Dissertation zur Erlangung des Doktorgrades
der Fakultat fir Chemie und Pharmazie

der LudwigMaximilians-Universitat Minchen

»”

T

Structural Insights into DNA Mimic Foldamer

Recognition of DNA Binding Proteins

Deepak

aus

Gatauli,India

2023



Erklarung

Diese Dissertation wurde im Sinne von 8§ 7 der Promotionsordnung vom 28. November 2011
von Herrn Prof. Dr. lvan Huc betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohne unerlaubte Hilfe erarbeitet.

Minchen, derl0.11.2023

Deepak
Dissertation eingereicht am 07.12.2023
1. Gutachter: Prof. Dr. Ivan Huc
2. Gutachter: Prof. Dr.Daniel Merk
Mindliche Prifung am 16.01.2024



Table of Contents

1.

2.

N 6] 1 = T PP O PP PP PPPPPTPPPPPRPPP 5

IpLigoTe [FTol 1 o] o NP PR P PP PPPPPR PP 7
2.1 DNA BINAING PrOtEINS.....cciiiiiiiiiiit bt eee e eeer e e e e e e e e e aaeeaeas 10
2.2 Techniques to study DBH3NA COMPIEXES........c..uuumiiiiiiiiiiiiiieeeiiiieeeeee e 18
2.3 X-ray Crystallography...........ooooo i 19
2.4 IMPOItanCe Of DBPS.........iiiiiiiiiiiii i ieeei ettt emr e e e e e e e e e e anes 25
2.5 Targeting proteifDNA INtEraCtioNS.........ccccuuiiiiiiiiiiiieeeeiee e 25
2.6 Foldamers, going beyond Diopolymers...........oovviiiiiiiiieeneeee, 35
2.7 Sac7d, athermophilic Marvel...........c.cooiiiiiieee e 41

Objectives and rationales................uuiiiiiiicceeriiiiiieiee e sreeiiseee e e e e eeeeenenennn A4

DNA mimic foldamer recognition of a chromosomal protein.............ccccoeeeeeeennnn 48
R U o] [Tox= 11 o] o TP PSP P PP PP PRPPP 50

Sac7dfoldamer adducts: a tethering approach...........cccooovvviice i, 80
5.1 Design and methodology..........ccoeeiiiiiiiiiiiieee e 83
5.2 ReSUItS @Nd dISCUSSION. .....cciiiiiiiiiiiie et ece ettt eeme e 90
5.3  CoNnCluSION aNnd PEISPECTIVA........ceiiiiiiiieiee ettt eeee e 97

Targeting hcGAS by DNA mimic foldamers.........coooiiiiiiiiicce 100
(G A [ o1 oo 18 ox 1 o] o PP PSPPI 101
6.2 Design and MethodolOgy...........uuueeiiiiiiiiiieeeiiiie e 104
6.3 ReSUItS and diSCUSSION........cccciiiiiiiiiiiieeeeii e eeee e e e e e e 110
6.4 ConcClusion and PErSPECTIVE..........ciiiiii i 119

Targeting Dpo4 by DNA mimic foldamers..........ccooveeiiiiiiiciieie e 121
7.1 Objective Of the StUAY..........ooiiiiii e e 124
7.2  Design and methodology........cooouiiiiiiii e 125
7.3  ResUlts and diSCUSSION.........ccccuiiiiiiitiiieeei e e e e e 128
7.4  Conclusion and PerSPECLIVE........ccceuuuii e it e e e e enne e aaeens 138



8.  ConclusioN and PEISPECHIVE..........uvvueeeiriii ittt e e e e e e s enenrr e e e e e e e aaaaaeees 140

8.1 CONCIUSION. ...ttt e ettt e eeee sttt et e e et e e e e e e e e e e e e s ammreeeeeeeeeas 141
8.2 FULUIE PEISPECHIVE ... .coiiii it eeee et eeeea bbb e e e e e e e e e e e eeens 142
8.3 ONQgOoING CallENQES.....eeiiiiiiiii e 144
9. REIBIENCES . ...ttt 146
10. Y o] 01T o ) PP PP PP PP USUTPPPPPPPR 159
10.1  Supplementary fIQUIES.........coooiiiiiiiiiieeee e e e 160
10.2  ADBIeVIALIONS ....coiiiiiiiee e 164
10.3 INAEX Of fIQUIES ... .o e e e e e 166
10.4  INdeX Of tADIES........oeiiiiiii e 173
10.5 List of publications, PDB depositions, and conference contributions....... 174
10.6  ACKNOWIEAgMENL........ooiieieie e et e e e e e e e eeean 175



1. Abstract



Abstract

The remarkable folding capabilities of biopolymsetgeh as proteins and DNénderpin their
exceptional performances in various biological processes, including molecular recognition,
catalysis, andnformation storage. These natural biopolymers have the unique ability to
precisely position functional groups in thvéenensional spacerchestrating theidynamic
functions.Inspired bybiopolymers, foldamers have been developed, molecules that fold into
threedimensional shapes and providecess to functions beyond the capabilities of

biopolymers

Taking inspiration from DNA mimic proteins, abiotic DNA mimics based on aromatic
oligoamide foldamers were designéml mimic the shape and surface features of doeuble
stranded DNA. These foldamgreeviously have been shovminterfere with proteimucleic
acid interactions (PNIsgnd bind better than DNA itselin this thesis, we present the design
features of DNA mimic foldamessith features including,-symmetry (to mimic palindromic
DNA sequences), chirality control (to mimic theDBNA by introducingstereogerc center in

the foldamer)suitable for biophysical and structural characterization with DNA binding
proteins.Initial efforts made towards the recognition of Saprateinwereperformedby first
characteding the binding of theracemic DNA mimic foldamers using surface plasmon
resonance and circular dichroism. Later, we charactettedginding of chiralC>-symmetrical
DNA mimic foldamers with Sac7d using-pdy crystallographyand nuclear magnetic
resonance. As evidenced by sedidite structure elucidatipPNA mimic foldamer finds a
novel binding orientation on Sac7d despitaimiainingthe key interactios involved with

Sac7dDNA complex whichwas also confirmed in solution by NMR spectroscopy.

Next, we investigated the binding of Dpo4 and hcGAS with DNA mimic foldamers. In this
regardwe crystallized and solved the structurerefapo hcGAS proteinnitial crystals of the
hcGASfoldamer diffracted only ta@ lower resolutionFor Dpo4, it was firstcrystallized, and
structure was solved with its DNgequenceand 4A data for Dpo4foldame was collected
However efforts are ongoing to collebigherresolution datasets and screen different lengths

of foldamers with both proteins.

Put together, ar resultgpresenDNA mimic foldamer as potential molecular tool to interfere
with and investigate proteiDNA interactions.The findings of this research may unlock new
possibilities in understanding and manipulating preteioleic acid interactions, with broad

implications for biology and pharmacology.
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Introduction

Nucleic acids and proteins play central roles in numerous cellular and physiological
processe8! The fundamental principle governing the flow of genetic information, known as
the central dogma of lifé! revolves around the intricate interactions betwaecsieic acids and
proteins Rather than existing in isolation, nucleic acids and proteins are intertwined
components of this crucial biological framework. The central dogma begins with the process of
deoxyribonucleic acid(DNA) transcription into ribonucleic acid (RNA), followed by
translation to synthesize proteins. From an evolutionary perspective, nucleic acids, primarily
RNA, can be viewed as the ancestral predecessors of proteins. According to fevtiRdl
hypothesis," in the early stages of life, genetic information was stored within RNA, and RNA
also catalyzed chemical reactions crucial for cellular functibhtowever,duringthe course

of evolution, genetic information transitioned to being predominantly stored in DNA. DNA
emerged as the preferred carrier of genetic information over RNA due to the presence of
deoxyribose in its suggrhosphate backbone. This deoxyribose component enhamees t
chemical stability of DNA when compared to RNA, allowing DNA chains to maintain their

integrity over longer lengths without breakages.

DNA mRNA Polypeptide Folded
chain protein

Transcription Translation Protein folding
= > ————

>

Replication

Fig. 1. lllustration of the entral dogma of biology and key players invalve

On the other hand, proteins gradually took on the role of catalyzing biochemical reactions and
became integral structural elements of life. Nonetheless, it is essential to emphasize that the
interaction between DNA and proteins is of paramount significeoxdde proper functioning

of cellular activities in all living organismd-ig. 1).

Thekey stablizing forcesin DNA and proteins arthe same e.g., hydrophobiccontactsVan
der Waals interactions, anchydrogen bondsHowever,nucleic acid's backbosdiffer from

proteinsasDNA is uniformly negatively charged, an attribute of phosphate chdFigs2).
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Fig. 2. Fragment of DNA primary structure shown with hee q u e AGCT-3'5 6

Compared to proteins, secondary structuresiucleic acidsare more stable than tertiary
structures. Although it is possible to form tertiary structures, the double helix is still the
predominant characteristic of nucleic acids, particularly DMA 953, Watson and Crick first
introduced theconcept ofbase pairing between nitrogen bases of DNA straiodsiing the
doublestrandeddoublehelical fold of DNAM A straight ladder conformatioof DNA could

also provide complementarityf bases but the helical nature of doub&randed DNAis
essential for efficient genetic storage and stabilityallows compact packaging, prevents
unraveling, and enables precise replication and transcriptiDiNA.

DNA has the ability to adopt at least two rigtanded double helical structures, which are
commonly referred to as-BNA and BDNA. Watson ancCrick's proposedstrudure of DNA
was B form, which is most stable at high water content, but agatex contents reducedit
converts to A formMoreover,this transition from A to BDNA is alsomainly exploited by
various DNADbinding proteins. Under physiological conditiotiseB form of DNA dominates
compared tohe A form. However, this could be altered by various protdimsexamplethose
involved in DNA bending andamage repair. Apart from these, DNA could alsopac left
handed double helical form denoted a®XA.P! The base pairing in -DNA follows the
classical Watsoi€rick base pairing red non-canonical base pairing. Regardless of the form,

the double helix oDNA is stable primarily due to the repulsive negative charge at the

9
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phosphate backbone and the aromatic stacking of the nitrogen base pairs. DNA bending proteins
exploit both features to induca bend in the DNA(section2.7.1). However, it is worth
mentioning here that long segments of DNA on their own can get a supercoiled structure when
the ends of DNA are nadccessil® to move around. This feature of DNA can be seen in

bacterial plasmids

Fig. 3. Comparison of different forms of doublehelical DNA. A-DNA in the left (PDB ID 1QPH), EDNA in
the middle (PDB ID 1BNA), ZDNA in the right (PDB ID 40CB)

The major difference betweenBNA and B-DNA is their groovesoverall shape and sizi
A-DNA, the major groove is narrower and deepeit is turned toward the interior of the helix
and thus less accessible to the protdmgontrast, m B-DNA, the major groove is wider and

more accessible and provides more space for protein bi(fimgs).

2.1 DNA binding proteins

Several cellular processes require the interaction between DNpgr@teds. This diverseclass

of proteins, which employ distinct binding motifs or domains, is collectively referred to as DNA
binding proteins(DBPs)®! Common examples of DBPs encompass DNA polymerases,
helicases, transcription factors, DNA repair proteins, nucleases, and histbrestudy of
DBPshas a long and rich history. The fir@BP discovered was the lac opel®mepressor
protein in Escherichiacolil’) Since then, a multitude of DBPs have bediacovered
significantly enhancing our comprehension of the fundamental principles governing DNA
recognition by these protein®BPs can be classified as sequegpecific or norsequence

specific based on their selectivity towards DNA.

2.1.1 Sequencespecific DBPs
SequencespecificDBPsare essential in several cellular processash as DNA replication,
recombination, repaiand transcriptionSequenceselectiveDBPsbind to a specific cognate

DNA sequencewhich means that the DNA stretch has to exhibit certain features and
10
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functionalities thathose DBPs can recognizke is worth mentioninghat although there are
particularpreferences between some amino acids and basegaims/ersal amino acidase
pair code does not exi€t% NeverthelessproteinDNA interactions are governed by similar
forcesinvolved in proteirprotein interactionse.g., van der Waals interactionsand water
mediatechydrogen bond&8 The sum of these weak interactionakes a stable DNArotein

complex.

2.1.1.1 Direct Readout

Sequencapecific DNA recognitionresults fromthe proteiris interaction with the major
grooves of the DNAThe major groove is wider than the minor grogk#&. 4a). Due to the
width of the major groove, it exposasonger stretch of DNA sequence and more functional
groupssuch as kbond donors, Hbonds acceptors, and other rawlar groupsandimparts
specificity (Fig. 4b). Thisbinding mode can be classifieddugect readout, as the DBPs interact
directly with the exposed base pair functionalittéslost transcription factors nglon direct
readout to bring specificityn 1976, it was proposed that hydrogen bonding betvreatein
and DNA base pairs could be useditiferentiate base sequenaasd that specific amino acid
residues recogré certain DNA bases through the major grod®eédowever, as stated earlier,

no universal amino acidase pair code exists

. €7
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Fig. 4. Major groove and minor groove features of a doublestranded B-DNA. a) A 12-base pair double
strandedB-DNA with cartoon and surface representation to highlight the major groove (dashed line) and minor
groove (solid line)b) Functional group presented by the major groove compared to minor groove on a GC and
AT base pair.
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However,compared to the major groove, the minor gro®/enore degenerate terms of
exposed functional groumd offers conformational changes that are then read by the DBPs
and are often termedindirect readoutThus some proteins can bring sequence specificity
without reading the base pair featut®g recognzing DNA structure, shape, and overall
conformation The ndirect readout is often observed in DNA looping and chromatin

organkation.

2.1.1.2 Indirect Readout

As mentioned, certain proteins identify particular features@RNA structure rather than just

base pairsElectrostatic interactions between protein and Ddignificantly impact indirect
readoutoften termedntramolecular readolt®! DBPs containing multiple positively charged
amino acid residues, such as lysine and arginine, interact with the negatively charged DNA
backboneWatermediatechydrogen bonding also plagscrucial role inthe ndirect readout of

DNA features.Upon binding to DNA, some proteins undergo conformational changes that
enhance their ability to recognize the DNA more effectivilysome cases, the shape of DNA

is either bent or kinked to expose previously hidden binding fedttires.

2.1.2 Non-sequence specific DBPs

DBPs that bind to DNA withminimal or no sequence specificitgre categorized as non
sequencespecific DBPs. Several biochemical processes, such as DNA packaging,
maintenance, and regulation, depend on-seguencepecific interactions between proteins
and DNA.For examplejt has been demonstrated that theomosomal binding subfamily of
the high mobility group HMG) is capable of interacting with nucleosomesnonsequence
specific mannét®l. It is proposedto have a role in chromatiremodeling'® The aystal
strudure of HMG1 bound to cisplatin distted DNA clearly shows a structuspecific

interaction instead af sequencespecific!!”

Anotherexampleof a nonsequencespecific DBP isSac7d, ararchaeathromosmal protein
which binds to the DNAs minor groovewith no sequence specificitfhe aystal structure
showsthat Sso7d, a Sac7d analdgteracts withthe DNA phosphate backbone using lysine

mediated interactior&!

In yet another instancehe core octamer of histoimas been shown taind to 146 base pairs
of DNA by recognizing structural featuresthe DNA. TheDNA specificity thatemerges arises
from the inherent flexibility of the DNA sequenoehich preferentiallybendsaround the

histone coré'® It is important to note thadespite a sequenceutralbinding in the above

12
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mentioned threexamples, the affinity between DNA and proteinadhievedoy a sum of all
the involved interactiondn conclusion, onsequencepecific DBPs primarily interact with
the minor groove of DNA without forming sequergecific hydrogen bond€”

2.1.3 Classification of DBPs

DBPs can be classified based on their functional involvement in cellular processes, including
DNA replication,repair, packaging, and transcription fastoHowever, this diverse class of
DBPs consists of various DNBinding domains or motifs that directly participate in DNA
binding?!! Based on the type of DNAinding domain empled DBPs can be further
categorized into three families: those that bind to DNA via an alpha helix, @Hhwg or a
combination of alpha helix and beta shgag). 5).

DNA
Binding
Proteins

( a-B mix )
\ 4
Helix-Turn- ( : ) )
Helix Zinc Finger

Y

Ribbon
Helix-Helix

Fig. 5. Classification of DNA binding proteins based on the motif involved in DNA recognition.

2.1.3.1 Helix-Turn-Helix (HTH)

DBPs commonly feature theelix-turn-helix motif, whichcomprisegwo alpha helices joined
by a shortstretchof amino acid. Theoverall motif is composed of 20 amino acidse first
helix spans amino acids7, while the second helix spans residueQ@2The two helices are
connected by &rn thatbendsat a 12@degree angle. The alpha helix of a DBP binds to the
major groove of DNA. Helix2 of the HTH motif is als@alledthe DNA recognition helix that
inserts into the major groove of DNA, creatingesific contact with base pairs and the sugar
phosphate backbonélelix 1 and the turn, contribute to compleXormation but Helix-2
imparts specificity HTH motifs are commonly found in prokaryotes and bacteriophages.
Bacterial Trp repressét! and Bacteriophage lambdepressdf?! were among the first DBPs
charactered to have the HTH motif. HTFtontainingtranscription factors in bacteria and
bacteriophageare generally homodime(Big. 6a).

13
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Fig. 6. Helix-turn-helix and winged-helix-turn-helix crystal structure. (a) The TrpDNA complex show a
Helix-Turn-Helix motif binding the major groove of tHBNA fragment (PDB ID 6CRO). (b) The HNFA3NA
complex show the wingedhelix-turn-helix. Notice the extra betsheet interaction witthe minor groove ad
alpha helix interaction witthe major groove of the DNA fragment. (PDB ID 1VTN)

An alternate form othe HTH moitif is the winged helixturn-helix (WHTH). In addition to the
two helices, these motifs possess an antiparalleldietat. Due to this extra betheet, WHTH

caninteract with the minor groove of DN{@ig. 6b).

2.1.3.2 Basic LeucineZipper (bZIP)

In DBPs, bZIP is a frequently occurring DNA binding motif. It consists of two alpha helices
connected by hydrophobamntactshetween leucine residues at thee@minus These helices

are arranged in a coilembil structure, and the leucine stretch creates a hydrophobic core that
stabilizesthe motif. bZIPs are thus dimerheir N-terminal domainrich in basic reidues
recognzes and bind to the DNA sequencd§ig. 7). A heptad repeat of leucine or isoleucine
residues supports the zipgiee coiled-coil structure Of the DNA binding domain, one coil
makes contact with base pairs of DNA white other coil ineracts with the phosphodiester

backbone.

Opposite from HTH, bZIRs only found in eukaryotedotably,the basic residues responsible
for binding to DNA acquire a secondary structure only after binding to DINve. DNA-
dependent allosteric transitidras been observed mumerous transcriptional regulatof$e
GCN4 protein is aypical example ofa bZIP motif-containingprotein!?® The structure of
GCN4 includes a leucine zipper at thete@minus, forming a lefhanded coilegtoil
dimerization domain. This is followed by the basic region, which hagise specific contacts
with the functional DNA groups in the major groove ahe surrounding phosphodiester

backbone

14
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Dimerization domain

DNA binding

/\< domain

Fig. 7. A Basic leucine zipper motilGCN4 protein bound to DNA segment (PDB ID 1YSA). Dimerization and
DNA binding domaiis are marked individually.

Interestingly, GCN4 has been used to create designer praedme such example is where
Sac7®4 was fused with GNC4 without losirits inherent functior?®!

2.1.3.3 Zinc Finger Motifs

Zinc finger motifs areanotherclassof DNA binding motifs that occur most frequently in
eukaryotes. lis worth noting that about 3% of the human genome codes for zinc finger
domains.Zinc finger motifs are compact structural motifs made of 25 to 30 aming acid
arranged in a loopelix-loop structurghatresembles a fingeiThe zinc ion is located in the
palm of the fingerwhich stabilzes the loophelix-loop structurewhich is coordinated bgwo
cysteineandtwo histidine residuegFig. 8). The structure of each finger is comprised of an

alpha helix and an antiparallel besiaeetcoordinatedy azinc ion.

Fig. 8. Crystal structure of @IF2628 containing azinc fingerin complex with DNA (PDB ID 1ZAA) with a
zoomed view at the zinc atom coordinatedy histidine andwo cysteine residuesee alsd-ig. 67.
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TFIIIA, a transcriptional factor froiXenopusocyteswas the first zinc finger characterizég.
TFIIIA containsbetween 3 to 15 copies of zinc finger motifs that impart sequence specificity
againsta vaststretch of DNA. The beta sheet makes backbone contagaile the alpha helix

of the zinc finger domain establishes base-ppécific contac Sincemultiple zinc fingers can
recognke different DNA squerces, they are used to design and engineer proteins for
therapeutic peptide development. Recently, ZFDesgin, an artificial intelligence, madel
shown to design zinc finger motifs against angusece of DNA thus enabling transcription

factor reprogramming’!

2.1.3.4 Beta-Ribbons

DNA recognition by beta ribbons is another commonly found motif found in prokaryotes and
bacteriophage transcription factorhe TATA box binding protein (TBP) is one classical
protein containing beta ribbof§! b-ribbons containing DBPs bind to DNA as a dimer. TBP
binds to the minor groove of DNA by bending the TATA sequence bgegdeesOnce the
TATA sequence is distorted, kinkeand exposed, TBP binds tbe TATA sequenceMET
repressor fronk.coliwas the first DBP shownot touse an alpha helix but an antiparallel two
stranded beta ribbon motif! The HU protein from prokaryotes also binds to DNAilizing

the beta finger domaigfFig. 9).%

Fig. 9. Crystal structure of aAnabaena HEDNA complex consisting of beta ribbon mot{RDB ID 1P71)
2.1.3.5 High Mobility Group Domain (HMG Domain)

The family of high mobility group proteins contains the HMG domauhich is made of 80 to
90 amino acidsharacteristicallyarranged in three alpha helices that bind to minor gooive
the DNA. The HMG domaininteractswith the bases and backbonetbke DNA and can bend

16
































































































































































































































































































































































































































































































