulators of the downstream genes that must be activated or deactivated at precise times
during the course of organism development.

In contrast to their specific roles during development, HOX proteins only bind to

relatively nonspecific 4 to 6 base pair sequences of DNA.?”? By binding to DNA with



Figure 1.5 Crystal structures of three HOX/TALE/DNA ternary complexes. The top shows
the structure of the D. Melanogaster developmental transcription factors ultrabithorax
(Ubx) and extradenticle (Exd) (PDB code 1B8I). The proteins bind to opposite sides of
the DNA duplex primarily in the major groove with their 3 a-helix homeodomains. The
conserved YPWM peptide motif of Ubx spans the intervening minor groove and mediates
a direct protein-protein contact with an Exd binding pocket between the 1% and 2™ o-
helices. The middle structure shows the homologous human transcription factors HoxB1
and Pbx1 in which the FDWM peptide of HoxB1 binds to Pbx1 in a similar manner as
the YPWM of the fruit fly proteins (PDB code 1B72). A 4™ a-helix was discovered in the
Pbx1 structure that stabilizes homeodomain-DNA binding. The bottom structure shows
the human proteins HoxA9 and Pbx1 bound to DNA (PDB code 1PUF). The divergent
ANWL peptide of HoxA9 contains the conserved W that dominates the protein-protein
interface. Unique to this structure, the linking amino acids between the ANWL peptide and
the homeodomain are ordered and contact the intervening DNA minor groove.
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cofactor proteins, they increase their composite recognition site which is thought to be
important for their function in developmental pathways.?”” For instance, Ubx binds the site
5'-TTAT-3" alone, but in complex with extradenticle (Exd) the composite site increases by
four base pairs to 5'-TGATTTAT-3'.3° A crystal structure of the ternary Ubx/Exd/DNA
complex revealed how both Ubx and Exd’s major groove binding homeodomains interact
via Ubx’s N-terminal YPWM peptide motif (Figure 1.5).>° In fact, all HOX proteins contain
a conserved homeodomain which adopts a three a-helix bundle that binds to the DNA
major groove. The third a-helix, aptly named the recognition helix, makes the majority
of the specific DNA contacts with the edges of nitrogenous bases. The YPWM motif of
Ubx spans the DNA minor groove between the two proteins and inserts a hydrophobic
tryptophan into the complementary Exd binding pocket. Additional crystal structures of
HoxB1/Pbx/DNA and HoxA9/Pbx/DNA which contain human homologues of Ubx and Exd
have also been reported in which the conserved tryptophan of the YPWM motif mediates
the majority of the protein-protein contacts.’’*> The YPWM motif is sometimes referred
to as a penta- or hexapeptide since two flanking amino acids are also highly conserved
yielding an overall consensus sequence of §YPWM(K/R) where ¢ is a hydrophobic residue
(Figure 1.6).* Both Exd and Pbx, sometimes called TALE proteins, contain a three-amino
acid loop extension between the first and second a-helices of their divergent homeodomains
which line the binding pocket for the YPWM motif. In fruit flies an Exd mutation leads
to the increase in the number of denticles (i.e., extra denticles)** and in humans a t(1;19)
chromosomal translocation at Pbx and E2A loci leads to pre-B cell leukemia (i.e., pre-B
cell transforming factor).*

The t(1;19) chromosomal translocation leads to an E2A-Pbx1 fusion protein
that is observed in 5% of pediatric and 3% of adult B-cell acute lymphoblastic leukemia

cases.>®

The E2A-Pbx1 chimeric protein turns Pbx into a constitutive transcriptional
activator by fusing the activation domain of E2A with the DNA-binding homeodomain of

Pbx1.>” Like the wild-type Pbx1, E2A-Pbx1 is capable of cooperatively binding to DNA



D. melanogaster

Ubx TFYPWMA T
Antp PLYPWMRS
abd-A PRYPWMTL
lab PTYKWMQL
Dfd I IYPWMKK
Scr QIYPWMKR
C. elegans

HoxBl1 RTFDWMKE
HoxD4 VVYPWMKK
HoxA4 VVYPWMKK
HoxB4 VVYPWMKK
HoxA7 RIYPWMRS
HoxB8 QLFPWMRP
HoxD8 QMEP [RP

Mus musculus

HoxBl1 RTFDWMKV
HoxD4 VVYPWMKK
HoxA4 VVYPWMKK
HoxB4 VVYPWMRK
HoxA"/ RIYPWMRS
HoxB8 QOLFPWMRP
HoxD8 QMEP [RP

Homo sapiens

HoxB1 RTFDWMKV
HoxD4 VVYPWMKK
HoxA4 VVYPWMKK
HoxB4" VVYPWMRK
HoxA7" RIYPWMRS
HoxB8” QLFPWMRP
HoxD8" QMEP [RP

Figure 1.6 Evolutionary conservation
of the YPWM motifs from fruit flies to
humans. Note that all the motifs shown
contain W and M. W is absolutely
conserved in natural HOX proteins, but
different residues are sometimes found
instead of M. (Sequences were compiled
from reference 33 except for entries with
an asterisk (*) which were obtained from
the National Center for Biotechnology
Information: www.ncbi.nlm.nih.gov)
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with other HOX proteins to the motif
5'-ATCAATCAA-3'3%  Although the
exact mechanism of leukemogenesis is
still a matter of some debate, E2A-Pbx1
activates the expression of a novel WNT
gene, Wnt16,% and a tyrosine kinase, EB-
1, which are believed to contribute to
oncogenesis. Recently, siRNA inhibition
of E2A-Pbx 1 and subsequent downstream
deactivation of Wntl6 and EB-1 has been
shown to increase apoptosis in 697 cells
which harbor the t(1;19) translocation.*!
This suggests that interfering with the
abnormal function of E2A-Pbx1 may be

a possible therapeutic approach for this

type of leukemia.

1.5 Programmable DNA-Binding Small
Molecules

Nature produces many small
molecules which bind to DNA, but the
polypyrrole compounds netropsin (1) and
distamycin (2) are of particular relevance
to the protein-DNA dimerizers designed
in this thesis. Netropsin and distamycin

bind to the DNA minor groove of AT-rich

tracts and make specific H-bonds with
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Figure 1.7 Structures illustrating DNA recognition by the natural products netropsin
(1) and distamycin (2). The dicationic dipyrrole netropsin binds to narrow AT tracts of
the DNA minor groove as a monomer (PDB code 6BNA). The monocationic tripyrrole
distamycin can bind to AT tracts of the DNA minor groove as either a monomer or a dimer.
(PDB codes 2DND and 378D).

the edges of the nitrogenous bases (Figure 1.7).** It was postulated in the mid-1980s
that replacement of an N-methylpyrrole (Py) of distamycin by an N-methylimidazole (Im)
would lead to a compound that would bind preferentially to G instead of A or T by making
specific contacts to exocyclic amine of G in the minor groove.** Synthesis of such an
ImPyPy distamycin analogue in the Dervan group led to the discovery that this compound
actually bound preferentially to 5'-WGWCW-3" instead of the expected 5'-GWW-3' (where

W = A or T).* This result was compellingly rationalized following the publication of
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Figure 1.8 The chemical structure and schematic of a typical pyrrole-imidazole hairpin
polyamide (3). N-methylpyrrole (Py) is represented by an open circle, N-methylimidazole
(Im) by a filled circle, y-aminobutyic acid (y) by a half circle, f-alanine (B) by a diamond,
and N, N-dimethylaminopropylamine (Dp) by a half circle with a plus. The ring pairings
prefer binding to different base pairs: Im/Py for G-C, Py/Im for C-G, Py/Py for A-T or T-A.
The turn residue (i.e., y) and the C-terminal 3, sometimes referred to as the tail, prefer
binding over A-T or T-A base pairs.

an NMR structure of a 2:1 distamycin:DNA complex,*” which suggested Im could stack
across from a Py generating an Im/Py pair that specifically bound to G-C base pairs in the
context of a noncovalent ImPyPy dimer.

In the early 1990s it was established that the 2:1 distamycin:DNA complex could
be enforced by covalently attaching the antiparallel Im and Py carboxamides through a
y-aminobutyric acid linker to generate a hairpin polyamide such as compound 3 (Figure
1.8).*® In this context, a set of pairing rules were determined, in which an Im/Py pair
binds to a G-C, a Py/Im binds to a C-G, and Py/Py binds to both A-T and T-A (i.e., W).
The W degeneracy of the Py/Py pairing was broken with the N-methyl-3-hydroxypyrrole
(Hp) heterocycle, in which a Py/Hp pairing binds to A-T and Hp/Py to T-A (Figure 1.9).%-
3 For example, the ImImPyPy-y-ImPyPyPy-B-Dp sequence of compound 3 has been
programmed to target 5-WGGWCW-3"5"2 The programmable DNA binding properties
of polyamides have been thoroughly studied by a variety of physical techniques, including
DNase and MPE footprinting,” x-ray crystallography****> and multidimensional NMR,*-

7 DNA microarrays,”™ and fluorescence spectroscopy.®*' Recently a 27-compound
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Figure 1.9 A structure illustrating the DNA recognition by a synthetic polyamide. Similar
to the distamycin homodimer, the polyamide binds to DNA with the stacked heterocycles
making contacts with nitrogenous base pairs in the minor groove (PDB code 1CVX). On
the right, the structural basis of the pairing rules is shown.

polyamide library that can target all sequences of the type 5'-WWGNNNW-3' has been
completed.®” Polyamides can bind to DNA as it exists in cell nuclei on the nucleosome
core particle®-** and fluorescently labeled derivatives often localize to the nucleus of living
cells.®¢7 Certain polyamides have shown activity in cell culture experiments. Notable
recent examples inhibit HIF1-0% and androgen receptor® DNA interactions in the promoter

regions of target genes and down-regulate expression.
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1.6 Synthetic Mimics of HOX Transcription Factors

Small-molecule synthetic mimics of HOX transcription factors have been created
by combining the technology of polyamides with an analysis of HOX proteins.” The initial
idea was to mimic Ubx as observed in the Ubx/Exd/DNA ternary complex structure.*
Polyamide-peptide conjugate 4 was designed to bind the DNA minor groove at 5'-TGGTCA-
3" and project an FYPWMKG peptide towards Exd bound to the adjacent major groove at
5'-ATCA-3' (Figure 1.10). Electrophoretic mobility shift assays showed that conjugate 4
enhanced the binding affinity of Exd to DNA by approximately three orders of magnitude
at the composite site of 5'-TGGTCAATCA-3’ but not mismatch sites. Subsequently,
unbiased DNA microarray experiments demonstrated that the intended cognate DNA site
enabled complex formation better than other sequences.® Thus, this conjugate serves as a
protein-DNA dimerizer that mimics Ubx and other HOX proteins by binding cooperatively
to specific DNA sites with the cofactor protein Exd.”® Some compounds with longer linkers

have also been shown to be make temperature sensitive protein-DNA dimerizers."!

1.7 Artificial Transcription Factors

More generally, the covalent attachment of functional peptides to DNA-binding small
molecules has led to the development of compounds called artificial transcription factors.”
? An early example of such a compound utilized a triple-helix forming oligonucleotide
(TFO) conjugated to a VP16 activation peptide that increased luciferase gene expression
in vitro.”* Polyamides conjugated to GCN4 dimerization and amphipathic helix peptide
activation domains also lead to activation of gene expression on a g-less cassette in vitro.”
The peptide domains have been reduced down to as little as 8 and 16 amino acids and still
activate gene expression.”® Experiments using a poly-proline helix as a structurally rigid
spacer domain have defined the optimal distance between the polyamide and activation
peptides.”” Only in the past couple of years has a non-peptidic activation domain been

conjugated to a polyamide and shown to activate gene expression in vitro.”® A polyamide-
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Figure 1.10 The chemical structure and model of a synthetic protein-DNA dimerizer (4).
The dimerizer consists of a DNA-binding pyrrole-imidazole polyamide conjugated to a
heptapeptide containing a YPWM motif that recruits Exd to the adjacent major groove.
The illustrative model was constructed from a representative polyamide-DNA structure
(PDB code 365D) and the Ubx/Exd/DNA structure (PDB code 1B8I).

peptoid activation domain has very recently been discovered to activate gene expression
of a transiently transfected luciferase gene in cell culture,” but a cell-permeable, artificial

transcription factor that activates an endogenous gene has yet to be reported.



15

1.8 Scope of this Work

This thesis describes efforts toward determining the essential components of
protein-DNA dimerizer transcription factor mimics that should enable them to function in
living cells. Chapter 2 details experiments involving that minimization of protein-DNA
dimerizer 4 paying particular attention to the protein-binding domain. This led to the
discovery that the orginial FYPWMKG heptapeptide can be reduced to a WM dipeptide.
Inverting the tryptophan stereochemistry, from the natural L-from to the unnatural D-form,
made the dimerizer less sensitive to temperature increases. Chapter 3 shows that the shape
of protein-DNA dimerizers can be changed from branched to linear which expands the
range of DNA sites and orientations for dimerization. The optimal DNA site spacings
and necessary protein-binding elements were determined, which lead to the discovery
that a WMK tripeptide works as a protein-binding domain in this context. In chapter
4 fluorescent, cell-permeable protein-DNA dimerizers are presented that incorporate the
minimization efforts from the previous chapters.

Chapter 5 details the progress towards the development of a general, cell-permeable
artificial transcription factor that mimics the natural HIF-1a protein. In the native system,
endogenous HIF-1a binds to the hypoxia response element (HRE) of the VEGF promoter
in response to hypoxia.** HIF-1a then recruits the enormous co-activator CREB binding
protein (CBP) which then activates gene expression. The design strategy for a small
molecule HIF-1a mimic employs a polyamide known to bind the VEGF HRE conjugated
to compounds that bind CBP. Thus, an effort was made to artificially recruit CBP to the

VEGF promoter and activate gene expression in cell culture experiments.
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