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Abstract

An i-motif is a non-canonical DNA structure implicated in gene regulation and linked to cancers.
The C-rich strand of the HRAS oncogene, 5’-CGCCCGTGCCCTGCGCCCGCAACCCGA-3’
(here referred to as iIHRAS), forms an i-motif /n vitro but its exact structure was unknown. HRAS
is a member of the RAS proto-oncogene family. About 19% of US cancer patients carry mutations
in RAS genes. We solved the structure of iHRAS at 1.77 A resolution. The structure reveals that
iHRAS folds into a double hairpin. The two double hairpins associate in an antiparallel fashion,
forming an i-motif dimer capped by two loops on each end and linked by a connecting region.

Six C-C™ base pairs form each i-motif core, and the core regions are extended by a G-G base pair
and C stacking. Extensive canonical and non-canonical base pairing and stacking stabilizes the
connecting region and loops. The iHRAS structure is the first atomic resolution structure of an
i-motif from a human oncogene. This structure sheds light on i-motifs folding and function in the
cell.

Graphical Abstract

lyatsunl@swarthmore.edu .



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal. Page 2

GECEGTGECETGCGEEEGCAALEEGA

iHRAS i-motif

The structure of a biologically relevant i-motif from the HRAS oncogene was solved to 1.8-A
resolution. The structure is a dimer of two i-motifs formed by six C-C* pairs. The structure
contains 20 base pairs, of which only two are canonical. The extensive network of capping and
connecting interactions is unprecedented and suggests that auxiliary interactions are essential for
i-motif stability /n vive.
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Introduction

An i-motif (iM) is a non-canonical secondary structure formed by C-rich DNA.[1-31 It is
composed of two parallel duplexes intercalated in an antiparallel fashion and stabilized by
hemi-protonated C-C* base pairs. Depending on whether the outermost cytosine base pair is
formed at the 5° or the 3’ end, iMs are classified as 5’E or 3’E, respectively.[X3] /n vitro,
formation of hemi-protonated cytosine base pairs requires acidic conditions.lt] However,
molecular crowding, negative superhelicity, chemical modifications, the presence of long
C-tracts, interactions with ligands, crystal packing forces, and other factors may favor iM
formation even under neutral pH.[4-°]
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Strong evidence for the existence of iMs in nuclei of living cells was obtained using an
iM-specific antibody, iMab.[10] Interestingly, the iMab foci peak in intensity during the
G1/S boundary phase, a period of high transcriptional activity in the cell cycle, potentially
linking iMs to gene regulation.l1%] C-rich sequences with high iM-forming potential are
interspersed throughout the genome and are overrepresented in centromeres, telomeres, and
promoter regions. They may act as recognition sites for transcription factors.[11.12] For
example, transcription factors hnRNP LL and hnRNP Al bind to and unfold iMs, leading to
transcriptional activation of downstream genes.[11.12]

Sequences with iM-forming potential in c-Myc, c-Myb, VEGF, PDGF, Hif-1a, BCLZ2,
RET, and RAS promoters have been characterized by biophysical and structural methods,
most often NMR.[11.13-17] One oncogene of great pharmaceutical interest is HRAS, which
belongs to the RAS family of proto-oncogenes that also includes KRAS and NRAS.
RAS is the most commonly mutated gene family in cancer; about 19% of the US

cancer patients carry RAS mutations.[18.19] HRAS, which codes for a small GTPase, lies
upstream of multiple cell proliferation pathways.[2%] Mutations in the HRAS protein can
cause constitutive activation of downstream pathways, leading to uncontrolled cell growth.
[21] Such mutations are present in bladder cancers (6%) and a subset of head and neck
squamous cell carcinoma (5%).118] Targeting of RAS proteins with small-molecule drugs is
a challenge, however, because they lack deep pockets for inhibitor binding.[22] Only recently
has there been success in targeting KRAS protein with covalent ligands, exemplified by the
FDA approval of sotorasib for metastatic non-small-cell lung cancer in 2021.123] There are
no therapies for HRAS-driven cancers. An alternative strategy to targeting HRAS protein

is to inhibit HRAS gene expression. Therefore, there is great interest in understanding the
regulation of the HRAS oncogene and the nature of non-canonical DNA structures possibly
involved in such regulation.

In 2015, two sequences with iM-forming potential, /Aras-1 and hras-2, were characterized

in the HRAS promoter region immediately upstream of the major transcription start site.
[11] These sequences are complementary to two previously characterized G-rich sequences
that adopt another non-canonical DNA structure called the G-quadruplex. Formation of
G-quadruplex structures in the HRAS gene was suggested to repress transcription of HRAS.
[24] Both C-rich sequences fold /n vitro into stable iMs under slightly acidic conditions.

In their folded forms, Aras-1 and hras-2 reportedly regulate the expression of HRAS by
interacting with hnRNP A1, an abundant nuclear proteins that regulates mMRNA biogenesis.
[11] It has been suggested that hnRNP A1 binds to the lateral loops of the iM.[11] Drug
screening studies using fAiras-1 yielded two small molecules that bind to /Aras-1iM with
sub-micromolar affinity and high selectivity.[2%] To evaluate potential ligand binding pocket
in the absence of /iras-1 structure, molecular docking studies were done using homology
models. Due to complexity of modeling loops, the molecular basis for ligand recognition
remains unknown. Any further development of these ligands or discovery of new scaffolds
would be greatly aided by a high-resolution Aras-1 structure.

Atomic-resolution structural information on iMs is extremely scarce. Analysis of the Protein
Data Bank (PDB)[28] indicates that the first iM structure was deposited in 1993.1271 Overall,
the PDB contains 27 NMR and 10 crystal structures of unique iMs (i.e., unique sequence or
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conformation). Of these 37 structures, 23 are tetrameric (14 are NMR and nine are crystal
structures), seven are dimeric (six are NMR and one is a crystal structure), and seven are
monomeric (all are NMR structures). Monomeric structures (PDB ID 8BV6, 8BQY,[28]
705E,[291 183,301 1G22 311 50GA,[32] and 1ELN/1EL2[33]) are formed by either human
telomere and centromere fragments or by designed sequences that fold into minimal iM or
iM/B-DNA junctions. Thus, to date, there are no structures of biologically relevant iMs,
whether from oncogene promoter regions or unmodified telomeric or centromeric DNA,
which emphasizes the need for new structural information on iMs.

In this study, we present the first crystal structure of an iM formed by a C-rich region within
the HRAS promoter, 5’-CGCCCGTGCCCTGCGCCCGCAACCCGA-3’ (here referred to as
iHRAS). The structure was solved to a 1.77 A resolution and is an antiparallel dimer of

two iHRAS strands, which leads to two covalently connected nearly identical iMs. Each iM
contains six C-C™ base pairs further stabilized by stacking with a G-G homopurine base

pair and a cytosine. The loops and connecting region between the two iMs have extensive
canonical and non-canonical base pairing and stacking. The entire assembly is highly
compact. The iHRAS structure greatly advances our understanding of the iM topology and
of the roles that loops and connecting regions play in its folding and stabilization.

Results and Discussion

Biophysical characterization of Br-iHRAS

In this work, we aimed to solve the crystal structure of iIHRAS C-rich DNA sequence from
the HRAS oncogene promoter. Initial crystallization trials resulted in diffraction-quality
crystals; however, solving the phase problem was a barrier to completing the structure. To
overcome this barrier, we designed five variants of iIHRAS in which one or two of the
cytosines were replaced with 5-bromocytosine (5Br-C) (Table S1). The geometry of the
5Br-C base is such that the base modification should not interfere with iM formation.

To demonstrate that introduction of brominated nucleobases did not broadly affect the iM
structure of iIHRAS we performed biophysical characterization of iIHRAS and Br-iHRAS
mutants. The CD spectrum of iHRAS at pH 6.0 has a characteristic peak at 288 nm

(Figure S1A), and the spectrum is identical to the CD signature reported previously.l!!] The
Br-iHRAS mutants have CD signatures similar to that of iHRAS but with somewhat lower
intensity and, in some cases, with the main peak at a slightly shorter wavelength between
282 and 285 nm. Br-iHRAS?2, with 5Br-C at position 4, has a CD signature that resembles
closely that of iIHRAS albeit with lower intensity.

Thermal difference spectra (TDS) of all sequences contain a negative peak at approximately
304 nm (Figure S1B) indicative of iM formation. Based on a previous study, this negative
peak was expected to occur at approximately 295 nm.[341 Why it is redshifted by 9 nm is not
entirely clear. We speculate that the red shift may be due to formation of non-canonical base
pairs in addition to the expected C-C* pairs. We have observed a similar location of TDS
negative peak for other iM structures studied in our laboratory. iHRAS displays the highest
intensity of the 304 nm feature in TDS, followed by Br-iHRAS1 and Br-iHRAS2. For other
mutants, the negative peal at 304 nm is weak, suggesting a lower extent of iM folding.
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Analysis using polyacrylamide gel electrophoresis (PAGE) revealed that iHRAS and all
Br-iHRAS mutants share a major band that migrates below the T24 marker, corresponding
to a monomolecular species, and a fainter dimer band above the T30 marker (Figure S1C).

The melting temperature (7,;) of iIHRAS is 48 + 2 °C in 10 mM MES pH 6.0 buffer. This
value is within experimental error of the melting temperature of 47.6 °C determined in 50
mM sodium cacodylate pH 6.0, 50 mM KCI buffer reported previously.[11] The thermal
stabilities of Br-iHRAS mutants were similar with all 7,, values in the range of 44-48 °C
(Figure S1D). However, melting transitions of brominated mutants were less well defined,
and the resulting 7, values have higher associated errors.

In sum, all brominated mutants behave similarly to iHRAS with Br-iHRAS2 displaying
the greatest similarity. We attempted crystallization of all mutants but obtained diffraction-
quality crystals only for Br-iHRAS2. We solved the phase problem using the single-
wavelength anomalous diffraction method, relying on the anomalous bromine signal.

Overall architecture of iIHRAS iM

We solved the crystal structure of native iHRAS to a resolution of 2.02 A (PDB ID 8DHC)
and Br-iHRAS2 mutant to a resolution of 1.77 A (PDB ID 8CXF). Alignment of the native
and brominated structures yielded an RMSD of 0.227 A, indicating that structures are nearly
identical. The rest of this report will only discuss the higher resolution Br-iHRAS2 structure
unless otherwise mentioned.

Contrary to our expectation of a monomolecular iM, we observed a tail-to-tail dimer of
two 3’E iMs each with six C-C* base pairs. In the 3’E iMs, the outermost C-C* pair is

at the 3’ end. 3’E iMs are more common than are 5’E iMs as they are thermodynamically
more stable.[35] Each DNA strand (labeled here A and B) forms two hairpins, one at the

5’ end and another at the 3" end. Such folding results in two loops, one at the ‘head’ of
each hairpin, bringing the 5” and 3’ ends near the center of the molecule. Strands A and B
associate in an antiparallel fashion to form a dimer, which contains two intermolecular iMs
linked by a connecting region (Figure 1 and Figure S2). Nucleotides C1-G13 from chain
A and C14’-G26’ from chain B (nucleotides of chain B are designated by *) form the first
iM, iM-1; C1’-G13’ and C14-G26 form the second iM, iM-2. Alignment of iM-1 and iM-2
revealed that they are nearly identical with an RMSD of 0.125 A. Thus, in the discussion
that follows the values for the two iMs were averaged.

The structure contains 20 base pairs, and only two of them are canonical. There are two
Watson-Crick G-C pairs, two Hoogsteen G-C* pairs, twelve C-C* pairs, three homopurine
G-G pairs, and one homopyrimidine T-T pair (Figure 2). The overall structure of iHRAS
can be divided into three components: the iM cores, the loops (GTG and GCAA), and the
connecting region formed by the 5’-CG, the 3’-G overhang, and the middle TGCG stretch
(Figure 1C).

Each iM core contains six intercalated C-C™* pairs: [C3-C16°]*, [5Br-C4-C17°]*, and [C5-
C18’]* form one stack, and [C9-C23°]*, [C10-C24°]*, and [C11-C25°]" intercalate between
them. All cytosines adopt the ant/ glycosidic conformation as is commonly observed for iM
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structures. C-C* base pairs show little shearing, stretching, or staggering. The buckle and
propeller twist angles are also small (less than 10 ° for all but propeller value for [C3-C16]*,
Table S2) indicating that C-C™* base pairs are nearly planar. The pair that involves the 5Br-C
at C4 has the same geometric parameters as a typical unmodified C-C* base pair because the
Br atom points out, avoiding steric clashes.

Each folded strand forms a minor groove with an average P-P distance of 7.0 £ 0.9 A
(Table S3A). The minor groove is narrower at the center of each iM, with an average P-P
distance of 6.6 = 0.5 A, and wider at the ends of each iM (both at the loop side and in

the connecting region side), with the average P-P distance of 8.4 + 0.1 A (Table S3). This
widening likely occurs to accommodate the specific geometries of the adenine stack (see
more on the adenine stack below) in the loops and of the sharp turns into the connecting
region. Association of two DNA strands results in the formation of a major groove with an
average width of 13.5 + 1.6 A (Table S3B). The average dimensions of the minor groove

in other representative iM structures are between 6.3 and 9.1 A, and the average dimension
of the major grooves varies between 12.8 and 16.6 A.[30.33.36-39] The values observed here
thus fall within the lower to middle portion of these ranges. Sugar-phosphates between
successive cytosines have an average helical rise of 6.4 + 0.9 A (Table S4A), allowing room
for an average stacking interval between intercalated pairs of 3.2 + 0.2 A (Table S4B). This
distance is similar to 3.1 A observed in iM structures formed by dCCCT (PDB 1D 191D),[38]
dCCCC (PDB ID 190D),[371 and d(CCCTA,)3CCCT (PDB ID 1ELN/1EL2)[33] but shorter
than a typical distance of 3.4 A reported for double stranded DNAs or G-quadruplexes
where the base pairs or G-tetrads, respectively, m stack. In an iM, the C-C* base pairs stack
in such fashion that only exocyclic atoms O2 and N4 overlap but the bases do not; this
results in a narrower spacing between base pairs. The helical twist in our structure is 22

+ 4° (Table S5), although the distribution is bimodal with average values of the two peaks
at 26.8 £ 0.4 and 19.3 £ 1.7°. The reported helical twists in other structures of iMs range
between 10° and 23° (PDB ID 191D, 1C11, 190D, 294D, 1YBL, 1YBR, 1YBR, 1YBN,
1A83). However, in the iM structure formed by CCG triplet repeats (PDB ID 4PZQ), the
helical twist is higher, 30°.13% It is possible that helical twists were measured differently in
different reports, and thus the numbers may be more consistent than they appear.

Stacking on top of the terminal C5-C18” base pair is a parallel, sheared homopurine G6-
G19’ base pair (Figure 1C). The stacking interval between the G-G and the C-C* pairs is 3.0
A, matching the interval between intercalated cytosine pairs. This G-G pair is maintained by
reciprocal N2-N3 hydrogen bonds (Figure 2) and is characterized by a large propeller twist
of 36.3° and a buckle angle of 14.6° (Table S2), thus, the two bases are not coplanar. In
addition, the C-G steps leading to the G6-G19’ base pair have large helical twists of 56.5°
for C5-G6 and 52.3° for C18°-G19’ (Table S4).

The C-C* capping interactions observed in iHRAS is similar to those seen in other iM
structures.[28:29.32.39-41] For example, the iM core formed by CCG triplet repeats (PDB
ID 4PZQ) is flanked by one G-G base pair at each end.[39 As is the case for iIHRAS,
that structure displays a large propeller twist (23° and 39°) and a large buckle angle (16°
and 27°) for the two G-G base pairs as well as large helical twists for the C-G steps

(56° and 53°).[39] There are iM cores that are extended by minor groove slipped tetrads
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such as G-C-G-C,[28] G-T-G-T[28.294041] ‘and G-C-G-TI[32]. In all these cases guanines are
engaged in reciprocal N2-N3 hydrogen bonds closely resembling G-G homopurine base
pair observed in iIHRAS structure including its high propeller twist and buckle angles. For
example, the C-rich strand of the human centromeric region (PDB ID 1C11) has an iM core
capped by a G-T-G-T minor groove tetrad with G-G propeller twist of 31° and buckle angel
of 11°.1401 |n addition to the G-G base pair, T-T,[29:30.33.38] A_A [42] and T-ABY base pairs
and an A-A-T base triple [38] have been shown to cap or extend iM cores.

Finally, the C-C*/G-G stack in iHRAS is capped by C20’ from the GCAA lateral loop
(Figure 3A). This nucleotide stacks onto G6 and participates in several other stabilizing
interactions. N4 of C20’ is involved in a bifurcated hydrogen bond with a phosphate of T7
and 06 of G19* (* denotes a symmetry-generated molecule). In addition, O4’ of its sugar
interacts with N1 of G6.

Capping interactions have been suggested to provide thermal and pH stabilization of iM
structures, which is best demonstrated in the case of so-called minimal iMs. In minimal iMs,
the iM core is formed by only two C-C* base pairs, yet the structures are stable because the
short iM core is capped by minor groove slipped tetrads at both ends.[28:32:41]

iHRAS structure has an average B-factor of 58.2 AZ. Five nucleotides (T7, G8, and A21
from lateral loops and G15 and G26 from the connecting region) display B-values higher
than 60 A2, Figure S3. B-factors for native iHRAS and Br-iHRAS? are rather similar with
some local variations.

Conformations of lateral loops

There are two loops, G6-T7-G8 and G19-C20-A21-A22, at each end of the iIHRAS dimer
which cap each narrow groove (Figure 1C). In addition to G6-G19 base pairing and C20
stacking, loops are stabilized by the intermolecular contacts with nucleotides from other
asymmetric units. Specifically, G8 from the GTG loop m-stacks with G8*. T7 projects
outward and is the only residue in the molecule that does not engage in any contacts. As
such, T7 has a high B-factor of 78.2 A2 (average B-factor for DNA is 58.2 A2). A21 and
A22 from the GCAA loop project away from the molecule nearly perpendicular to the iM
core. Their bases r-stack with each other and with A21*/A22* (Figure 3B). The twist angle
of 37.1° between A21 and A22 (Table S3) leads to nearly perfect pairwise overlap of the
6-membered rings, partial overlap of the 5-membered rings, and an overall right-handed
helical arrangement of the adenine stack. The A21-A22-A22*-A21* r-stacks interact with
each other via a polyethylene glycol from the crystallization solution contributing to the 3D
arrangement of the crystal lattice (Figure S4A). Similar, although not identical, adenine
clusters were observed in the crystal structure of FAACCCC tetramolecular iM from
Tetrahymena thermophila telomeric DNA (PDB ID 294D).[43]

Architecture of the connecting region

The two iM cores in the iIHRAS dimer are connected via a four nucleotide T12-G13-C14-
G15 linker. In addition, the 5’-C1-G2 and 3’-G26 overhangs are located near the connecting
region (Figure S2). The terminal hydroxides of the 5° ends of chains A and B are close
enough to form a hydrogen bond; however, due to a lack of electron density, we did not
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include the 5” terminal hydroxides in our model. The 3’ ends of the DNA strands are at the
opposite sides of the connecting region and point away from the iM core and from each
other (Figure S2). The 3’ end is the most disordered region in iIHRAS where G26 has a high
B-value of 91.2 A2 and A27 has poor electron density and was not modeled.

The TGCG linker nucleotides are engaged in extensive base pairing and stacking
interactions, running roughly perpendicular to the iM core, and involving chains A and B

as well as the symmetry partners. At the center are two G-C pairs, Hoogsteen C1-G15’ and
Watson-Crick G2-C14’ (Figure 3C). The Hoogsteen C1-G15’ base pair is maintained by two
hydrogen bonds between N3 and N4 of C1 and N7 and O6 of an ant/oriented G15” (Figure
2). The C1-G15’ base pair is non-planar and displays an approximately —7° propeller twist
as well as an approximately 11° buckle (Table S2). The base pair is further stabilized by the
stacking between G15’ and a syr-oriented G26° as well as by the hydrogen bond between
N4 of C1 and N7 of G2’. G2 adopts a syn glycosidic conformation as expected for the
Watson-Crick base pairing. The G2-C14’ base pair is also non-planar and displays a 15.8°
propeller twist (Table S2). Overall, the stacking pattern consists of G26°/C1-G15’/G2-C14’.
An identical arrangement of bases is repeated at the base of iM-2 with the stack of bases
running nearly parallel to the stack described above (Figure S2B).

The two stacks, G26’/C1-G15’/G2-C14’ and G26/C1’-G15/G2’, are capped by T12 and
T12’, respectively, such that each T stacks on top of each G2-C14 base pair with virtually no
rt-system overlap (Figure 3D). T12 and T12’ form a homopyrimidine base pair via N3-02
reciprocal hydrogen bonds (Figure 2). The T12-T12’ base pair is stabilized by stacking
with the G13-G13’ base pair such that the T and G bases are engaged in extensive -1
interactions (Figure 3E). T12-T12” and G13-G13’ base pairs repeat only once in the iHRAS
dimer, unlike all other base pairs that repeat twice. The T12-T12’ base pair has a strong
propeller twist of 32.4°, whereas G13-G13’ is nearly planar (propeller twist of 6.1°). Due

to its planarity, the G13-G13’ base pair stacks neatly with the same pair from the symmetry
generated set of molecules connecting two dimers to each other and contributing to 3D
crystal packing (Figure S4B).

Water networks

The Br-iHRAS?2 structure contains 74 defined water molecules, whereas the structure of
native iIHRAS contains seven waters due to its lower resolution (2.02 vs. 1.77 A). Five
waters are common to both structures suggesting that water networks are likely similar.

Waters form fragmented networks across the major grooves and around the loops (Figure
4). The minor grooves are too narrow (average P-P distance of 7.0 A) to harbor water
molecules, an observation made for other crystallized iMs. The connecting region is tightly
packed and connects to water molecules only on its outskirts. In the major groove, water
molecules hydrogen bond to phosphates, to N4 atoms of cytosines, or to each other to form
a groove-spanning network (Figure 4A). It is worth noting that N4 atoms of most cytosines
are engaged in a bifurcated hydrogen bond to O2 of a cytosine partner and either a water
molecule or a phosphate (Table S6). This bifurcated hydrogen bond is common in other iMs
and plays an important role in stabilization of the iM core. Upon careful examination, N4
atoms of five cytosines in chain A and eight cytosines in chain B interact with one water
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molecule each, whereas three cytosines in each chain form hydrogen bonds to a phosphate
from the opposite chain. Only one cytosine in chain B (C177) and four cytosines in chain A
do not form hydrogen bonds with waters or phosphates, although weak electron density is
detected at the expected distances for some of them. A similar water network is observed in
the high-resolution crystal structures of dTCACCC (1.85 A, PDB 1D 200D)44] and dCCCT
(1.4 A, PDB ID 191D)[38] which form tetramolecular iMs.

In the loops of IHRAS, water molecules provide backbone stabilization connecting
phosphates to each other and to nearby bases. There are two water molecules with unusually
high electron density (one is shown in Figure 4B and is marked with asterisk). This

water is in a penta-coordinated environment of N2 and N3 of G8, N1 and N2 of G19’

and another water molecule. The second water is found in the loop of iM-2 in a nearly
identical environment. Similar water molecules are present in the native iHRAS structure.
We considered ions (K*, Na*, MgZ*, or CI™) for this position; however, none were good
choices based on the value of B-factor, charge, or preferred type and geometry of ligand
environment (see Materials and Methods in SI).

Oligomeric state of iIHRAS

PAGE results indicated that under dilute conditions (50 uM DNA, 10 mM MES 6.0, 10

mM KCI) iHRAS primarily exists in a monomeric form (Figure S1C). In contrast, the
crystal structure revealed an iHRAS dimer (Figure 1). We set out to determine whether it

is the high concentration of DNA (1 mM) in the crystallization sample, the components

of the crystallization solution, or crystal packing forces that drive the dimer formation. We
prepared samples of iIHRAS with concentrations ranging from 5 uM to 2 mM and analyzed
them using PAGE. Regardless of the concentration, the major band on the PAGE was that of
a monomer, although a prominent dimer band was seen in the 2 mM samples (Figure S5A).
Moreover, neither the CD signature nor the thermal stability changed with concentration
(Figure S5B-C). These data indicate that concentration alone does not drive the dimerization
process, at least not at concentrations below 1 mM. Next, we performed PAGE on samples
prepared under the crystallization condition and on crystals; significant dimerization was not
detected (Figure S6). A sample of the Br-iHRAS2 crystals, on the other hand, did run at the
position of the dimer band, suggesting that it is crystal packing forces that lead to iIHRAS
dimerization. Collectively, our data suggest that although iHRAS exists predominantly in a
monomeric form in solution, it has an intrinsic ability to dimerize.

To understand the monomer-dimer equilibrium we built a model for the iHRAS monomer
by removing iM-2 (residues C14-G26 and C1’-G13"), connecting residues G13 and C14’
(which were found in close proximity), and regularizing the region between residues T12
and C14. The resulting structure (Figure 5A, right) has small deviations in the positions of
T12 and C14 bases and new location of the G13 base compared to the iIHRAS structure.

The only interactions that are lost in the monomeric iM are T12-T12’ and G13-G13’ base
pairing. Therefore, our X-ray-determined iHRAS structure, although dimeric, is an excellent
model for a monomeric iHRAS.

It is straightforward to envision the pathway from the iIHRAS dimer to the monomer. First,
the dimer must dissociate into its constituents, chains A and B, which adopt a double
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hairpin structure connected via the TGCG connecting region (Figure 5A, center). Next, the
individual chains must fold intramolecularly converting the connecting TGCG region into
loop 2 and the two original loops to loop 1 (GTG) and loop 3 (GCAA). The schematic of the
proposed monomolecular iIHRAS structure is shown in Figure 5B.

Biological relevance of iHRAS dimer

In dilute conditions, iHRAS exists primarily as a monomer (here and [11]). Since the 27-
nucleotide sequence of iHRAS appears once in the human reference genome (hg38),[4%]

the region is predicted to adopt a monomeric fold /77 vivo. The dimeric crystal structure

of iIHRAS provides us with a robust understanding of the folding of monomeric iHRAS.
However, we do not want to completely dismiss the possibility of a biologically relevant
dimer in the HRAS gene. Downstream of the iHRAS sequence is a second characterized

iM, Aras-2[111 which contains four stretches of four or five cytosines connected by a single
guanine, CCCCCGCCCCCGCCCCGCCCC (C-stretches are underlined). The C-rich nature
of Aras-2and reported biophysical studies[*] suggest that it folds into a stable iM. The
high-resolution structure of /iras-2has not been determined, although structural studies are
underway in our laboratory. It was originally suggested that iMs formed by /ras-1 (here
iHRAS) and /ras-2 independently inhibit HRAS transcription,[*1] but we speculate that
iHRAS and /iras-2 may also function in tandem through the formation of a heterodimer
(Figure S7). C-rich stretches in Airas-2are longer than in iHRAS increasing the probability
of dimer formation because pairing of three cytosines in each stretch of iHRAS can happen
with any of the four or five cytosines in each stretch of Aras-2. Heterodimer formation could
occur when sufficient negative superhelicity results in melting of the region between iHRAS
and /Airas-2. In addition, the 46-nucleotide linker between the 3’-A in iIHRAS and the first
C-stretch in Aras-2, may adopt a secondary structure with two or three hairpins, one of which
is predicted to have a stem of six G-C base pairs (Figure S7C). Such folding would bring

the two C-rich sequences into proximity increasing the probability of heterodimer formation.
Cooperative folding of nearby secondary structure elements has been demonstrated in other
oncogenes including in the human 7ERT promoter where a 31-base pair hairpin is suggested
to initiate cooperative folding of two nearby G-quadruplexes.[46] Biologically relevant
dimeric iMs are known. For example, dimeric iMs formed by the C-rich DNA sequences
from centromeric regions of human and Drosophila melanogaster chromosome have been
suggested to play important roles in nucleosome organization.[40:47:48] Dimerization of

iMs at the entrance and exit of nucleosomes are predicted to allow precise positioning of
nucleosomes in the lateral direction. Further support for biologically relevant dimerization
comes from a recent study that identified the first human protein with an exceptional
selectivity for heterodimeric G-quadruplexes lending credibility to their /n vivo existence.[4°]
If heterodimeric G-quadruplexes have biological importance, so could heterodimeric iMs.

Conclusion

We report the first crystal structure of iHRAS iM formed by the 27-nucleotide DNA
sequence from the HRAS oncogene promoter. Previously, only structures of human
telomeric or centromeric iM-forming regions had been determined at high resolution
by NMR or X-ray crystallography, and all either contain multiple strands (i.e., are
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tetramolecular(4243 or bimolecular(4C]) or have base modifications (e.g., 5-methyl cytosine
or uridine)[30:33] to improve sample homogeneity.

In our structure, one iIHRAS strand folds into a double hairpin connected by the TGCG
connecting region. The two strands associate in an antiparallel fashion, forming a dimer with
5" and 3’ ends in close proximity in the middle of the structure between the two iM cores.
The dimer contains two nearly identical 3’E iMs with six C-C™ intercalated base pairs.

The iM core is extended by a homopurine G-G base pair and a C that stacks on top. The

two iMs are linked by a connecting region that forms many canonical and non-canonical
base pairing and base stacking interactions. Overall, every observed base in the iIHRAS
structure except T7 is engaged in extensive hydrogen bonding and/or rc-stacking interactions
leading to a very compact elongated structure. These interactions stabilize loops and the
connecting region. The extensive networks of interaction that stabilize the iM core in our
crystal structure are unprecedented. Our structure provides structural evidence supporting
the idea that auxiliary base pairing is an essential aspect of iM stability /n vivo, in addition to
molecular crowding, negative superhelicity, interactions with ligands, and other conditions.

Importantly, the structural features of the loops and connecting region are unique structural
elements that can be targeted by small-molecule ligands or proteins as potential cancer
therapies. For example, binding of nuclear protein hnRNP Al to Airas-1 and hras-2 was
suggested to occur through the lateral loops.[11] Such features will allow design of highly
gene-selective ligands and will be useful for discovery of highly selective proteins.

Others11.24] and we have shown that DNA from the HRAS promoter may adopt a number
of non-canonical secondary structures. Each of the folded states of the HRAS promoter
(i.e., G-quadruplex formed by the G-rich strand, the iMs formed by /iras-1 and hras-2,

and an hras-1/hras-2 heterodimer) may correspond to a different state of HRAS oncogene
regulation thus allowing for very precise control of HRAS expression. The first crystal
structure of an iM from a human oncogene promoter presented in this work thus advances
our understanding of iM targeting, gene regulation, and other biological functions of iMs. In
addition, it will help elucidate the mode of binding of existing iM ligands and will facilitate
design of new scaffolds that selectively bind to iHRAS and iMs in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the dimeric iIHRAS iM. A) Cartoon representation with purines, pyrimidines,

and sugars shown as filled rings. Chains A and B are colored green and blue, respectively.
B) iHRAS structure surrounded by the electron density at I/o = 1.0. C) iHRAS schematics
with nucleotide numbering. Nucleotides are colored by base: thymines are blue, guanines
are green, cytosines are brown, adenines are magenta, and the 5Br-C located at position 4 is
colored dark brown. Nucleotides from chain B are marked with an apostrophe (*).
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Figure 2.
Illustration of non-canonical base pairs observed in the structure of iHRAS.
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Figure 3.
Base pairing and stacking interactions in iHRAS. A) The homopurine pair, G6-G19’, stacks

onto the cytosine pair, C5-C18’. This arrangement is further stabilized by stacking with
C20’. B) A four-adenine rt-stack is formed by A21°-A22°-A22*-A21*. C) The G2’-C14
Watson-Crick pair and the C1’-G15 Hoogsteen pair interact in the connecting region. D)
T12-T12’ homopyrimidine pair stacks onto the G2-C14’ and the G2’-C14 base pairs. E)
G13-G13’ stacks onto T12-T12". Note, interactions listed in A-C refer to iM-1. Identical set
of interactions are found in iM-2. Bases marked with an apostrophe belong to chain B and
those marked with an asterisk are from a symmetry mate.
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Figure 4.
Water networks in A) the major groove and B) loop region of iHRAS. Water molecules are

colored purple. Hydrogen bonds are indicated by dashed lines. The water molecule with
strong electron density is marked with an asterisk in panel B. Nucleotides are colored by
atoms with P in orange, O in red, N in blue, and C in beige. The stacking of the G6-G19’
base pair and C20’ onto the iM-1 C5-C18’ base pair is clearly visible in panel B.
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Figureb5.
The pathway to the iIHRAS monomer. A) A proposed transition between iHRAS iM dimer

and monomer. The intramolecular model of iHRAS, depicted in blue (right), is a regularized
structural model and not a real structure. B) Schematics of the monomeric iHRAS
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