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18.1 Introduction

The history of synchrotrons can be traced back to 1873, when James Clerk
Maxwell came up with the theory of electromagnetism that changed our under-
standing of light. Since its discovery in 1895, X-ray has enjoyed fast development
in physical, medical, and biological research. To expand the field of applications
even further to include areas such as high-energy physics, scientists and engi-
neers around the world have designed and realized many ways to accelerate
particles, including synchrotron radiation facilities that provide researchers with
extremely high-flux electromagnetic radiation, at broad energy ranges from the
infrared through the ultraviolet and into the X-ray region. Synchrotron light
sources have enabled tremendous breakthroughs in physics, chemistry, and
biology, especially structural biology [1]. Thousands of biomolecular structures
are deposited in the Protein Data Bank every year, and more than 80% of them
have been determined with the use of synchrotron-based methods.

A major class of biomolecules is nucleic acids, which play central roles in the
storage and transfer of genetic information. Even though nucleic acids were first
discovered in 1869 by Johannes Friedrich Miescher, the structure of nucleic acids
remained a mystery until X-ray diffractograms of DNA crystals were recorded
by Rosalind Franklin and the double-helix model was proposed by Watson and
Crick in 1953. The characterization of the double helical structure of DNA paved
the way for explaining how genetic information is stored and then copied to the
next generation. With the discoveries of various types of RNA molecules with dis-
tinct functions, such as messenger RNA, transfer RNA, noncoding RNA, small
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interfering RNA, ribozyme, and ribosome, it was revealed that RNA molecules
can not only serve as a template for protein synthesis, but also form complex
three-dimensional (3D) structures for a wide range of functions, including pro-
tein synthesis, enzymatic reactions, and gene regulation. High-resolution struc-
tures of these RNA molecules play a key role in furthering our understanding of
the structural features and mechanisms behind these functions.

In addition to the DNA and RNA molecules discovered in nature, systematic
evolution of ligands by exponential enrichment (SELEX), or in vitro selection
[2-5], has been used to obtain RNA or DNA molecules in test tubes that can
either bind numerous molecules selectively (called aptamers) or can catalyze
specific reactions (called ribozymes for catalytic RNA or deoxyribozymes or
DNAzymes for catalytic DNA) [6—14]. Many of these aptamers, ribozymes,
and DNAzymes have been transformed into sensors [15] based on fluorescence
[16-21], colorimetry [22-24], electrochemistry [25], or enzymatic activity
[26-28]. More recently, due to the intrinsic programmability of DNA caused by
precise base-pairing with complementary strands, DNA molecules are emerging
as promising candidates to be used in various areas in nanotechnology, such as
DNA-directed self-assembly of colloidal nanoparticles [29, 30], DNA origami
[31-35], microchips, and DNA-based computation [36—39]. Given the wide
variety of DNA and RNA molecules and their diverse functions, it is important to
characterize their structures in order to understand them. It is not surprising that
synchrotron-based techniques, such as X-ray spectroscopy, X-ray footprinting,
and small-angle X-ray scattering (SAXS) play key roles in achieving this goal
(Figure 18.1).
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Figure 18.1 Synchrotron-based techniques for characterizing nucleic acids and
nucleic-acid-based nanomaterials.
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In this chapter, we summarize the applications of synchrotron-based spec-
troscopic techniques used to characterize nucleic acids. Instead of giving a
comprehensive review on numerous high-resolution crystal structures of nucleic
acids obtained using a synchrotron light source, we emphasize the different types
of synchrotron-based spectroscopic studies that helped elucidate the properties
of nucleic acids, including electronic structures, electrostatic properties, folding
pathways, overall 3D nanostructures, and crystal lattices in the DNA-directed
self-assembly of nanoparticles.

18.2 Synchrotron-Based Spectroscopic Techniques
in the Characterization of Nucleic Acids

Synchrotron facilities can provide electromagnetic radiation ranging from
infrared to X-ray with high brightness, high collimation, and wide tunability
[40]. These properties make synchrotron radiation an ideal light source for a
number of spectroscopic applications. Among different synchrotron-based tech-
niques [41], X-ray absorption spectroscopy (XAS), X-ray emission spectroscopy
(XES), X-ray photoelectron spectroscopy (XPS), SAXS, and synchrotron radia-
tion circular dichroism (SRCD) are widely used in characterizing conformations
and electronic structures of nucleic acids.

X-rays are often described in terms of the energy they carry, which can range
from less than 1keV to greater than 100keV. The X-ray with energies above
10keV is often referred to as the hard X-ray, while the lower energy X-ray
is referred to as the soft X-ray. When the absorption coefficient of a given
element is measured over a range of excitation energies, a sharp increase in
the absorption coefficient at a certain energy level can be observed. Such an
absorption increase is referred to as the absorption edge, which occurs when
the core electron absorbs energy equal to or greater than its binding energy.
The naming of the edges depends on which shell the core electron is ejected
from, with the principal quantum number #n =1-3 corresponding to the K-, L-,
and M-edge, respectively. From the edge to about 50 eV above the edge is the
X-ray absorption near-edge structure (XANES) region, while an extended X-ray
absorption fine structure (EXAFS) region extends to approximately 1 keV above
the edge (Figure 18.1). Near-edge X-ray absorption fine structure (NEXAFS)
deals with analysis of soft X-ray 1s XANES spectra and is more relevant for
nucleic acid research [42]. Analyses of pre-edge, edge, XANES, and EXAFS
regions reveal information about the electronic structures and the local metal
coordination information of the samples [43, 44].

The fundamental principle of XAS and XES is based on the ability of X-ray to
excite core electrons from an atom (Figure 18.2). Under high-intensity X-ray radi-
ation, atomic core energy level electrons in the material can absorb X-ray photons
and be promoted to a higher unoccupied energy level, leaving a core hole. XAS
measures the fraction of X-ray photons that are absorbed by the sample. When
an outer-shell electron decays to fill the core hole, a photon will be emitted. XES
captures the energy and intensity of emitted photons. Both XAS and XES are
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Figure 18.2 The relationship between energy transitions and X-ray absorption edges. (Rehr
2000 [45]. Reproduced with permission of John Wiley & Sons.)

element-specific and site-specific, and they reveal the electronic structures of the
samples [44, 46]. XPS, on the other hand, studies energy distribution of electrons
emitted from X-ray-irradiated materials [47—49]. From this measurement, ele-
ment composition, chemical formula, and the electronic state of materials can be
deduced.

18.2.1 Use of XAS and XES Spectroscopy in Studying Electronic
Structures of Nucleobases

DNA molecules have been used in constructing various nanodevices such as
molecular wires [50], and therefore their electronic properties are essential for
the design and optimization of these devices [51, 52]. In nature, DNA contains
four nucleobases, adenine (A), guanine (G), cytosine (C), and thymine (T). To
gain a better understanding of the electronic properties of DNA molecules,
the chemical structures of nucleobases have been extensively characterized
using XAS and XES. By determining the transitions from the inner-shell atomic
orbitals to virtual molecular orbitals, information about the electronic structures
of a particular element of interest in a nucleobase can be readily obtained. As
nucleobases are composed of light atoms, mainly carbon, nitrogen, and oxygen,
with low electron-binding energies (284 eV for carbon, 410 eV for nitrogen, and
543 eV for oxygen), soft X-ray is often used to characterize nucleobases. The
nitrogen atom, as the only element that appears exclusively in nucleobases but
not in the ribose or the phosphate backbone, provides the clearest fingerprint of
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DNA, and has therefore caught more attention in the early work on nucleobase
characterization [53].

Kirtley ez al. used XANES to study the electronic environment of nitrogen in
different nucleobases, nucleotides, polynucleotides, and calf thymus DNA [54].
In their study, they changed the chemical environment around nitrogen atoms
by introducing oxygen or halogen substitutions on the carbon atoms of the aro-
matic ring to modify the ring. Spectral perturbations were observed in these
cases, revealing that the fine structures shown in the photoabsorption spectrum
of DNA near the nitrogen K-edge depended highly on the chemical structure of
the nitrogen atom. Moewes et al., on the other hand, used carbon K-edge XAS
and XES to study electronic structures of B-DNA and its four nucleobases [55].
In addition, they performed a systematic study to investigate how different buffer
conditions might affect the electronic structure of B-DNA using XAS and XES.
On the other hand, MacNaughton et al. carried out a more comprehensive study
on the four nucleobases by obtaining XAS and XES spectra for all three elements
(C, N, and O) [56]. Combined with theoretical calculations, they were able to
identify the main energy transitions of these nucleobases in the XAS and XES
spectra. By comparing the XES and XAS experimental data on a common energy
axis, the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) was determined for all four
bases. Furthermore, Zubavichus et al. reported a detailed analysis of high-quality
NEXAES spectra of five nucleotide bases, including three pyrimidine (cytosine,
uracil, and thymine) and two purine (adenine and guanine) for carbon, nitrogen,
and oxygen K-edges [57]. All these studies have provided electronic structures of
the nucleobases and reference data that can be useful for the analysis of XAS or
XES spectra of DNA molecules with different sequences, as discussed in the next
section.

18.2.2 XAS and XES in Characterizing Electronic Structures
of Double-Stranded DNA

Although the DNA molecules use nucleotides as their basic building blocks,
interactions between nucleobases, such as hydrogen bonding, make their
electronic structures different from those of an individual nucleotide. Therefore,
it is not surprising that the spectra of double-stranded DNA (dsDNA) exhibited
significant differences from the sum of individual spectrum of the nucleotides,
supporting the hypothesis that the interactions affect the electronic structure of
the nucleotides [54, 55]. By studying Poly(dG)-Poly(dC) and Poly(dA)-Poly(dT)
DNA duplexes separately, Hua et al. proposed that the spectral properties of
dsDNA of mixed bases could be expressed as linear combinations of those
of dG-dC and dA - dT base pairs, suggesting that hydrogen bonding, rather
than stacking between base pairs, affected the electronic structure [58]. The
electronic structures of the DNA molecules were found to be sensitive to their
environment, since XAS and XES spectra and the HOMO-LUMO gap were
found to change in different buffers [55, 59]. Several studies suggested that
the HOMO-LUMO gap of a DNA duplex is closely related to charge hopping
phenomenon [60-64]. Guo et al. and Kummer et al. determined that the band
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gap of a DNA duplex was 2.6 eV and was associated with a transition between
the m and n* orbitals [65, 66].

18.2.3 SRCD for Probing the Secondary Structure of DNA Molecules

Circular dichroism (CD) is a commonly used technique for studying the sec-
ondary structure of nucleic acids [67-71]. In order to obtain more information
about the nucleic acids, the wavelength of CD has been extended to the vacuum
ultraviolet (VUV) region in order to achieve stronger electron coupling between
bases [68, 72]. Although advanced experimental setups were able to record CD
spectra in the wavelength between 170 and 200 nm, low photon fluxes were often
a limitation due to strong absorption by air, solvent, buffer, salts, and cuvette. To
overcome this limitation, synchrotron radiation was used to provide high VUV
flux, making it possible to obtain SRCD data with high signal-to-noise ratios [73].

Nielsen, Holm, and coworkers carried out systematic SRCD spectral studies
on various types of DNA, including single-stranded DNA (ssDNA), dsDNA
with different combinations of nucleobases, adenine—thymine triplex, i-motifs,
and G-quadruplexes [74-78]. G-quadruplexes have been known to adopt
different topologies when their structural elements are different. Figure 18.3a
illustrates four common quadruplex folding motifs formed by different DNA
sequences. Homologous guanine oligonucleotides d(G), are known to form
quadruplexes with four parallel strands (Figure 18.3a, A(4)), while d(G4T4G4)
yields a bimolecular antiparallel G-quadruplex with diagonal loops (Figure 18.3a,
B(2)). On the other hand, d(TAGGGUTAGGGT) results in a bimolecular
parallel G-quadruplex with double-chain-reversal loops (Figure 18.3a, C(2)),
and d(GGTTGGTGTGGTTGG) adopts a self-folded chair-type structure
(Figure 18.3a, D(1)). By examining the G-quadruplexes with distinct topologies,
Holm et al. found that the SRCD signal from a G-quadruplex was proportional
to its length [75], indicating that the CD signal originated from the G quartets.
As G-quadruplexes with different conformations (anti or syn) or handedness
displayed similar SRCD signals, Holm et al. proposed that the SRCD signal was
not related to the topology of the G-quadruplex.

In another study, Gao et al. used SRCD to monitor structural changes of
DNA molecules wrapped around single-walled carbon nanotubes (SWCNTs)
upon Hg?* binding (Figure 18.4) [79]. The DNA molecules have been known to
exhibit strong induced circular dichroism (ICD) signals when they are wrapped
around SWCNTs, due to the coupling between the transition dipole moments
of the optically chiral SWCNTs and the transition dipole moments of DNA.
Hg?**-induced extending of the DNA caused partial detachment of the DNA
from the SWCNTTs, resulting in a decrease of the ICD signal. By taking advantage
of this property, the authors have transformed the DNA-SWCNT system into a
sensor for Hg?* with a nanomolar detection limit.

More recently, Brazier and coworkers characterized thermal and pH stability
of i-motif constructs with different loop length using SRCD and UV [80]. It has
been shown that i-motif exists in gene promoter regions and can form a quadru-
plex structure to modulate gene expression. Results from SRCD and UV suggest
that shorter loops give more stable structures than longer loops. In addition, the
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center loop contributes less to the overall stability of the structure compared with
the first and last loops.

18.2.4 Synchrotron-Based Spectroscopic Methods for Studying
the Structures of Surface-Bound Nucleic Acids

Immobilization of nucleic acids on solid surfaces is a fast-growing research area
that has given birth to numerous cutting-edge biotechnological applications,
such as DNA microarrays [81, 82] and biosensors for medical diagnosis and
pathogen detection [83-85]. To retain the full function after immobilization,
nucleic acids must be oriented with proper densities and correct conformations
on the surface. In order to characterize the structures of nucleic acids at these
surfaces, XAS, XPS, reflection absorption infrared spectroscopy (RAIRS),
and X-ray diffraction (XRD) have been widely applied to provide structural
information.

Fujii et al. studied evaporated thin films of nucleobases on Au-coated Si sur-
faces and calculated the angles of different bases with respect to the flat surface
using NEXAFS [86]. They found that purines were orientated to the surface, with
an angle of 15 + 6° for adenine and 38 + 1° for guanine. Uracil had an orientation
of 16 + 4°, but thymine and cytosine were randomly orientated with respect to
the surface. NEXAFS and XPS have also been used for studying DNA bases on
Cu(110), Si(111), and Au(111) surfaces. Furukawa et al. compared the orientation
of purine nucleobases (G and A) on Cu(110) surfaces, and found that adenine
adsorbates laid almost flat while guanine adsorbates were tilted up on the surface
[87]. Seifert et al. determined the average tilt angles of three nucleobases (A, C,
and G) deposited on hydrogen passivated Si(111) surfaces by NEXAFS spectra of
the carbon K-edge [88]. Their results revealed that adenine and guanine both laid
almost flat on the substrate surface, while cytosine adopted a more upright orien-
tation. The adsorption geometry of thymine on Au(111) and Cu(110) surfaces was
characterized by Plekan et al. using XPS and NEXAFS [89]. These spectroscopic
results suggested that thymine oriented almost parallel to the Au(111) surface,
while it tilted at a steep angle on the Cu(110) surface.

Since the early work of Tarlov and coworkers on DNA immobilization onto
gold surfaces using thiol-terminated ssDNA (thiol-ssDNA), many spectroscopic
characterizations have been carried out in order to understand the surface
structures of bound DNA [90-92]. Surface coverage of the DNA molecules
has been demonstrated to be an important factor in maximizing hybridization
efficiency. Hybridization of complementary DNA to densely packed HS-ssDNA
on a gold surface was found to be impeded due to steric and electrostatic factors.
To maximize the hybridization, spacer molecules were often introduced into
the system to vary the coverage of ssDNA on a materials surface [90]. Lee et al.
studied the kinetics of 11-mercapto-1-undecanol (MCU) displacing HS-ssDNA
on a gold surface with NEXAFS, and proposed that the thiol-ssDNA oligomers
reoriented toward a more upright position upon MCU incorporation [93]. As
shown in Figure 18.5, during short-term backfill of MCU, the vacant surface
sites surrounding the loosely packed HS-ssDNA were occupied by the MCU
immobilization. Upon extending the MCU backfill time, the DNA molecules
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Figure 18.5 Nitrogen (a) and carbon (b) K-edge NEXAFS spectra from pure DNA and mixed
DNA/MCU monolayers on gold at normal (90°) and glancing (20°) incident X-ray angles with
increasing backfill time. In the nitrogen K-edge NEXAFS spectra (a), the increase in polarization
dependence indicates that DNA bases are oriented more parallel to the surface than bases in
the pure DNA monolayer and that ssDNA oligomers reorient on average toward a more
upright orientation on the surface upon MCU addition. In the carbon K-edge NEXAFS spectra
(b), the decrease in the intensity of the n* ._. and 6 * _,,, peaks with longer MCU backfill time
is consistent with DNA displacement from the surface. (Lee et al. 2006 [93]. Reproduced with
permission of American Chemical Society.)

were gradually replaced and nonspecific interactions between the nucleobase
nitrogen and gold were also weakened, leading to the overall change of ssDNA
orientation toward a more upright position. The NEXAFS spectra have also been
measured to reveal the orientation and electronic structures of DNA or peptide
nucleic acid (PNA) molecules on gold [94], pyrite [95], and InAs [96] surfaces.

18.2.5 XAS in Characterizing the Structures of Metal-Nucleic Acid
Complexes

XAS has served as an important tool to provide structural information of
metal-binding sites in metal-nucleic acid complexes. The interaction between
metal ions and nucleic acids involves mostly nitrogen and oxygen atoms. Owing
to the inability of EXAFS to differentiate between oxygen and nitrogen, it
is challenging to pinpoint coordinating residues. However, the use of model
complexes as references provides the possibility to differentiate between dif-
ferent coordination atoms [97, 98]. Moreover, the EXAFS can provide valuable
structural information about metal-ligand distances, as well as coordination
numbers.

As the most abundant transition metal ion in cells, iron serves as the metal
cofactor for many enzymes that catalyze redox reactions. However, when in
excess, iron is believed to generate oxidative stress that can induce damage to
cell structures and nucleic acids by converting hydrogen peroxide (H,0O,) into
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highly reactive hydroxyl radicals (*OH) through the Fenton reaction [99-101].
In mammalian cells, Fe(II) has been found to form a complex with DNA and
generate *OH from H,O,. The *OH can then attack nearby residues and cause
oxidative damage to DNA. To understand the coordination of the iron—DNA
complex and its implication in mutagenesis, Bertoncini et al. studied Fe~-DNA
interaction using XANES and EXAFS, and found that only oxygen coordinated
with Fe(III) while nitrogen and oxygen could bind to Fe(II) [97, 98].

In addition to metal-DNA complexes, metal-binding sites in RNA molecules
have also been identified and their specific catalytic functions have been
characterized. Ribonuclease P (RNase P) is a type of ribonuclease that cleaves
RNA. Unlike other protein-based RNases, RNase P is unique since it is a
ribozyme that uses RNA to perform catalytic reactions in the same way as
protein-based enzymes. RNase P cleaves off a precursor sequence of RNA on
tRNA, and this reaction has been found to be metal ion dependent. Koutmou
et al. combined NMR and XAS spectroscopy to identify and characterize
inner-sphere metal-binding sites in a stem-loop RNA that served as a model for
the most highly conserved P4 helix of RNase P [102]. EXAFS spectra revealed
inner-sphere binding of Zn?* to one or more of the bases of P4 helix with
six-coordinate geometry. Together with NMR characterization, they identified
the localization of the metal-binding residues in the active site of P4 helix.
Such an approach can also be used as a general method for characterizing
inner-sphere metal-binding sites in other nucleic acids.

Cisplatin, as well as many other related platinum (Pt) complexes, is known to
be a potent anticancer drug through its interactions with DNA [103, 104]. To
understand the formation of the drug—~DNA complex, the interaction between
the platinum complexes and DNA has been studied using EXAFS as well as X-ray
crystallography [105] and NMR [106—109]. Teo et al. used EXAFS to reveal the
interaction between Pt and DNA [110]. Their findings suggested that four Pt—N
(or O) bonds at 2.03 A were present in the complex in presumably square planar
geometry. Hitchcock et al. reported the EXAFS study of a DNA complex with
a Pt dimer, revealing that the likely binding sites of the Pt dimer were guanine
bases. Binding of the Pt dimer to these sites interfered with the hydrogen bonding
between DNA strands and impeded the replication process [111]. Kobayashi et al.
showed that a complex made of DNA and chloroterpyridine platinum (PtTC)
could potentially behave as a radiosensitizer for radiotherapy, since it could bind
to plasmid DNA and result in an increased yield of strand breaks under X-ray irra-
diation [112]. Besides cisplatin, bleomycin, an antitumor antibiotic used in cancer
chemotherapy, has been characterized in its complex form with Fe(II) using XAS
and magnetic circular dichroism (MCD) by Solomon and coworkers [113]. Their
results suggest that the general interaction of the Fe(II)-BLM complex with DNA
alters the ligand field of BLM, leading to a reaction with O, to cleave DNA.

In addition to naturally occurring DNA and RNA molecules, many of the
in vitro selected functional nucleic acids, such as ribozymes, DNAzymes, and
aptamers, can also use metal ions as their cofactors [6, 15]. However, structural
characterization, especially X-ray crystallography of functional nucleic acids, is
challenging in many cases, probably due to the more dynamic nature of these
functional nucleic acids than those of proteins. Therefore, only a limited number
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of crystals or NMR structures of functional nucleic acids have been reported.
As an alternative approach, XAS has been shown to be a versatile technique to
probe the structure of metal sites in these functional nucleic acids in solution.

Thrombin-binding aptamer (TBA) is a 15-mer DNA oligonucleotide that binds
thrombin and inhibits thrombin activity [114, 115]. It folds into a unimolecular
quadruplex in the presence of K*. It has been revealed that TBA can fold in the
presence of Pb2*, with its conformation similar to that obtained in the presence of
K*. Smirnov et al. utilized EXAFS to study the DNA—metal binding site in TBA
[116]. Their results indicated that the Pb** was located in the region between the
two quartets in TBA, which was consistent with the structure model in which
Pb?* was present between two layers of G-quadruplex and coordinated by eight
guanine oxygen atoms.

Mercury is a toxic heavy metal ion in water and soil. dsSDNA molecules with
consecutive T—T mispairs have been shown to display a strong binding affinity
to mercury. Based on this property, DNA-based mercury sensors have been
developed [117-126]. Ravel, Lu, and coworkers performed EXAFS study on
Hg(II)-binding to the T—T mispairs [127]. They observed a significant difference
in EXAFS spectra of mercury in the presence and in the absence of DNA
(Figure 18.6). Further fitting with IFEFFIT [128] showed that mercury directly
bound to a six-membered ring at 2.04 A, likely to be a thymine pyrimidine ring.
The data is consistent with a thymine—mercury—thymine model based on NMR
studies [129-131].

18.3 SAXS for Studying Electrostatics of Nucleic Acids

All nucleic acids are charged and hence electrostatics plays an important
role in determining materials behavior. However, electrostatic interactions in
biologically relevant physical situations are quite different from those in vacuum.
Electrostatic interactions are strongly impacted by the frequency-dependent
dielectric response of water. For many situations, we can approximate and
use the static zero frequency dielectric constant of water, which attenuates
electrostatic interactions by a factor of ~ 80. When one thinks of the additional
screening from ions normally found in most biologically relevant solution
conditions, it is tempting to draw the conclusion that electrostatic interactions
are weak in biological systems. However, ions can make large contributions
to electrostatic interactions in ways that are distinct from screening. The
entropy of counterions can result in surprisingly strong interactions between
charged objects in water despite strong screening. The reason for this is the
coupling between osmotic and electrostatic interactions. Many experiments
have demonstrated that like-charged objects repel because of the osmotic
pressure of counterions confined between charged surfaces, and oppositely
charged objects attract because of the entropy gain upon release of counterions.
For example, the free energy gain upon binding between two macroions scales
as the number of counterions released multiplied by kT, which can impart a
massive thermodynamic driving force for the assembly of highly charged objects,

697



698

18 Applications of Synchrotron-Based Spectroscopic Techniques in Studying Nucleic Acids

(@) (b)

! . T ) T d
—— Control
1 Fl= 3 mM Hg + 3 mM DNA duplex
c
2 075}
e
o
@D
a -
[
3
N 05 Wave number (A-1) -1
o | L. L L
£ 1 n
o P -
z L L .
0.25 £ 05} =
= - -
0 P -
0 1 2 3 4 5
Radjal distance (A)
0 " 1 " 1
12250 12300 12350 12400
(c) Energy (eV)

Figure 18.6 (a) Schematic representation of the interaction of the DNA sensor and the target
metal. (b) Proposed binding mode of mercury. (c) EXAFS data measured on the Hg control
(black) and the sample with 3 mM of Hg and 3 mM duplex DNA (blue). (Ravel et al. 2009 [127].
Reproduced with permission of Elsevier.)

such as nucleic acids and cationic lipids used for gene delivery [132]. These
are many examples of self-assembled nucleic acid materials systems, and it is
beyond the scope of this review to cover all of them with justice. In this section,
we aim to review a few examples that illustrate some of the important principles
governing the assembly of nucleic-acid-based materials systems.



18.3 SAXS for Studying Electrostatics of Nucleic Acids

18.3.1 Theories for Counterion Distribution

As an initial starting point, mean-field theories, such as the Poisson—Boltzmann

(PB) approximation, are often used to describe electrostatics. Considering a

biological polyelectrolyte in water, such as DNA, the polyelectrolyte will have

a distribution of counterions associated with it. The most basic way to describe

the counterion distribution around a charged polymer is the PB theory, where

Poisson’s equation for a Boltzmann distributed charge density is solved [133]:
en(?)
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where e is the elementary charge of a single electron, r is the distance away from
the polymer, ¢ is the dielectric constant of the solvent, g, is the permittivity
of free space, n is the number density per rod of counterions (condensed and
free), and N is the total number of counterions per rod. These can be solved
exactly for stiff, infinitely long rods with no externally added salt. The solution
shows that there is a significant enhancement of counterion concentration near
the polyelectrolyte surface. The Debye—Hiickel theory uses an approximate
linearized treatment of the PB equation and defines the Debye screening length,
1/x, which is the thickness of the cloud of condensed counterions:

1
1_ (ﬁiL)‘z
Kk \vee kT )’
where k is the Boltzmann constant, T is the equilibrium temperature of the
system, N is the total number of counterions per rod, and v is the effective
volume of a rod.

However, the PB theory has many limitations. For example, it fails for highly
charged systems, for the existence for multivalent salts, for strong dielectric
heterogeneity, and for any situation where fluctuations and correlations are
important. Therefore, it cannot explain many electrostatic properties regarding
self-assembled nucleic acids.

Another interesting and intuitive description of polyelectrolyte electrostatics
was given by Manning [134]. The “Manning condensation” theory treats a
polyelectrolyte as a stiff, charged rod of length L, radius 4, and consisting of Z
uniformly spaced charged sites — each of charge g. Counterions of concentration
p. =Zp, (p, is the concentration of the polyelectrolyte) are treated as point
charges of charge g. The interaction potential between a long cylinder and a
counterion is

2q4
b=— 401n(1>,
€ Yo

where A, = —q/b is the line-charge density, b is the separation between charges,
and r, is the arbitrarily chosen point of zero potential. A polyion—counterion
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two-body partition function is

(R/1)>% = (a/ry)*™*
v
0 1-¢
where f/ =1/kT and R is the cut-off distance below which counterions are
bound to the polyion. The Manning parameter ¢ is defined as

’

R
G =L / e PGy = gL

2

q
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For infinitesimally thin rods, a = 0 and the integral diverges as & — 1. This
divergence was taken as an indication of counterion condensation. For £ > 1, n
counterions condense onto the polyion reducing the effective charge density to
Z—n

=1 )
°z

The number of condensed counterions is given by

n=Z<1—l> for £ >1
¢

n=0 for £<1.

A

n

The Manning theory predicts that the final charge density of the polymer is
compensated by the counterions and depends only on the valence of the ions.
Besides PB theory and Manning theory, other mean-field theories have also been
formulated. They provide information on quantitative distribution of ions, but
they consider neither finite ion sizes nor the correlations between ions [135-137].
In general, mean-field theories predict that like-charged polyelectrolytes always
repel irrespective of the salt conditions. Changing the valence of the ions reduces
the repulsion strength but never leads to attraction. This clearly does not agree
with experimental observations in the last few decades [138, 139].

18.3.2 Contemporary Theoretical Approaches to Polyelectrolyte
Electrostatics

Nucleic acids are examples of highly charged polyelectrolytes. Assembly of
polyelectrolytes by multivalent ions or/and macroions is widely observed in
biology and bioengineering. Nucleic acids can collapse into a compact phase
from solution as the concentration of oppositely charged multivalent ions or
macroions increases. Examples include DNA packaging in viruses [140, 141]
and in bacteria [142, 143]. Synthetic molecules that package DNA for delivery
are also good examples [144—148]. From a considerable body of theoretical and
computational work, we have a better idea as to why nucleic acids can form
aggregates, a behavior that seems to require overcoming large electrostatic repul-
sions [140, 149-153]. In situations with high surface charge densities or with
multivalent ions, the organization and dynamics of condensed ions are important
[154]. A series of insightful Monte Carlo simulations demonstrated attraction
between like-charged DNA molecules [155, 156]. In the last two decades, a
large number of theoretical investigations have focused on the physical origins
of these types of “like-charge attraction” [157-163] and on the structures of
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the induced polyelectrolyte organization [164—168]. Correlations between
condensed counterions on the polyelectrolyte can be the basis of attractions and
generate ordered structures of polyelectrolytes. Oosawa showed that thermal
fluctuations of the condensed counterion layers on different polyelectrolytes
can be correlated and thereby induce like-charge attractions [169]. These ideas
have been improved upon by various groups [170, 171]. As the polyelectrolytes
approach one another and the distances between them become smaller, local
fields due to the geometric arrangement of charges on a polyelectrolyte can lead
to spatial patterns of counterion binding [152, 172]. In principle, if these ions are
ordered into a periodic lattice, attractions can result as counterions on opposing
surfaces arrange themselves into complementary patterns. This elegant picture
of interacting Wigner crystals was due to the work of Rouzina and Bloomfield
[157], Shklovskii [173], and Lau et al. [174]. Recent work in the “strong coupling”
limit [175, 176], where the counterion valence or surface charge density is
higher than what PB theories can handle [177] and where correlations between
counterions are strong, has predicted the spatial dependence of attractive
interactions [163, 177, 178]. Using a new analytical Wigner-crystal-based formu-
lation of strong coupling, Samaj and Trizac were able to eliminate divergences
from the earlier virial expansion approach and obtain theoretical results on
charged surfaces that agree well with Monte Carlo simulations for the first
time [179].

18.3.3 Ordered DNA Structures with Multivalent lons

dsDNA has a linear charge density of —2¢/0.34 nm and is a semiflexible polymer
rather than a rigid rod. Deformations (such as bending and twisting) of DNA
molecules are linked to its function and its elasticity can be an important parame-
terin DNA condensation [180, 181]. Genomic DNA molecules are long but can be
efficiently packaged. For example, DNA in the T4 phage genome contains 160 kbp
and has a contour length approaching 54 pm, yet it can be packaged into a viral
capsid of 100-nm diameter [182]. The high linear charge density leads to strong
Coulomb repulsion between adjacent strands. A number of packaging strategies
can be seen in nature. For example, DNA packaging in bacteriophages sometimes
requires assistance from ATP-powered motors that pump DNA into the capsid
against high pressures [183], while in eukaryotic genomes, multiple proteins such
as histones are involved in DNA packaging.

One common way to package anionic DNA is the use of multivalent cations
[184]. Short DNA strands can form liquid crystalline aggregates [185], either
hexagonal or cholesteric, in the presence of spermidine or spermine [186, 187].
The interhelical spacing of DNA within such complexes is observed to depend
on the precise ionic conditions [188]. Osmotic pressure can also be used to drive
DNA into ordered arrays [189, 190]. In addition to electrostatics and osmotic
pressure, chemical interactions between ions and specific binding sites on DNA
can also be important [191]. Ions with the same valence can have different
interaction modes or prefer different binding sites on the DNA [191]. Ion size
and geometry [192, 193], ion hydration [194], and site-specific binding also
contribute to DNA condensation. (Mn?* binds in the grooves. In contrast, Ca**
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and Mg”* bind to the sugar phosphate backbone.) Additionally, the structure of
the underlying surfaces, such as the geometry of the grooves and the helical pitch
of the backbone, can also contribute [195]. For example, in polymer-condensed
arrays of parallel DNA helices in monovalent salt solutions, positional disorder
in DNA helices leads to molecular repulsions even at large separations due to
increase in configurational entropy. It is also observed that the electrostatic
double-layer decay length is approximately twice the Debye length except at
high ionic strengths [196].

18.3.4 Measurements of Counterion Distributions around DNA

Anomalous SAXS has been used to study spatial distributions of condensed
counterions around DNA (Figure 18.7) [197-200]. This technique enables
measurement of nonlocalized counterions but requires counterions with high
valency. Short DNA duplexes, 25bp in length, were used as these are much
shorter than the duplexes’ persistence length and can be accurately modeled.
Condensation of these duplexes was induced by adding multivalent cations. It
was observed that with ions of comparable size but mixed valence, DNA charge
is neutralized more effectively by divalent ions than by monovalent ions [198].
Similarly, trivalent ions displace monovalent ions [201]. These observations are
consistent with the expectation that condensation of trivalent ions by polyelec-
trolytes is preferred from an entropic standpoint, since each condensed trivalent
ion can liberate three monovalent ions for a large entropy gain. Very small
amounts of trivalent ions are needed to induce attractive forces in the duplexes.
The spatial distribution profiles of the ions also indicate a tighter binding to the
DNA for higher valence counterions; however, the ion size modifies the distance
of closest approach. Steric interactions prevent ions from attaining electrostatic
free energy minimum [197, 202].

Figure 18.7 Spatial distribution of monovalent ions (yellow) around DNA (blue) determined
by computing the electrostatic potential around the DNA, using anomalous SAXS. (Adapted
from Wong and Pollack 2010 [132].)
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18.3.5 Folded RNA Structures with Multivalent lons

Compared with DNA duplexes, the spatial distribution of monovalent and
divalent ions is different for RNA duplexes. The structural variations in the
DNA and RNA helices may account for this difference. RNA duplexes form an
A-form helix while the DNA duplexes form a B-form helix. The A-form helix is
also right-handed but is thicker than the B-form helix and has shorter distance
between base pairs. It also has a deeper and narrower major groove and a very
shallow minor groove. The RNA major groove has a high negative potential
[203], which results in more ions at a shorter distance from the RNA helix as
compared to the DNA helix. Therefore, RNA helices are fully screened at shorter
distances than DNA helices [195].

Unlike DNA, many examples of physiological RNAs are single-stranded
molecules. Functional RNA structures contain rigid, short helical regions
joined by more flexible single-stranded regions, loops, hinges, or junctions
[204]. Most RNAs fold into compact tertiary structures stabilized by small,
typically millimolar quantities of Mg?* [136, 205]. Fully hydrated ions follow the
electrostatic field of the RNA. Therefore, their concentration is proportional to
the magnitude of electrostatic potential with the highest concentration being in
the region of the major groove where the potential is highest. These ions screen
the charge on the RNA backbone, enabling the close approach of RNA helices,
but they do not generate attractive forces on their own. Strong connections
between different regions of the RNA chain are forged by ions that make specific
contact with the backbone. To make specific contacts, the ions must be partially
dehydrated. Secondly, they must overcome the repulsive electrostatic forces with
the remaining hydrated ions. There are very limited sites where the interaction is
favorable enough to overcome the large penalties of dehydration and repulsion.
At these sites, the ion is in a deep pocket with an electrostatic potential an
order of magnitude higher. Thus, very few ions of this type are found in RNA
structures [206-210].

18.3.6 DNA Compaction by Osmotic Pressure

Condensation of polyelectrolytes by oppositely charged multivalent ions is not
the only way to generate ordered arrangements of nucleic acids. For example,
condensed phases of DNA can also be obtained by applying osmotic pressure.
This can be achieved either by increasing DNA concentration in the presence
of monovalent ions or by removing water by adding molecules such as PEG or
dextran [189, 190, 211]. With increasing DNA concentrations, a rich liquid crys-
talline phase behavior is observed. The isotropic solution first transforms into a
precholesteric or blue phase, then into a cholesteric phase, which turns into a
columnar hexagonal phase and finally into crystalline phases [189, 212]. Struc-
tural information about these condensed phases can be obtained by XRD. In
a columnar hexagonal phase, DNA molecules are aligned parallel with respect
to one another and form a hexagonal arrangement. These molecules, however,
are free to slide against each other and can rotate around their long axes. In
the cholesteric phase, DNA molecules are locally aligned with one another in
sheets, but their orientation rotates continuously along the cholesteric axis. Two
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different crystalline phases have been observed —a 3D hexagonal phase and a
3D orthorhombic phase. As the DNA concentration is increased, the interhe-
lix distance decreases and the helix pitch decreases from 34.6 to 30.2 A. Since
the distance between base planes is constant, the number of nucleotides per turn
decreases continuously from 10.3 to 9.0 bp per turn. Therefore, the DNA helix can
progressively change its twist state in condensed ordered phases even though it
remains B-type [189, 190].

With increase in concentration of DNA, the parallel alignment of DNA
molecules into a hexagonal network competes with the tendency of DNA helices
to form chiral structures. The interhelix distance decreases with increasing
concentration and the condensed phase goes from a double twist configuration
(in precholesteric phase) to a simple twist configuration (in cholesteric phase).
Eventually, the twist is prevented everywhere except along particular defect
lines (screw dislocations). The average twist angle between adjacent molecules
varies from 2° in the blue phase to 0.7-0.46° in the cholesteric phase and 0° in
the columnar phase. The double twist configurations can reappear when the
cholesteric phase is subjected to external constraints resulting in a mosaic of
domains with the double twist configuration. In the columnar phase too, twist
walls may be observed between hexagonal domains that probably relax the twist
constraints [189, 213].

It is interesting to note that osmotic effects in mixtures of polyelectrolytes
can manifest in unexpected ways. Interaction between DNA coils and F-actin
rigid rods can produce striking liquid crystalline behavior. In a recent study,
phase behavior of DNA chains and actin rods (both negatively charged) was
examined using synchrotron XRD. An entangled percolating network of
elongated nematic actin domains threading through a mesh of random DNA
coils was observed. The inter-actin spacing in the nematic domains is strongly
dependent on DNA concentration. Upon addition of salt, the system evolves
from a counterion-controlled osmotic pressure regime to a depletion-controlled
regime: the nematic phase disappears as DNA infiltrates into the elongated actin
domains, thereby reorganizing them into “comb-like” structures with smaller
actin domains surrounded by DNA [214].

18.3.7 Liquid Crystalline DNA Complexes and Autoimmune Diseases

Recent work has shown that nucleic acids and innate immunity peptides
play an important role in autoimmune diseases such as psoriasis and lupus.
Antimicrobial peptides (AMPs) such as a-defensins and the cathelicidin LL37
[215-219] are overproduced in autoimmune diseases such as psoriasis. LL37
allows plasmacytoid dendritic cells (pDCs) to recognize self-DNA through
Toll-like receptor TLRY, potently activating the pDCs to overproduce type
I interferons (IFN) [220, 221]. Endosomal TLR7 and TLR9 are major innate
receptors that activate pDCs to secrete type I IFN [222, 223]. TLR7 and TLR9
recognize RNA and DNA viruses, respectively [224, 225]. Self-nucleic acids
usually have limited access to intracellular compartments, but gain endosomal
entry under pathological conditions. These nucleic acids released by dying cells
are often associated with cationic proteins (including antimicrobial peptide
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LL37), or bound by autoantibodies in immune complexes that interact with
Fc receptors on cell surfaces [223, 226, 227]. In autoimmune diseases such as
psoriasis [221] and lupus [228], anionic self-nucleic acids can form electrostatic
complexes with cationic AMP LL37 and potently activate pDCs to produce type
I IFNs and exacerbate disease [220]. Recent findings show that this effect is more
general: Human defensins HBD2 and HBD3 [229] can also convert self-DNA
into an activator of TLR9 in pDCs [229], and several chromatin-derived proteins
form complexes with DNA and contribute to TLR9 binding [230] and activation
[231, 232]. Complex formation can protect self-DNA from enzymatic degrada-
tion [233], and enable endosomal access required for TLR9 receptor binding.
However, this process is not sufficient for pDC activation, since other DNA
complexes with such access are unable to activate TLRI.

We have recently shown that self-DNA can form liquid crystalline complexes
with overexpressed antimicrobial peptide LL37, and investigated the relationship
between the ordering of these self-DNA complexes and pDC production of IFN
(Figure 18.8) [234]. Such AMPs are characterized by strong cationic charge and
amphiphilicity, so they are in principle capable of multiple modes of ordering
when they interact with nucleic acids. Using synchrotron X-ray scattering, we
demonstrated how a broad range of cationic molecules besides LL37 can com-
plex with DNA and trigger pDC interferon production, while many other cationic
molecules do not. Electrostatic interactions between TLR9 and DNA are opti-
mized when these complexes have inter-DNA spacings that are comparable to the
steric size of TLR9 receptors, which allows “interdigitation” of multiple receptors
and ligands similarly to teeth in a zipper. Furthermore, the presentation of multi-
ple DNA chains recruits more TLR9 receptors for binding, resulting in a drastic
increase in the number of active, ligand-bound receptors and amplification of
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Figure 18.8 DNA complexes with a specific range of inter-DNA spacing that match up well
with the steric size of TLR-9 receptors (orange arrangements of rods) will lead to high levels of
immune activation, as measured by interferon production from harvested human
plasmacytoid dendritic cells. DNA complexes with smaller inter-DNA spacings (blue
arrangements of rods) do not. The same is true for complexes with much larger inter-DNA
spacings. (Adapted from Schmidt et al. 2015 [234].)
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pDC IEN production. The results on the liquid crystalline ordering of nucleic
acids are surprising: they suggest the possibility of a quantitative understanding
of how biological molecules assemble with self-DNA to break our immune sys-
tem’s tolerance to it, which is valuable and enabling to the fundamental science
of immunity.

18.4 SAXS in Studying Conformations of Nucleic Acids

SAXS is a technique that can be used to probe the structures and interactions
of biomolecules in solution at a low resolution (1-2nm). The main principle
of SAXS was developed by André Guinier in the 1930s, following his studies of
metallic alloys. SAXS was found to provide not just information on the sizes and
shapes of particles but also information on the internal structures of disordered
and partially disordered systems. The method was adopted for characterizing
biomolecules in solution in the 1960s. Since most biomolecules, such as proteins
and nucleic acids, have sizes larger than the wavelength of X-rays, they can give
a relatively good SAXS scattering pattern. Information about the size, shape,
compactness, and molecular weight of molecules in solution can be readily
obtained using this method. Therefore, it is a powerful probe for examining pro-
tein and nucleic acid conformations. Compared with crystallization and NMR
spectroscopy, SAXS does not require high-quality crystals as in crystallography,
nor does it have strict limits on the molecular weight of the sample as in NMR
spectroscopy. SAXS can also tolerate a variety of conditions for measurement,
ranging from physiological to highly denaturing conditions. Breakthrough in
SAXS data analysis methods, such as those reported by Svergun and Stuhrmann
in the 1990s, had a significant impact on the use of SAXS for scattering studies
of a wide range of molecules in solution. Their procedures allowed extraction
of meaningful three-dimensional details from one-dimensional scattering data,
resulting in reliable ab initio shape and domain structure determination for the
first time. Meanwhile, the increasing availability of third generation synchrotron
sources [235], accompanied by improvement in time resolutions down to the
submilliseconds, has largely increased the number of users of SAXS and created
excellent opportunities for a variety of biological applications in the past decade
[236, 237]. Here, we focus on the recent development and applications of SAXS
in structural studies of nucleic acids.

18.4.1 Use of SAXS for Probing Intermediates in RNA Folding

The discovery by Cech and Altman in the early 1980s that RNA can act as an
enzyme [238, 239] has led to considerable interest in elucidating the structure
and function of RNA molecules. In addition, there is also an emerging awareness
of the extensive involvement of RNA machineries in gene control processes.
Numerous riboswitches with complex folded domains have been identified in
the noncoding region of mRNAs in prokaryotes [240, 241]. These riboswitches
change their structures upon binding of specific metabolites and influence tran-
scription or translation at different levels, thereby controlling many biological
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processes. The complex tertiary structures of ribozymes and riboswitches and
folding process of their tertiary structures have been extensively studied during
the past two decades [242, 243]. To build the relationship between structure and
function of these special RNA molecules, X-ray crystallography has served as a
powerful tool for obtaining structural information with atomic resolution. How-
ever, to probe the intermediates in the folding pathways, unfolded or partially
folded conformations commonly coexist in the system, resulting in a complex
system where X-ray crystallography cannot be readily applied. Instead, SAXS
has been shown to be one of the major tools for obtaining global information
on the size and shape of folding intermediates of RNA molecules in solution,
since it provides quantitative characterization of mixtures by measuring the
radius of gyration (Rg) of molecules with 1-3 nm resolution [244]. Moreover,
time-resolved experiments carried out with rapid-mixing methods to trigger
folding can provide unique information about the structures of transient
intermediates populated during the folding process.

One fundamental question in RNA folding is the nature of the rate-limiting
step. The early effort in understanding how ribozymes fold dates back to the
2000s. Russell et al. reported an initial study using SAXS to monitor the changes
in the overall size and shape of the intermediates as Tetrahymena group I
ribozyme folds (Figure 18.9a) [245, 246]. By measuring the R, using SAXS, they
found that the native ribozyme, formed in the presence of Mg2+, adopted a more
compact and globular conformation than the unfolded ribozyme. Moreover,
time-resolved measurements suggested that the ribozyme collapsed into a
compact intermediate within a few milliseconds after addition of Mg**, with
a rate constant at least 20-fold faster than the overall rate constant for folding
(Figure 18.9b). This fast compaction was found to last on the order of 100 ms,
before slower rearrangements of misfolded intermediates took place. The
fully functional state eventually formed on the timescale of about 100s. Their
results indicate that there is a kinetic trap involved in the folding process, and
rearrangement of misfolded structures is the rate-limiting step.

In a subsequent study of the ribozyme folding process, Das et al. designed
a quintuple mutant of the Tetrahymena ribozyme to destabilize the tertiary
contacts within the folded ribozyme [247]. Time-resolved SAXS measurements
showed that collapse to the compact intermediate upon the addition of salt still
occurred, even in the absence of the specific tertiary interactions. These results
suggested that the initial compaction was a result of nonspecific shielding of
the Coulomb forces by the added counterions. However, the tertiary hydrogen
bond contacts were found to be important in the subsequent compaction on the
timescale of 100 ms.

Similarly, the compaction process of yeast tRNAP"® [248], the catalytic domain
of the Bacillus subtilis RNase P RNA [249], the Candida group I ribozyme
(Ca.L-11) [250], and the Azoarcus group I ribozyme [251] were investigated
using SAXS or small-angle neutron scattering (SANS) by different groups. In
contrast to the Tetrahymena ribozyme, these ribozymes exhibited rapid folding
processes from the initial collapse to the native state, suggesting that the folding
pathways did not involve long-lived kinetic traps.
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Figure 18.9 (a) The Tetrahymena ribozyme. P1-P13 represent different paired secondary
structure elements in the ribozyme, and the long-range pairings P13 and P14 are indicated
with arrows. The boxed portion is the ribozyme core, which is most highly conserved. The core
is largely protected from solvent in the presence of Mg?*. (b) A model in which compaction of
the ribozyme is much faster than the overall folding to the native state. (Russell et al. 2000
[245]. Reproduced with permission of Nature Publishing Group.)

To reveal the interplay between core and peripheral elements in ribozyme fold-
ing, Baird et al. used SAXS combined with chemical and nuclease mapping, CD,
and molecular modeling to investigate the folding intermediates of the specificity
domain, or S-domain, of the Bacillus subtilis RNase P RNA [252]. The structure of
this RNA is composed of four tertiary structural modules, including a rigid core,
a four-way junction, a GAAA tetraloop-receptor, and an unusual motif involv-
ing two tertiary interacting loops (Figure 18.10a). Their findings suggested that in
the thermodynamic folding pathway, an intermediate containing two of the four
native tertiary modules was populated. The size and shape of the native RNA
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and the intermediate structures were characterized by SAXS measurements. The
results indicated that the size of the intermediate was bigger and the shape was
more extended than those for the native RNA. The intermediate lacked the core,
and folding from the intermediate to the native structure involved the formation
of the core as well as significant conformational changes that bring two peripheral
helices close to each other in order to form the tetraloop—receptor interaction
(Figure 18.10b).

To compare how the charge and size of the cations influenced the collapse
transition in different ribozymes, Moghaddam et al. used SAXS to monitor the
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Figure 18.10 (a) Secondary structure of the RNase P from Bacillus subtilis, and its crystal
structure containing the four-way junction (green), the core (red), the J11/12 junction (purple),
and the TL-receptor (black). Broken lines represent tertiary interactions, while continuous lines
indicate stacking interactions in the native structure. The T-loop in the core is composed of
five nucleotides, and is of particular importance to the folding intermediate. (b) Comparison
between the structure of the intermediate (l,,) and the native structure (N). In the I, structure,
the T-loop is extended whereas in the native structure it forms a compact loop. (Adapted from
Baird et al. 2005 [252]. Reproduced with permission of Elsevier.)
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changes in the R, of the Azoarcus and Tetrahymena ribozymes with different
cations [253]. Their findings suggested that both ribozymes underwent collapse
transition to native conformations in all of the counterions they tested (Nat,
K*, Mg**, Ca®*, Co (NH3)2+, Ba’*, Sr?*, and spermidine®"). Small, multivalent
cations induced the collapse of both ribozymes more efficiently than monovalent
ions. However, counterion-induced collapse and formation of tertiary interac-
tions occurred at the same time for the Azoarcus ribozyme, while the folding
of the Tetrahymena ribozyme was composed of two distinct transitions in the
presence of increasing concentrations of Mg>*, which was best explained by a
three-state model.

Besides ribozymes, SAXS has also been used to study the thermodynamic
folding pathways of riboswitches. For example, Lipfert et al. studied the fold-
ing of a glycine-dependent riboswitch (VCI-II) from Vibrio cholerae using
SAXS in combination with hydroxyl radical footprinting [254, 255]. They
proposed a three-state thermodynamic model for energy coupling between
magnesium-induced folding and glycine binding. Under low salt conditions
without any Mg>*, the VCI-II riboswitch adopted an extended overall confor-
mation indicating unfolded structures. Addition of millimolar concentrations of
Mg** in the absence of glycine resulted in a significant compaction and partial
folding. Addition of glycine in the presence of millimolar Mg>* led to further
compaction mediated by additional tertiary packing interactions and further
binding of Mg**. Using a 3D reconstruction algorithm DAMMIN, they were able
to obtain low-resolution 3D structures for all three states derived from SAXS
measurements (Figure 18.11a).

b (d)

Figure 18.11 (a) Low-resolution structures of VCI-Il riboswitch under different solution
conditions, including average unfolded conformation (blue), conformation in the presence of
10 mM magnesium and absence of glycine (green), and glycine-bound structure (red). (b—d)
Reconstructed density of (b) the yeast tRNA,, ., (c) the 24 bp DNA duplex, and (d) the P4-P6
domain of the Tetrahymena group | intron. Atomic resolution structure (black sticks) and
reconstructed density (colored transparent surfaces) are superimposed. (Adapted from Lipfert
etal. 2007 [255] and Lipfert et al. 2007 [256].)
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With the development of different algorithms for reconstructing 3D density
maps from SAXS profiles [257, 258], the overall structures of several RNA and
DNA molecules have also been successfully reconstructed from their SAXS
data. Using bead model representations of the macromolecules as an input to
calculation, which had been commonly used for reconstructing proteins and
their complexes previously [259-262], Lipfert et al. reported reconstructed
low-resolution density maps for three different types of RNA molecules,
including yeast tRNAP", a 24bp B-DNA duplex, and the P4-P6 domain of
the Tetrahymena group I intron (Figure 18.11b-d) [256]. The reconstructed
structures are in good agreement with actual crystal structures. Their approach
demonstrated that besides being applied to proteins, low-resolution reconstruc-
tion methods could also be applied to nucleic acids. Such a method is potentially
applicable to other biomolecules for obtaining structural information when the
high-resolution structure is not available.

Although SAXS can provide reliable data for investigating RNA molecules,
in practice, predicted shapes or conformations can be inconsistent with actual
structures due to the existence of misfolded RNA molecules in a sample. To
improve SAXS data for structural analyses, Rambo and Tainer reported using
size exclusion chromatographic purification as a general approach to reduce
the heterogeneity of the samples and therefore largely improve the accuracy of
predicted shapes for a variety of RNA molecules, including ribosomal subunits,
tRNAs, ribozymes, and riboswitches [263].

The past decade has witnessed significant improvements in SAXS data collec-
tion techniques and computational algorithms for analyzing SAXS data. With
continuous development, SAXS can be an invaluable tool for providing structural
insights into biomolecules in the absence of prior structural information.

18.4.2 Use of SAXS for Studying Noncanonical Structures of DNA
and RNA Molecules

Besides forming right-handed double helices as genetic materials, nucleic
acids have also been found to be capable of adopting a variety of noncanonical
structures in vitro or in vivo for different functions. For example, eukaryotic
chromosomes are terminated with telomeres containing small, tandemly
repeated guanidine-rich DNA sequences [264]. In vitro biophysical characteri-
zation indicates that these G-rich sequences can form four-stranded structures,
known as G-quadruplexes, under physiologically relevant conditions. Structures
of G-quadruplexes usually include sets of four guanine bases held in plane
through Hoogsteen hydrogen bonding and then stacked on top of each other.
The quadruplex structures can be further stabilized by cations, especially K*
ions, which are located in the central channel formed between each pair of
tetrads. Recently, a low-resolution structure of a G-quadruplex derived from
human telomere repeats, d(TTAGGG),, was obtained on the basis of SAXS
data collected by Kozak et al. [265]. Together with crystal structures and NMR
structures, the structure and potential conformational changes of G-quadruplex
in solution were revealed, providing useful information for elucidating functions
of G-quadruplexes in vivo.
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In addition to G-quadruplexes, DNA molecules have also been shown to form
an i-motif in solution. The i-motif is a four-stranded DNA structure formed by
intramolecular noncanonical base-pair interactions between protonated and
unprotonated cytosines under slightly acidic conditions (e.g., pH < 6.5). Based
on the fact that the i-motif can reversibly undergo a structural change driven by
a pH change, both DNA nanomachines that can generate motions for multiple
cyclings and DNA nanodevices that can map intracellular pH gradient in real
time have been demonstrated [266—268]. Detailed structural information of
i-motif DNA in solution at various pH conditions was characterized using SAXS
technique by Jin et al. [269]. Their observations indicated that the i-motif DNA
molecules adopted multiple conformations over a wide pH range, providing
structural basis for future design of DNA-based nanodevices.

Moreover, over the past two decades, there have been increasing efforts
invested in isolating new types of functional nucleic acids in vitro. With a
combinatorial method named in vitro selection [3] or SELEX [2], DNA or
RNA molecules that can bind specific targets with high affinity or possess
catalytic activities in the presence of metal ions or small molecules have been
selected. Numerous kinds of sensors or targeted drug delivery systems have
been designed based on these aptamers and DNAzymes [15, 21, 28, 270-276].
However, compared to the rapid development of sensor devices, little is known
about the three-dimensional structures of these functional nucleic acids, and
only a limited number of crystal structures of a few aptamers [277-292] and
one misfolded DNAzyme [293] are available. In a complementary approach
to fluorescence resonance energy transfer (FRET) studies on DNAzymes
[294-297], SAXS combined with other characterization techniques have been
shown to be possible to obtain the 3D structural information of aptamers alone
or in complex with their targets. Using SAXS in combination with fluorescence
correlation spectroscopy (FCS), Werner et al. characterized the structure of
an RNA aptamer named SRB2m, which has a high affinity to a dye called
sulforhodamine B [298]. The aptamer, as well as the sulforhodamine B-aptamer
complex, was found to form dimers predominantly in solution (Figure 18.12).
Interaction of another dye, named patent blue V (PBV), with the SRB2m led to a
dissociation of the SRB2m dimers into monomers. More recently, Reinstein et al.
used SAXS to characterize a cocaine-binding aptamer either in its free form or
substrate-bound form [299]. Their ab initio shape reconstruction structures are
also consistent with the structural-switching binding mechanism. With these
latest examples, continuous progress in obtaining the structural information of
these noncanonical nucleic acids is highly desired, since it can not only guide
the future design and optimization of sensors, but also provide insights into the
mechanisms behind the functions of aptamers and DNAzymes.

In addition to aptamers and DNAzymes, the relationship between the struc-
ture of DNA and its biological functions has been studied using polypod-shaped
DNA molecules. Nishikawa et al. constructed polypod-like structures from
oligonucleotides with cytosine—phosphate—guanosine (CpG) motif, and found
that increasing pod number is directly correlated with increasing ability to
induce immune stimulation through cytokine secretion [300]. As a step fur-
ther, Sanada et al. carried out synchrotron X-ray scattering to investigate the
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Figure 18.12 Structural characterization of SRB2m with SAXS. (a) Experimental X-ray
scattering patterns from SRB2m alone (curve 1), SRB2m-sulfohodamine B complex (curve 2),
and SRB2m with PBV (curve 3). (b) Ab initio models of SRB2m with (1) and without (2) PBV.
The monomer model of SRB2m is shown in (b1) in magenta, and the dimer model of SRB2m is
shown in (b2), with one monomer in magenta and the other one in green. The right and
bottom slides show the model rotated by 90° around the y and x axes, respectively (scale
bar =2 nm). (Werner et al. 2009 [298]. Reproduced with permission of Elsevier.)

lg/(a.u.)

(1 2

05 10 15 20 25 3.0 35
() s(nm™)  (b)

structures of four different tetrapod-shaped DNA molecules [301]. One of
the tetrapodna with a larger R, was found to induce more cytokine secretion.
It was hypothesized that dissociation of dsDNA in the central connecting
region of the tetrapod results in the larger R, and the subsequent increased
immunostimulatory activity.

18.5 Time-Resolved Synchrotron X-ray Footprinting in
Studying the Folding of Nucleic Acid Structures

In addition to SAXS, another method that has been commonly used for prob-
ing nucleic acid structures is footprinting. The term “footprinting” describes a
method for studying the sequence-specific binding of proteins to DNA [302, 303].
By utilizing DNase, a nuclease that can easily digest DNA exposed to the solvent
but unable to cut DNA that is “protected” by proteins, scientists are able to see the
protective “footprint” of the binding protein on the DNA sequence. Since then,
footprinting has been used to examine ligand binding or conformational changes
by quantifying the solvent accessibility of the backbone of nucleic acid through
their sensitivity to enzymatic or chemical cleavage. The protected region with less
solvent accessibility can be revealed by separating the reaction products using gel
electrophoresis. Free linear nucleic acid molecules usually give bands with even
intensity, since the probability of each nucleotide being attacked by nuclease is
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Figure 18.13 Hydroxyl radical footprinting of
RNA. (a) Hydroxyl radicals (*OH) generated by
synchrotron radiation attack backbones of
unfolded (top left) and folded (top right) RNA
molecules in solution. Owing to the formation
of tertiary structures, folded RNA exhibits
decreased solvent accessibility compared to
unfolded RNA. Sequences buried inside the
folded structures (shown in red) have less
chance to be attacked by *OH, giving rise to
less cleavage in these buried regions. (b)
Cleavage products can be separated by gel
electrophoresis. Unfolded RNA is cleaved
uniformly and shows a ladder of bands with
even intensity on the gel (bottom left). In
contrast, the bands of folded RNA have several
regions with less intensity, corresponding to
sequences with decreased solvent accessibility
and inhibited cleavage.
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almost the same. In contrast, the “protected” nucleic acid molecules will show
decreased intensity of certain bands, corresponding to the protected region that
has less chance to be attacked (Figure 18.13).

Among different types of reagents used for footprinting assays, such as
endonuclease DNase I and hydroxyl radical (*OH), *OH has proved to have
significant advantages over other reagents, because it has van der Waals surface
area and solvent properties similar to those of water molecules. Therefore,
*OH is an ideal radical for probing solvent accessibility with single nucleotide
resolution. It can react with DNA and RNA by attacking the phosphodiester
backbone, and it is insensitive to base sequence or secondary structure. In the
early days, *OH was usually generated by Fenton reaction using Fe~EDTA, or
from homolytic dissociation of peroxynitrous acid. However, these two reagents
commonly used to generate *OH could not be used for time-resolved footprint-
ing with timescales of less than seconds. With the development of synchrotron
facilities, researchers have been able to use high-flux synchrotron X-ray beam
to generate *OH from water in milliseconds and map the dynamic structures
of nucleic acid at subsecond timescale. High flux provided by white light X-ray
beams shortened the reaction time for generating *OH tremendously and has led
to many breakthroughs in the study of nucleic acid folding process. Compared
with SAXS, which is commonly used for obtaining the overall shape of nucleic
acid, synchrotron-generated hydroxyl radical footprinting provides a unique
approach for probing RNA conformations with single nucleotide resolution.

Among many large RNA molecules, the Tetrahymena thermophilia ribozyme
is one the best characterized ribozymes with regard to its structure, folding
pathways, and enzymatic activity (Figure 18.14a). It is composed of at least three
domains of tertiary structure, “P4—P6,” “P1-P3,” and “P3 + P7-P9.” It was found
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Figure 18.14 Synchrotron-generated hydroxyl radical footprinting of the Tetrahymena L-21
ribozyme. (a) Secondary structure of the ribozyme. Lettered bases were protected from
hydroxyl radical cleavage in 10 mM Mg?* at 42°C. Colored regions are regions with similar
folding rates, with their rate constants labeled in numbers. (b) Front and back views of a
space-filling model of the P4-P6 domain of the ribozyme. (c) A model for the early steps of the
Mg?*-dependent folding of the ribozyme. Residues in P5c were protected most rapidly,
followed by the nucleotides in the interior of the P4—-P6 domain. In comparison, nucleotides
involved in interactions with P2-P2.1 and the P3-P9 domain were protected more slowly, and
the ordering of the catalytic core occurred even slower, on the timescale of several minutes.
(Adapted from Sclavi et al. 1998 [304].)

that these individual domains can reassemble into active ribozyme when they
are mixed together. Of the three domains, P4—P6 is the only domain that can
fold independently (Figure 18.14b). In addition to the folding mechanism for
individual domains [305, 306], the complete folding pathway of Mg”*-dependent
Tetrahymena ribozyme was characterized by several groups using synchrotron
footprinting (Figure 18.14c) [304, 307-310]. They determined the folding
kinetics by monitoring the changes in solvent accessibility of individual sites as
a function of time. The folding process starts with rapid collapse of the RNA
molecule into a partially disordered state, followed by a slow step allowing RNA
to rearrange into active structures. It was revealed that the most stable domain
of the tertiary structure formed within 3s, followed by sequential folding of
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the peripheral helices and the catalytic core on the timescale of minutes. The
different effects of monovalent and divalent ions on the rates and hierarchy
of Tetrahymena ribozyme folding has been studied by Uchida et al. [311] and
Shcherbakova et al. [312] The Tetrahymena ribozyme folds to the same overall
structure in the presence of either divalent or monovalent ions. However, the
rate of folding is much faster and the solvent accessibility of nucleotides is more
in monovalent ions than in divalent ions.

Unlike many large RNAs such as the aforementioned Tetrahymena ribozyme,
the Azoarcus group I ribozyme is small in size. It retains the conserved catalytic
core common to all other group I ribozymes, but lacks the peripheral domains
that stabilize folding intermediates of the large ribozymes. Rangan et al. used
synchrotron footprinting to probe the assembly and tertiary folding of this
ribozyme [313]. Their findings revealed that tertiary folding occurred much
faster for Azoarcus ribozyme than other group I ribozymes, and assembly of
helices happened before the formation of native tertiary structures. A 3D model
was constructed based on the analysis, revealing distinct structural features that
explained the unusual stability and cooperative folding of Azoarcus ribozyme.

More recently, the use of synchrotron footprinting has been extended to
studying noncanonical DNA structures [314], characterizing the dynamics of
ribosome RNA folding [315] and mapping structures of ribosomes and ribozymes
inside cells [316, 317]. In particular, the development of in vivo footprinting
using synchrotron radiation has provided structural biology with a new method
for capturing the structural dynamics of nucleic acid in the cellular environment.
With increasing interest in acquiring and interpreting biomolecular information
at physiological conditions, synchrotron footprinting can be a valuable tool that
paves the way for a large number of biological and biomaterial applications.

18.6 Synchrotron-Based Methods in Studying
DNA-Functionalized Nanomaterials

The discovery of DNA double-helical structures has laid the cornerstone for
molecular biology. The intrinsic programmable property of DNA to form
Watson—Crick base pairs with complementary strands has also been shown
to be a foundation for bionanotechnology. With a diameter of about 2 nm and
a repeat of helical pitch every 3.4-3.6 nm, the stiff helical DNA molecule has
proved to be a versatile building block for “bottom-up” constructions of complex
structures with subnanometer precision [29, 30, 186, 318—322]. The concept
of using approximately 200 short staple DNA strands to direct the folding of a
long scaffold strand into the desired two- and three-dimensional nanostructures
gave birth to the field of DNA origami [32]. Since then, there has been an
explosive growth in the fabrication of custom-shaped structures comprised of
DNA molecules. Since the early advent of individual DNA objects such as a
quadrilateral and a cube [323, 324], numerous artificial DNA structures have
been constructed, including tubes, 2D [32, 34, 35, 325-339] and 3D lattices, and
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assemblies [33, 340—344]. Moreover, because of the special electronic, magnetic,
and photonic properties of programmable assembly of nanomaterials, as well
as the potential use of 3D DNA crystal lattices in structure biology for protein
structure determination, many structural DNA and DNA origamis have been
used as platforms to arrange functional nanomaterials such as metals [345],
nanoparticles [321, 346-355], quantum dots [356—358], carbon nanotubes
[359, 360], and proteins [318—320, 361-368] at the nanometer scale. It has
been demonstrated that DNA-based nanomaterials can assemble into periodic
macroscopic structures in a well-controlled manner, with the precision of such
ordered structures being difficult to achieve by other means of fabrication.

The structures of DNA assembly and DNA-templated assembly of nanopar-
ticles are usually characterized by atomic force microscopy (AFM) [326],
transmission electron microscopy (TEM), and cryo-electron microscope
(cryo-EM) [369]. These instruments are preferred because of their high spatial
resolution that is comparable to the size of DNA and nanoparticles. However,
despite their ability to provide high-resolution images of a sample, due to the dry-
ing process required during sample preparation and imaging conditions under
high vacuum, the morphology of 3D superlattices may be distorted or destroyed
as dehydration of the DNA would affect the structural integrity of the DNA. This
limitation often resulted in many 3D assemblies of DNA-functionalized materials
not suitable to be imaged directly using these imaging methods. Instead, SAXS is
often used for providing structural information about 3D superlattice structures
in solution. Here, we review the recent progress in using SAXS for characterizing
DNA-based and DNA-functionalized 3D nanomaterial assemblies.

18.6.1 Use of SAXS for Characterizing DNA Nanostructures

Anderson et al. reported a covalently closed DNA nanocage constructed with
eight 75-mer DNA strands assembled into a truncated octahedron structure by
going through the annealing process followed by DNA ligation [344]. The 3D
structure of the assembled DNA cage was characterized by SAXS in combina-
tion with single-particle image reconstruction based on cryo-TEM. SAXS data
showed that the sample contained very well-defined hollow particles, and the
inner diameter and overall dimensions of the nanocages were predicted with rea-
sonable accuracy. The predicted model from SAXS data is also in good agreement
with cryo-TEM analysis.

In building 3D structures with DNA origami, Anderson et al. created a DNA
box by folding six DNA origami sheets along a long circular ssDNA. The lid was
designed with a lock—key system, which could be opened in the presence of exter-
nally supplied DNA “keys.” The structure of this DNA box was characterized
by SAXS, cryo-EM, and AFM. SAXS measurement provided useful information
about the native structure of the DNA origami box in solution without sample fix-
ation. SAXS analysis indicated the sample was in well-defined shape and adopted
a hollow structure. Theoretical modeling of the box derived from SAXS data gave
the overall dimensions and wall thickness close to the expected size and was con-
sistent with the size observed by cryo-EM.
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18.6.2 Use of SAXS for Studying DNA-Functionalized Nanoparticle
3D Assemblies

Because of the unique physical and chemical properties exhibited by
nanoarchitectures built from well-organized nanoparticle building blocks,
assembling nanoparticles into designed 2D and 3D structures has attracted
a lot of interest in scientific research [370]. Numerous attempts have been
made to precisely control the localization of nanoparticles in 3D assemblies,
including using small organic molecules, synthetic polymers, proteins [371],
and DNA-functionalized nanoparticles as building blocks for use in therapeutic,
spectroscopic, catalytic, and material applications. Among different strate-
gies, DNA has been shown to be the most versatile material for positioning
nanoparticles in a desired way due to its good programmability and tunability.
Since the initial report on DNA-directed self-assembly of gold nanoparticles
by Mirkin et al. [29] and Alivisatos et al. [30], a variety of nanostructures
based on DNA-functionalized nanoparticles have been reported. The optical,
electrical properties of these nanostructures have been utilized for colorimetric
diagnosis, nanophotonic circuits, and high-efficiency energy-harvesting devices
[22-24, 372, 373]. The SAXS, with its ability to provide information on param-
eters of crystalline lattices and quantitatively determine interparticle distances
in periodic structures, served as one of the most widely used techniques for
characterizing 3D nanoassemblies [374]. In a SAXS spectrum, the peak positions
and relative heights indicate the structure of the assemblies, while the degree of
ordering within the structure is reflected by peak numbers and their widths.

The electrical properties of gold nanoparticle assemblies linked by DNA were
reported by Park et al. [375]. Since the electrical properties of gold nanoparticle
assemblies are highly influenced by interparticle distances, the distance between
the particles is of great interest to researchers. Such a property was characterized
by SAXS in combination with other techniques. It was observed that in the
solution, the distance between particles increased as the length of the linker
DNA increased. However, for dried aggregates, the interparticle distance was
no longer dependent on the length of the linker. The electrical properties of
DNA-protected nanoparticles were also quite different from those of gold
nanoparticle films, with the former behaving more as semiconductors and the
latter exhibiting metallic behavior.

To understand the optical properties of DNA-linked gold nanoparticle aggre-
gates and their relationships with structures at nanometer scale, Storhoff et al.
characterized the aggregates formed by two types of DNA-functionalized gold
nanoparticles linked by DNA linkers with three different lengths, 24, 48, and
72 base pairs (Figure 18.15) [376]. They observed that at room temperature,
nanoparticle assemblies exhibited plasmon frequency changes that had an
inverse relationship with the lengths of linkers. Twenty-four base linked aggre-
gates showed the largest change, while the frequency shift for the 72 base linked
gold nanoparticles was the smallest. However, upon annealing at temperatures
near the melting temperature of the DNA, the plasmon frequency of longer
DNA-linked assemblies (48 and 72 base pairs) further red shifted until they were
similar to the assemblies formed with the shorter linkers (24 base pairs). This
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Figure 18.15 Optical properties of DNA-linked gold nanoparticle aggregates. (a) DNA-linked
gold nanoparticle assemblies from 24, 48, and 72 base pair linkers; (b) regardless of linker
length, DNA-linked aggregates turned into purple aggregates upon annealing at
temperatures near the melting temperature of the DNA, and completely dissociated into
unlinked particles as temperature was raised above the melting temperature. (Storhoff et al.
2000 [376]. Reproduced with permission of American Chemical Society.)

result suggested that under preannealing conditions, the 48 and 72 base linked
aggregates formed kinetically stable structures, and these structures could be
thermally transformed into thermodynamic aggregates upon annealing. The
SAXS characterization showed that the first-order diffraction peak of the long
DNA-linked aggregates did not shift upon annealing. This result suggested
that the interparticle distance of these DNA-linked aggregates did not change
significantly upon annealing. Instead, the optical properties of the assemblies
were proved to be dependent on aggregate size rather than oligonucleotide
linker length, upon characterization using sedimentation rate, TEM, dynamic
light scattering, and UV-vis spectroscopy.
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Chi et al. characterized the interparticle distance of a dimer of DNA-
functionalized gold nanoparticles using synchrotron-based SAXS in combination
with molecular simulations [377]. Their results indicated that the separation
distance between the two nanoparticles depended on the length of ssDNA linker
as well as the number of linkers connecting the nanoparticles. Longer ssDNA
linkers resulted in larger intradimer distances, while multiple linkers between
two particles led to smaller interparticle distances due to off-axis connections
by the linker strands (Figure 18.16).
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Figure 18.16 (a) Schematic of a dimer of gold nanoparticles connected by multiple ssDNA
linkers (pink strand). L denotes the number of polythymine bases (T) in the ssDNA linker,
excluding the recognition ends. (b) Computed distribution of the surface-to-surface distance r
for a dimer linked by either one (black line) or four chains (red line) for linker length L = 10
bases. (c) Representative 2D SAXS pattern of dimers for L = 0 and L = 75. (d) Structural factors
for the dimer systems with different linker lengths L. Monotonic shifts of the first S(q) peak
indicate an increase in the interparticle distance with increasing L. (Chi et al. 2012 [377].
Reproduced with permission of American Chemical Society.)
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With the interparticle structure of 3D assemblies from DNA-functionalized
nanoparticles thoroughly characterized by SAXS [378], researchers have been
able to interpret how interparticle interactions and DNA-nanoparticle interac-
tions can affect the 3D structures of these assemblies. In an early demonstration
reported by Park et al., the oligonucleotide-modified nanoparticle assemblies
were found to adopt amorphous structures, with local structures exhibiting
scattering patterns that revealed body-centered cubic (BCC), face-centered
cubic (FCC) or body-centered tetragonal (BCT)-like structures [378]. In the
same study, SAXS was used to probe the effects of oligonucleotide components
on the assembled structures. Poly-A was found to have higher affinity for gold
than poly-T, as poly-T spacer resulted in a significant increase in the interparticle
distance. These findings provided useful insights into the structural basis for 3D
assemblies for better control over their structures.

In more recent studies, by shortening the length of “sticky ends” of DNA
linkers and allowing weaker DNA interactions between particles, Mirkin’s and
Gang’s groups independently showed the formation of 3D crystalline assemblies
of gold nanoparticles guided by the interactions between complementary
DNA molecules conjugated on the surface of particles [379, 380]. To probe
the internal structures of nanoassemblies into superlattices during heating and
cooling processes in real time, both groups used SAXS for monitoring the phase
behavior of their systems in situ (Figure 18.17). In the binary system reported
by Gang and coworkers [379], five sets of DNA-capped gold nanoparticles
were prepared. Each set contained two kinds of gold nanoparticles modified
with different DNA molecules. At room temperature, nanoparticles assembled
into amorphous structures by DNA hybridization. However, upon heating
the assembly to DNA melting temperatures (7,,) and cooling the assembly
below T, two sets of DNA-modified nanoparticles with longer flexible spacers
showed crystalline organization, while systems with shorter DNA spacers
remained amorphous. Clear SAXS patterns strongly indicated the reversible
formation of BCC crystalline structures and remarkable degrees of long-range
ordering during heating and cooling cycles (Figure 18.17b,c). In a parallel
study [380], Mirkin’s group demonstrated that it was possible to use DNA
for directing the assembly of gold nanoparticles into two distinct crystalline
structures (Figure 18.17a). By designing a linker sequence that was either
self-complementary or non-self-complementary, a single-component system
or a binary system could be achieved. Under thermodynamic control, the
single-component system was expected to form a close-packed FCC structure
with 12 nearest neighbors to maximize the number of hybridized DNA linkages
and minimize the energy of the system, while the binary system was predicted
to form a non-close-packed BCC structure with 8 nearest neighbors in order
to achieve the maximum number of DNA hybridization. Through a careful
heating and cooling process, they showed the formation of an FCC crystal
using the single-component system. More interestingly, due to the competition
between the entropic and enthalpic contributions involved in the assembly
process at different temperatures, the binary system was found to form a BCC
structure at room temperature, while it formed an FCC structure if it was treated
with heating followed by slow cooling. Moreover, besides DNA linkage and
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Figure 18.17 (a) Gold nanoparticle-DNA conjugates can be programmed to assemble into single-component assembly system (FCC) using one DNA
sequence, or binary-component assembly system (BCC) using two different linkers. (Adapted from Park et al. 2008 [380].) (b) A typical example of an in situ
SAXS measurement for probing the internal structure of gold nanoparticle-DNA conjugates as temperature changes. (c) Structural factors for gold
nanoparticle-DNA conjugates with BCC structure. (Panels (b) and (c): Nykypanchuk et al. 2008 [379]. Reproduced with permission of Nature Publishing Group.)
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temperature, many other variables were also found to participate in affecting
the final structure of the DNA—-AuNP assembly, such as the flexor between the
DNA linker and AuND, particle size, the sequence and the rigidity of hybridized
DNA linkers, and the number of bound linker strands per particle [381, 382].
By varying the length of the DNA hybridization region in the single-component
system, it has been demonstrated that the distance between AuNPs in the FCC
crystals can be fine-tuned [383]. Longer DNA connections result in increased
nanoparticle spacing as well as a decrease in the order of the lattice because
the nanoparticles are less spatially constrained. Xiong et al. studied the effect
of DNA linker length and the number of linkers per particle on the internal
structure of DNA—AuNP assembly in a binary system using SAXS [384]. Their
findings suggested that linker lengths should be constrained within a limited
range for the formation of BCC crystal structure and that the density of linkers
on nanoparticles controlled the onset of system crystallization.

Since the discovery of DNA-directed colloidal crystallization, the mechanism
of crystal growth has been extensively studied. Macfarlane et al. discussed
a three-step process for the formation of DNA—AuNP crystals derived from
SAXS profiles, collected during the growth of crystal systems [385]. The whole
process is composed of initial DNA—AuNP aggregation, formation of small,
well-ordered crystalline domains, followed by small crystal—crystal aggregation,
and final rearrangement into large crystal systems with long-range order. Luo
and coworkers comprehensively studied the process of “soft” crystallization
using DNA-capped nanoparticles, and during this process the deformation
of soft corona made of DNA on the surface of nanoparticles was found to
occur [386—388]. Using SAXS to probe the entire crystallization process in
real time and in situ, they demonstrated that the soft crystals went through a
gradual transition from “wet crystals” to “dry crystals” accompanied by elastic
drying-mediated deformation of DNA molecules (Figure 18.18).

To fully understand the parameters involved in crystal assembly, Macfarlane
et al. found general design rules that can address the control over lattice parame-
ters [390, 391]. By varying particle size, length of DNA linkers, length of spacers,
and number of sticky end types, nine different kinds of crystal lattices were
obtained and characterized by SAXS under thermodynamic or kinetic controls.
This discovery enables researchers to synthesize nanoassemblies in a predicted
manner. Meanwhile, there is also an increasing interest in using simulations to
characterize the process of DNA-programmable nanoparticle crystallization.
Quantitative prediction of the phase behavior of DNA-functionalized colloids
has been achieved through computational simulations based on a coarse-grain
method [392, 393].

More recently, the concept of DNA-nanoparticle superlattice has been
extended to using different types of building blocks, such as anisotropic
nanorods, rhombic dodecahedra, and octahedral nanoparticles to synthesize
novel crystalline structures [394]. Novel 2D and 3D structures were observed
from anisotropic particle assemblies that could not be achieved by the assembly
of symmetric spherical particles [395]. Spherical nucleic acid nanoparticle
conjugates [396] have also been used as hollow spacers in the construction of
nanoparticle superlattices, resulting in new crystalline structures with distinct
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(b) Supracrystal compression

Figure 18.18 Soft crystallization of poly(dT),-capped nanoparticles in the contact-line
region. (a) Series of 1D SAXS patterns recorded over drying time. (b) Schematic showing the
maintenance of the FCC lattice during corona deformation. (Cheng et al. 2010 [389].
Reproduced with permission of John Wiley & Sons.)

symmetries that were difficult to obtain previously [397]. A general approach to
functionalize a wide variety of nanoparticles with a dense shell of DNA has been
reported, largely expanding the building blocks to nanoparticles of chemical
species besides gold [398]. 3D nanoparticle assembly with controllable switching
of interparticle distances in the superlattices has also been demonstrated by
Maye et al. [399] and Xiong et al. [400]. Very recently, a topotactic interca-
lation strategy was reported by Mirkin and coworkers to create nanoparticle
superlattices with greater complexity than simple binary systems [401]. This
methodology allowed a third nanoparticle to be inserted into predetermined
sites in the preformed binary lattice, and led to unique crystal structures with
much increased complexity.



18.7 Synchrotron Radiation for Studying DNA-Lipid Interaction

The SAXS, as a major tool in characterizing 3D structures of DNA nanos-
tructures and DNA-programmable nanoparticle assemblies, has provided us
with a comprehensive understanding of the structures constructed and guides
us toward the field of building nanoarchitectures with greater complexity and
functionality.

18.7 Synchrotron Radiation for Studying DNA-Lipid
Interaction

The structures formed by DNA and lipids have attracted significant interest in
the past decade after the discovery that lipids can be used as vehicles to deliver
DNA into mammalian cells. As a major type of nonviral vectors, liposomes
that are formed by closed bilayer membrane shells of lipids are very promising
for gene therapy because they are easy to prepare and less immunogenic than
viral vectors. Since the early work of using cationic lipids to form lipid—-DNA
complexes for gene delivery by Felgner et al. [402], tremendous efforts have been
devoted to the search for new formulations of liposomes in order to increase the
level of gene transfer efficiency. Meanwhile, targeted delivery has been proposed
by conjugating lipids with different targeting groups, such as small molecules
[403], peptides [404], antibodies [405], and aptamers [406]. To understand
how the structures of lipid—-DNA complexes would affect their transfection
efficiency and uptake mechanism, the SAXS has been used as a major tool to
characterize the nanostructures of self-assembled lipid—DNA complexes. These
characterizations have helped to establish correlations between the structure
of lipid—-DNA complexes and their biological function. Moreover, the structural
information also has provided deeper insights into rational optimization of
formulation and transfection efficiency.

Depending on the lipid composition, the ratio of DNA to lipids, and the solu-
tion conditions, lipids and DNA can form different structures in solution. Radler
et al. used SAXS to characterize the structure of cationic liposomes (CL) in com-
plex with DNA [144]. The liposomes consisted of binary mixtures of neutral lipids
dioleoyl phosphatidylcholine (DOPC) and cationic lipids dioleoyl trimethylam-
monium propane (DOTAP) with a 1: 1 ratio. They observed that addition of either
linear A-phage or plasmid DNA to the CL resulted in a transition from liposomes
to a highly ordered multilamellar (L,°) structure with DNA sandwiched between
cationic bilayers (Figure 18.19a). In a different study, Koltover et al. substituted
DOPC with dioleoyl phosphatidylethanolamine (DOPE) to form a mixture of
DOTAP and DOPC. At certain compositions, addition of DNA molecules into
the system led to a completely different structure [407]. DNA was found to be
coated by cationic lipid monolayers and form a columnar inverted hexagonal lat-
tice (H,°) (Figure 18.19b). In addition to the composition and rigidity of the mem-
brane, such different formations of structures were found to depend on the shape
of lipid molecules. Because DOTAP and DOPC are cylindrical in shape, a mix-
ture of these two gave zero spontaneous curvature and resulted in a multilamellar
structure. However, since DOPE has a cone-like shape, leading to negative cur-
vature, the mixture of DOTAP and DOPE favored the formation of a columnar
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Figure 18.19 Schematics of cationic lipid-DNA (CL-DNA) complexes (a—c) and anionic
lipid-DNA (AL-DNA) complexes (d—f). (a) Lamellar L, phase of CL-DNA complexes;

(b) columnar inverted hexagonal H, phase of CL-DNA complexes; (c) H,* phase of CL-DNA
complexes, in which tubular lipid micelles arrange in a hexagonal lattice while DNA rods
arrange on a honeycomb lattice in the interstices of the lipid micelle arrangement; (d)
condensed DNA-ion-AL lamellar structure with alternating layers of DNA and anionic
membranes glued together by divalent cations; (e) condensed ion—-AL membrane lamellar
structure; (f) 2D inverted hexagonal structure of AL-DNA complexes, in which hexagonal
arrays of divalent cations coated DNA strands wrapped in the anionic membrane monolayer
tubes. (Adapted from Ref. [144, 407-409].)

inverted hexagonal shape. Such findings also explained the correlation between
the nanostructure of CL-DNA complexes and transfection efficiency. Liposomes
containing DOPE have been found to have good transfection efficiency, since they
formed a Hj© structure that fused well with the cell membrane, while liposomes
containing DOPC and adopting L © structures had poor transfection efficiency
because they fused poorly with the cell membrane.

Besides monovalent cationic lipids, multivalent cationic lipids have also been
reported to form lamellar and micellar conformations in complex with DNA
[410-417]. In contrast, self-assembled anionic lipids (ALs) and DNA complexes
have been found to organize into different structures than the CL—-DNA complex
(Figure 18.19d—f) [409]. At low membrane charge densities, AL-DNA formed a
lamellar structure of alternating DNA and membrane layers, while at high mem-
brane charge densities, DNA was expelled from the complex and a lamellar stack
of membranes was formed. More interestingly, at high concentration of Zn*,
the system formed an inverted hexagonal phase in which DNA strands were
coated with divalent cations and wrapped with anionic membrane monolayers
to form hexagonal arrays.

In a more recent study, Ewert et al. discovered another new shape of CL-DNA
complexes [418]. They synthesized a highly charged multivalent cationic
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lipid (with 16 positive charges) with a dendritic head group, MVLBG2, and
investigated the structure of the lipid—-DNA complex by SAXS. At a narrow
range of composition around 25mol% MVLBG2 and 75mol% DOPC, the
complex exhibited the hexagonal phase (HIC), in which hexagonally arranged
tubular lipid micelles were surrounded by DNA rods with honeycomb symmetry
(Figure 18.19¢).

In another recent study, the discovery that short complementary B-form DNA
(with 6—20 base pairs in length) could exhibit nematic and columnar liquid crystal
phases has led to a study of the packing of short DNA with nonpairing overhangs
in CL-DNA complexes [419, 420]. Employing SAXS, Bouxsein et al. found that
the formation of nematic liquid crystal phases in the CL-DNA system was influ-
enced by many parameters, such as the length of DNA and the length of nonsticky
ends. Such structure may find its use in delivery of short anisotropic biomolecules
with nanoparticle membranes for gene silencing in the future. As our understand-
ing of the structures of lipid—DNA complexes increases with the help of SAXS,
lipid-based delivery approach will be more optimized and better designed for
therapeutic applications.

More recently, Angelov et al. employed time-resolved SAXS to study the
structural changes during uptake of plasmid DNA by cationic lipid nanocarriers
[421]. They coupled a rapid-mixing stopped-flow technique to SAXS to achieve
4 ms time resolution, which allowed the capture of structural information at a
very early stage. The obtained results suggest that the inner membrane of lipid
nanocarriers rearranges its architecture upon loading of the plasmids in less
than 150 ms. In addition, Pozzi et al. compared the structure and transfection
process of multicomponent (MC) lipoplexes and multicomponent envelope-type
nanoparticle systems (MENS) [422]. Synchrotron SAXS and AFM revealed that
MC lipoplexes form onion-like multilamellar structures, while MENS adopt a
core—shell structure with condensed DNA/protamine as the core covered with a
lipid shell. They proposed that the structure of the nanocarrier plays a role in the
transfection efficiency (TE), since it determines the dissociation and transport
process of DNA inside cells. Based on their observation, MENS are found to
have a much greater TE than MC lipoplexes, and the molecular mechanism
behind such phenomenon is under investigation.

18.8 Summary and Outlook

In this review, we have summarized the progress made in using synchrotron-
based spectroscopic techniques for the characterization of nucleic acids and
related nucleic-acids-based or -templated nanomaterials. In comparison to
the study of other molecules such as organic polymers and proteins, the use
synchrotron-based spectroscopic techniques to study nucleic acids is relatively
new and cases of study are not as many. Despite this situation, the power of
synchrotron-based spectroscopic methods has already been demonstrated
to reveal many interesting properties such as the electronic structures of
nucleobases and dsDNA, the secondary structure of DNA molecules, the

727



728

18 Applications of Synchrotron-Based Spectroscopic Techniques in Studying Nucleic Acids

orientation of surface-bound nucleic acids, the metal-binding sites in nucleic
acids, conformations of nucleic acids in solution including intermediates in RNA
folding, and noncanonical structures of DNA and RNA molecules. In addition,
time-resolved synchrotron X-ray footprinting in studying the folding of nucleic
acid structures is also described. Finally, application of synchrotron radiation
in studying DNA-based functional materials, including DNA nanostructures,
such as DNA 3D origami structures and DNA-functionalized nanoparticle 3D
assemblies, as well as DNA-lipid interactions, have also been covered. These
results have provided deeper insights into the structure and function of nucleic
acids, allowing their applications as building blocks for biochemical, biomedical,
and bionanotechnological applications.

With so many synchrotron-based spectroscopic techniques available, the
choice of a particular method will depend on molecules to be studied and infor-
mation to be obtained. To take full advantage of these techniques for nucleic
acid research, further exploration of the capability of these methods is required,
including optimization of the conditions under which the data are collected,
accumulation of reference data for fingerprint comparison, and development of
theoretical framework to interpret the results.

With the continuous development of synchrotron facilities aiming at providing
light sources with higher flux, higher brightness, and more continuous tunabil-
ity, these synchrotron-based techniques can find an even wider range of uses as
nondestructive, high-resolution, real-time and ix situ analytical methods in bio-
chemical, biomedical, and nanomaterial characterizations of even more nucleic
acids.
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