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Abstract

Bacteriorhodopsin (bR) is a highly expressed transmembrane protein that acts as a
light-driven proton pump converting light energy into a proton gradient. The
extraordinary levels of expression achieved (15-30 mg per liter of culture) are a result of
very efficient biogenesis that originates from molecular information encoded in the
bacterio-opsin gene (bop) (1). DNA sequence analysis and predictive folding algorithms
suggest that the first twenty-five bases of the bop gene mRNA can form a secondary
structural element (a “stem-loop”). Using biophysical methods, the goal was to
determine if the stem-loop structure exists in solution conditions that mimic the in vivo
biological environment (42°C and 4M KCl) (2-4). The salt-dependent thermal stability of
a DNA model of the stem-loop sequence was obtained using temperature-controlled UV-
absorption and Circular Dichroism (CD) spectroscopy and Differential Scanning
Calorimetry (DSC). The combinatorial analysis indicates that an energetically favorable
stem-loop structure forms in all solution conditions examined. The stem-loop structure is
stabilized at very high salt concentrations, a requirement for a role in bop gene
expressivity (AG=-1.13 kcal/mol, AH=-16.78 kcal/mol, AS= - 49.67 cal/mol/K). While
the Ty values evaluated by all three physical techniques were comparable, comparison of
the calorimetric and van’t Hoff enthalpies indicate that the folding mechanism is not a
two-state process. SVD analysis of the UV and CD spectral transitions confirm that
formation of the stem-loop structure proceeds through a single significant folding
intermediate. Similar analysis of the RNA sequence demonstrates that an RNA stem-
loop structure can form and is significantly more stable than that of the DNA structure at
all salt concentrations evaluated.
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1 Introduction

Living matter is composed of various biological macromolecules. These
macromolecules include proteins, lipids, carbohydrates and nucleic acids. The central

dogma of molecular biology begins with nucleic acids.

1.1 Nucleic Acids (DNA and RNA)

Nucleic acids are responsible for the genetic information storage and processing
in living organisms. Deoxyribonucleic acid (DNA) serves as the cell's hereditary
information, while ribonucleic acid (RNA) is involved in converting that information into
functional products, such as proteins (5, 6). Nucleic acids are long polymers. The
synthesis of such macromolecules is a challenge to the cell and could involve millions of
reactions. Instead, the cell uses a modular approach for building these macromolecules by
joining prefabricated monomers called nucleotides. These nucleotides can be coupled
through a phosphodiester linkage to form a polynucleotide. A nucleotide is composed of
three units: a nitrogenous base, a five-carbon sugar, and a phosphate group.

1. Nitrogenous bases: the bases of nucleotides are derivatives of pyrimidine or
purine. Naturally occurring pyrimidines are cytosine and thymine in DNA,
whereas cytosine and uracil occur in RNA. Naturally occurring purines in both
RNA and DNA are adenine and guanine.

2. Five-carbon sugars (pentoses): RNA contains D-ribose, while DNA contains 2-
deoxy-D-ribose (Figure 1). The apparent minor difference of a hydroxyl group at
the 2’ position of the ribose sugar has extensive effects on the secondary

structures of RNA and DNA.
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Ribose 2-Deoxyribose
Figure 1: Five-carbon sugars in DNA (2-deoxy-D-ribose) and RNA (D-ribose)
3. Phosphate group: The third component of a nucleotide is a phosphate group that

results when phosphoric acid is esterified to the sugar 5’ hydroxyl group to yield a

phosphate ester.

A nucleotide is created upon the formation of a glycosidic bond between the
nitrogenous base and the sugar connecting the sugar C-1’ to N-1 of a pyrimidine or to N-
9 of a purine as well as a phosphodiester bond between the phosphate group and the sugar
hydroxyl group at C-5°. Nucleotides can exist in the mono-, di-, or tri-phosphorylated

forms. The structures of the common nucleotides in RNA and DNA are presented in

Thymidine 5’ monophosphate

(Figure 2).
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Figure 2: The structure of common nucleotides in RNA and DNA

1.1.1 Primary Structure of Nucleic Acids

A single strand of polynucleotide chain is formed through the phosphodiester
linkages between the 3’ carbon of one monomer to the 5° carbon of the next to form the
sugar-phosphate backbone (Figure 3) (7). The only significant variation in the chemical
structure of the polynucleotide arises from the base sequence. These bases extend from
the backbone and give the polynucleotide its unique identity. A common method to
describe primary sequence is to write the bases in the 5° to 3’ direction. To distinguish
between RNA and DNA sequences, DNA sequences are typically preceded by the letter

“d” to denote deoxy. The primary structure of DNA and RNA is the sequence itself.
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Figure 3: Nucleic acids primary structure (7)

1.1.2 Secondary Structure of Nucleic Acids

A higher order of structure is produced upon the formation of hydrogen bonds
between two complementary base pairs. The most common base pairing is Watson-Crick
base pairs between purines and pyrimidines, where the adenine base forms hydrogen
bonds with the thymine base and the guanine base with the cytosine base. Actually, DNA
can adopt various forms of secondary structures (52) such as B-DNA, Z-DNA and H-
DNA. The most common form is the canonical B-form DNA structure described by
Watson and Crick (53). Figure 4 (7) represent a double helix formed by two anti-parallel
DNA strands linked by hydrogen bonding between bases on opposite strands. In RNA,
the secondary structures are intramolecular loops (Figure 5) formed when a given strand
folds back upon itself by complementary Watson Crick base pairing. This creates a

duplex formation with strands that also run antiparallel to one another. RNA also utilizes



uracil in place of thymine for base pairing. The most common forms of RNA secondary
structure are the helices and the stem-loop structures (9). Other forms of RNA secondary

structure include internal loops, bulges and junctions (10).
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Figure 4: DNA secondary structure (7)
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Figure 5: RNA secondary structures

1.1.3 Tertiary Structure of Nucleic Acids
There is an additional level of folding and supercoiling, where the nucleic acid

GCC A

CGG A
UA
GC
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Junctions

strands folds into larger structures made up of a three-dimensional scaffold called the

tertiary structure.

1.1.4 Factors contributing to the stability of nucleic acids

Nucleic acid structures are stabilized by non-covalent interactions between the

bases via hydrogen bond formation. The phosphate groups are arranged on the exterior of

the molecule facing the water environment. These phosphate groups can interact with

ions in solution to form a gradient of condensed counterions. The hydrophobic and van

der Waals interactions as well as base pair stacking interactions contribute significantly to

the stability of nucleic acids as well.



1.2 The Central Dogma of Molecular Biology

DNA contains the complete genetic information that defines the structure and

function of an organism. Proteins are formed using the genetic code of the DNA. The

conservation of the genetic information is hugely complex. The flow of information is

represented by 3 major stages: replication of DNA, transcription of DNA to RNA and

translation to protein. This dogma forms the backbone of molecular biology. (Figure 6)

1.

Replication: DNA replicates the coded genetic information. Each strand works as
a template on which a new complementary strand is assembled producing two
identical DNA molecules.

Transcription: The transcription process is initiated upon the binding of a
promoter protein to the gene initiating sequence. The DNA double strand unwinds
and one of the strands serves as a template for RNA synthesis. The DNA is
transcribed into an alternate molecular nucleic acid form, known as messenger
RNA (mRNA) since it serves as the information messenger from the DNA to the
protein synthesis machinery, known as ribosomes. In eukaryotic cells, the DNA
segments are transcribed into mRNA. The mRNA contains protein coding regions
called exons, and the noncoding segments called introns. The mRNA is processed
by splicing and ultimately migrates from the nucleus to the cytoplasm.
Translation: The messenger RNA carries coded information to the ribosome. The
ribosome translates the RNA sequence into a primary sequence of amino acids as

the protein is synthesized.
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Figure 6: The Central Dogma of Molecular Biology (7)

1.3 Halobacterium salinarum

The replication, transcription and translation activities are conserved in all
biological forms of life (Figure 7). The organism we study is Halobacterium
salinarum. As a member of the archaea domain (11), H. salinarum shares many traits
with both prokaryotes and eukaryotes allowing the use of this organism as a model to

study protein expression.

Archae

Halobacterium salinarum
Sulfolobus solfataricus

Methanospirillum hungatei

Thermoproteus tenax Methanobacterium formicicum

Methanococcus vannielii

Thermus aquaticus

Xenopus laevis

Zea mays Flavobacterium heparinum

Escherichia coli
Oxytricha nova . .
Desulfovibrio desulfuricans

Dictyostelium discoideum Bacillus subtilis

Eukaryote Anacystis nidulans
Eubacteria

Figure 7: The three domains of life forms



Halobactrium Salinarum is an Archaeon that thrives in high salt media. It grows
optimally at a NaCl concentration of 4.3M and at an internal salt concentration = SM K"
(12, 61). It carries out oxidative metabolism if oxygen and metabolic energy sources are
available. However, in oxygen and nutrient-deficient conditions, purple patches appear
on the cell membrane (58). These purple patches allow H. Salinarum to survive by
capturing light energy “light-driven proton transport”. The main component of these
purple patches is a photosynthetic light receptor known as Bacteriorhodopsin (bR). H.
salinarum expresses bR at extraordinary levels. bR can occupy up to 80 percent of H.
salinarum cell membrane and can be purified from cell culture yielding 15-30 milligrams

per liter (13, 15).

1.4 Bacteriorhodopsin (bR)

Bacteriorhodopsin (bR) is a 26 kDa transmembrane protein that acts as a light-
driven proton pump, converting light energy into a proton gradient. The proton gradient
is used to support energy requiring metabolism essential for the viability of the host
organism, H. salinarum. This is done by generating ATP via F1FO ATPase. bR consists
of a single polypeptide (bacterio-opsin, Bop) of 248 amino acids arranged in seven
transbilayer alpha-helices (heptahelical transmembrane 7-TM). The helices enclose a
retinal chromophore that is covalently bound by a protonated Schiff-base linkage to
residue Lys216 in the seventh transmembrane helix of bacterio-opsin (14). bR isa 1:1
assembly of the chromophore retinal and the 248 amino acid bacterio-ospin protein. The
high level of bR expression, along with the chromophoric properties of retinal, produce
H. salinarum cultures with an intense purple color leading to an efficient visual assay of

expression (15) (Figure 8). When bR is highly expressed, the heptahelical



transmembrane aggregates forming a homotrimer. Homotrimers aggregate and expand

across the membrane to form the purple membrane (16) (Figure 9).
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Figure 8: Bacteriorhodopsin (bR) expression
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Figure 9: Homotrimers aggregate and expand across the membrane forming the purple membrane
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1.5 The bacterio-opsin gene (bop)

This extraordinary level of membrane protein production is unique and is likely
due to an efficient bacterio-opsin gene (bop). The bop gene has been cloned, sequenced

and most of the cis- and frans-acting elements have been identified (1, 17, 18).

1.5.1 Nucleic‘acid sequences can contribute to gene expression

Nucleic acid sequences can contribute to gene expression in two ways:

1. Trans-acting elements:
These determinants contribute to bop gene expression but are not part of the bop
gene nucleic acid sequence. Intense light and/or a decrease in oxygen have a
direct effect on the amount of bop messenger RNA (mRNA) that is produced. As
mRNA levels are raised, the levels of bR are increased. Light and oxygen are
trans-acting determinants of expression.

2. Cis-acting elements:
These are factors that are wholly contained within the bop gene nucleic acid
sequence. The bop gene mRNA starts just two nucleotides upstream of the
initiating methionine codon, the first codon translated in the bop gene coding
region (59). This essentially “leaderless™ architecture is rare, but has been
observed in all three domains of life. As a consequence of being leaderless, all cis
acting determinants in the bop mRNA are located downstream of the initiating
codon. All the information for efficient transcription and translation exist in the

bop gene nucleotide sequence.
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1.5.2 Secondary structural element (Stem-loop)

The extraordinary levels of expression are a result of very efficient biogenesis that
originates from optimized molecular information encoded in the bacterio-opsin gene
(bop). DNA sequence analysis (1) and predictive folding algorithms suggest that the first
twenty-five bases of the bop gene mRNA can form a secondary structural element (a

“stem-loop”) that contribute to bR biosynthesis.

1.6 Research Purpose

The goal was to determine if the putative stem-loop structure exists in solution
conditions that mimic the in vivo biological environment (42°C and 4M KCl).
Furthermore, the determination of the thermodynamic parameters of the stem-loop
structure will yield insight into a folding pathway. These folding pathways can be

instrumental to the regulation of gene expression.
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2 Theory

2.1 Spectroscopy

2.1.1 Light

Light is electromagnetic radiation that may be considered in terms of two
perpendicular vectors: electric and magnetic. These vectors oscillate as waves
characterized by wavelength A and frequency v (Figure 10). The wavelength A is defined
as the distance between two neighboring peaks, and may be designated in meters,
centimeters or nanometers. While, frequency v is the number of wave cycles that travel
through a given point per second. It is designated in cycles per second, or hertz (Hz).

These terms can also be described as follow (38, 39):
Equation 1: c=Av

Where c is the velocity of light in a vacuum

e\ avelength »

mmslﬁtd/\ :
\VARVERV.

Figure 10: The wavelength of electromagnetic radiation

2.1.2 Electromagnetic radiation spectrum

The electromagnetic radiation spectrum covers a broad range of wavelengths
ranging from very short wavelength such as gamma and x-rays to very long ones such as

microwaves and broadcast radio waves (Figure 11). The visible wavelengths cover a

13



range from approximately 380 to 780 nm (40). The electromagnetic radiation is

composed of photons. The energy of each photon is dependent on its (A) and (v) and can

be described as follow:

Equation 2: Photon energy e =hv = hc/A

where (h) is Plank’s constant.

Thus, the shorter the wavelength, the higher the energy and vice versa.
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Figure 11: The electromagnetic spectrum

2.1.3 Ultraviolet Absorption

Different molecules absorb radiation of different wavelengths. An absorption
spectrum will show a number of absorption bands corresponding to the excitation of the
outer electrons (38-40). When a molecule absorbs energy, electrons are promoted from
their ground state to an excited state. Atoms and molecules possess defined energy levels.
The electronic energy levels are widely separated and usually only the absorption of high

energy photons can excite a molecule from one level to another. The vibrational and

14



rotational energy levels are much closer to each other than the electronic energy levels.
Therefore photons of lower energy are sufficient to bring about vibrational and/or
rotational changes (Figure 12). Upon the absorption of UV light, the transition can be
from any vibrational or rotational energy level to any vibrational or rotational energy

level in any higher electronic energy level (20).
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Figure 12: Energy levels of a molecule

A molecule will exhibit .absorption in the visible or ultraviolet region when
radiation causes an electronic transition within its structure. The energy supplied by the
light will promote electrons from their ground state orbital to a higher energy, excited
state orbital or antibonding orbital. Potentially, three types of ground state orbitals and
two types of antibonding orbitals may be involved in the transition (Figure 13).

6 ___, o*Transitions:
An electron in a bonding o orbital is excited to the corresponding antibonding orbital *
which requires large energy. This type of transition is not typical in the UV-Vis spectra.

n ——  » o* Transitions:
This type of transition needs less energy than the previously described transition state and

can be initiated with light in the range of 150-250 nm region.
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n —» a*andn———p 7* Transitions:
Most of the absorption spectroscopy of organic compounds is based on these two types of
transitions as the absorption peaks for them fall in the UV-Vis region of the spectra (200-

700 nm).
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Figure 13: Possible electronic transitions of ¢, # and n electrons

2.1.3.1 The Beer-Lambert Law

The Beer-Lambert Law is the linear relationship between the absorbance (A) and
the concentration of a chromophore. The law is only true for monochromatic light, which
is light of a single wavelength. It is necessary that the physical or chemical state of the
substance does not change with concentration (8, 41).

Experimental measurements are usually made in terms of transmittance (T), which can be

defined as:
Equation 3: T=1/1,

Where |, is the intensity of the incident light and I is the intensity of the transmitted light
after passing through the sample. Transmittance (T) is usually expressed as a percentage

of transmittance (%T).

16



Figure 14: Light transmission through a sample (8)

The Beer-Lambert Law can be derived from Skoog and colleagues discussion
based on an early paper (Strong, F.C. Anal. Chem., 1952, 24, 338) (8). Consider a beam
of monochromatic light passing through a sample which absorbs light. As indicated in
Figure 14, I, is the light intensity prior to entry into the sample cell and Ir is the light
intensity after passing through the sample. I is the light intensity at a given point in the
cell, where the light has crossed a distance db through the sample. Thus, the original
intensity I, is diminished by dI,. The fractional change in the intensity can be written as
dIy/I,. Additionally, the area outlined in red denotes the cross sectional area (A) of the
vessel. When light is absorbed, dA is the area of detained beam. The ratio of dA/A
signifies the amount of area that can detain the beam as it relates to the total area. The
fractional change in intensity can be related to the fractional area of the detained beam in

the following equation:

~ Equation 4: -dl,/ I,=dA/A
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We can substitute, dA=adn, where the proportionality constant is a and dn is the number

of absorbing particle. Integration produces:

Equation 5: - fio18d1s/ I = (a/A)f’dn
Equation 6: In I,/ Ir = (a/A)b
Convert to base 10 log units to produce:

Equation 7: log Ir/ I,= (a/(2.303)A)n

Knowing that A is equivalent to volume (V) divided by a length (b), we can substitute for

A as follows:

Equation 8: log I/ I, = ((ab)/(2.303 V))n

We can substitute n with 6.02 x 10%¢/ 1000, where ¢ is the molar concentration:
Equation 9: log Ir/ Iy = ((ab)/(2.303 V))( 6.02 x 10°c/1000)

Finally, the terms ((a)/(2.303 V))( 6.02 x 10%}/1000) can be combined to become the

molar extinction coefficient £ and related to the absorption (A) of a chromophore:
Equation 10: A=logls/I,=¢bc
Equation 11: Beer’s law A =¢bc

where ¢ is a wavelength-dependent constant called molar absorbtivity coefficient with
units of M em™

The linearity of the Beer’s law is limited by chemical and instrumental factors such as:
light scattering due to the presence of particulates in the sample, fluorescence or

phosphorescence from the sample and stray light.
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2.1.3.2 UV-Vis Spectrometer

A diagram of the c.omponents of a Cary 3E spectrophotometer with a temperature
controlled sample compartment similar to the one used conducting this research is
presented in (Figure 15) (8). For visible or ultraviolet light, either a tungsten or deuterium
lamp is used as a light source, respectively. The light beam is directed into a beam splitter
using a series of mirrors. Upon the splitting of the light beam, it is directed through the
sample and reference cells using another set of mirrors. The cells are housed in a
multicell temperature controlled block in the sample compartment which is purged with
nitrogen to prevent condensation on the sample cells. The temperature can be monitored
using temperature probes within the block or in the sample cells. The block temperature
is controlled by a water bath that is filled with 10% ethylene glycol. After passing
through the sample and reference cells the light beams impinge on two mirrors. The
mirrors direct the light beam into a double chopper, then to the detector. The instrument

is interfaced with a PC, which contains the Cary WinUV Software Version 2.0.
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Figure 15: Schematic of Cary 3E spectrophotometer

2.1.4 Hyperchromicity

Hyperchromicity is the increase in the UV absorbance of a molecule as it

Inlet

undergoes conformational changes. The thermal melt of nucleic acid is a clear example of

hyperchromicity as the UV absorption increases when the nucleic acid changes from the

folded to unfolded state. The apparent increase in absorbance is attributed to the

unstacking of bases and loss of davydor splitting. The nt-electrons of the bases stack to

minimize the wt-electron exposure to hydrophilic solvents. Since UV absorbance is a

consequence of & electron transitions, stacked nitrogenous bases interact with each other
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via 7 electrons to produce a decrease in base absorption. Unstacking releases the

interactions and the UV absorbance increases.

2.1.5 Melting temperature Ty,

The melting temperature, Ty, is defined as that temperature that 50% of the DNA
is double stranded and 50% is single stranded. Ty reflects the intrinsic stability of nucleic
acids. High GC content is associated with higher Ty values. Ty also reflects the extrinsic
contributions from the solution, such as ionic strength. lons suppress the electrostatic

repulsion between the electronegative phosphate groups (54, 55).
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Figure 16: Melting curve
2.1.6 Circular Dichroism (CD) Spectroscopy

2.1.6.1 Polarization of Light

The polarization of light is a property that describes the orientation of the
oscillation of the light's electric field (Figure 17). If the orientations of the electric fields
vector oscillation are not correlated, the light is said to be unpolarized. Consequently, if

there is correlation, the light is said to be polarized (8, 22) (Figure 18).
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Figure 18: Light electric field vectors (A) unpolarized and (B) polarized

When the polarization is perpendicular to the wave's direction of travel, the
electric field may be oriented in a single direction called linear polarization (42, 43).
When the polarization rotates as the wave travels, it is called circular polarization.
Circularly polarized light oscillations can rotate in a clockwise fashion to be right
circularly polarized light or in a counterclockwise fashion, where it is considered left

circularly polarized (Figure 19).
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Figure 19: Plane polarized relative to (A) right and (B) left circularly polarized light

When the polarization vector rotates as the wave travels and the vectors are not of
equal magnitude, the vectors can sum to form elliptically polarized light. Here the electric

field vector sweeps out an elliptical helix (23, 24).

2.1.6.2 Circular Dichroism (CD)

Circular Dichroism is a form of spectroscopy based on the differential absorption

of left- and right-handed circularly polarized light (8, 22, 23, 24) and can be written as
Equation 12: AA = AL-Ar

Where A is the absorbance and L or R indicate the circularly polarized light components.
If linearly polarized light passes through an optically active substance (i.e. an asymmetric
chromophore) the sample would absorb and/or delay the two circularly polarized
components at different rates. As a result of the absorption phenomenon, elliptically
polarized lights emerge from the sample. Ellipticity () can be determined from the
difference of the absorption coefficients g, and g and measured as the arc tan of the

minor ellipse axis/major ellipse axis (25)

Equation 13: 0, = arc tan ((minor ellipse axis)/(major ellipse axis))
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The molar ellipticity is then given as:
Equation 14: 0, =2.303((eL - €r ) 180)/4n deg

If the molar extinction coefficient for the left and right circularly polarized light are

known, simplification leads to:
Equation 15 6x = 3300 (Ac) mdeg M lem™.

The CD spectrum is defined by the wavelength dependent ellipticity.

2.1.6.3 CD Instrumentation

A diagram of the components of a CD Spectropolarimeter 62A DS from Aviv
Associates with a temperature controlled sample compartment similar to the one used
conducting this research is presented in (Figure 20) (8). A high voltage xenon lamp is
uéed as the light source. The lamp produces a light beam that is directed into a polarizer.
The polarizer produces left and right circularly polarized light which is directed through
the sample cells. The cells are housed in a multicell temperature controlled sample
compartment. The sample compartment and the instrument optics are under constant
nitrogen purge to prevent ozone formation which can damage the instrument optics and
reduce the efficiency of the lamp.

After passing through the sample cell the elliptically polarized transmitted beam
is directed into the detector. The elliptically polarized beam has an optical rotation angle
@ and ellipticity 6 that can be determined by the CD. The instrument is interfaced with a
PC and a Peltier temperature controller to determine spectra as a function of temperature

as well as a function of wavelength.
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Figure 20: Diagram of CD spectropolarimeter

2.1.6.4 Stem-loop CD Spectrum

As stated in section 1.1, nucleic acids are polymers that are composed
nucleotides. Each nucleotide is composed of three units: a nitrogenous base, a five —
carbon sugar, and a phosphate group. The phosphate groups have electronic transitions at
wavelengths shorter than 170 nm. The pentose sugar has a low intensity absorption
starting at 190nm. Therefore, the principle visible chromophores in nucleic acids are the
nitrogenous bases as they possess electronic a—n* and n—n* transitions (26). Although
the bases have a plane of symmetry (optically inactive), the ribose and deoxyribose
sugars are asymmetric and can induce CD in the absorption of the chromophoric bases.
This explains the apparent low intensity of the induced CD spectra for the chromophoric
but symmetric bases. In addition to the spectral differences between the mononucleotides,

the bases themselves are directly involved in close interactions with one another. For
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example, the CD spectrum of a dinucleotide is different from the sum of the CD spectra
of the two mononucleotides (27). Therefore, the CD spectrum of a dinucleotide is the
average of the two mononucleotides plus an additional term to account for base-base
interactions. Also, as the number of nucleotides increase an additional term is introduced
to account for the interactions between the nearest neighbors. Furthermore, the n-
electrons of the bases makes them hydrophobic and they tend to stack to minimize the n-
electron exposure to solvents. The base stacking can assume a helical structure inducing
chirality and preferential handedness. Thus, circular dichroism is sensitive to the
conformational state of the nucleic acid oligomer. The circular dichroism signal is the
result of the summation of all the transitional dipole contributions from each base

(interacting and non-interacting) existing in a conformation (Figure 21).
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Figure 21: CD spectra of different DNA conformations
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2.2 Spectroscopic Data Analysis

2.2.1 van’t Hoff Analysis

The secondary structure of nucleic acids can be distinguished by CD (Figure 21)
as changes in the CD spectra are indicative of conformational changes. Melting studies
can be conducted by CD and the conformational changes can be monitored as a function
of temperature. CD is also used to assess the thermal stability of nucleic acids in the
presence of other variables such as salt concentration. The conformational changes can be
monitored over the entire UV spectrum. Alternatively, a single wavelength can be chosen
as a function of temperature to produce equilibrium melting curves (Figure 16).

For a reversible transition with no intermediates, the curves exhibit a sigmoidal
shape. This is said to be a two state process, whereas the native folded nucleic acid
reversibly converts to an unfolded state with no unfolding intermediates. There is no
apparent hysteresis in the reverse melting curve (8). van’t Hoff analysis of equilibria
melting curves assumes a two state unfolding process and AH is temperature
independent. A plot of RInK versus 1/T (in Kelvin) is linear with a slope given by —~AH

and an intercept of AS. This plot is known as a van't Hoff plot (Figure 22) (56, 57).

RInk

1T

Figure 22: van’t Hoff plot
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2.2.2 Equilibrium Melting Curve

For optimal and successful data analysis, a proper monitoring wavelength must be
selected at which conformational changes can be monitored. It is common to monitor
UV melting of nucleic acids at 260 nm. Optimal wavelength can be determined
experimentally by collecting the UV and CD data at low and high temperatures. The two
spectra are then subtracted to yield a difference spectrum. The wavelength of absolute
maximal difference is utilized for the melt (8).

A sigmoidal shaped curve can be drawn using the boundaries as an upper and
lower baseline (Figure 16) (62). The temperature at which the distance from the upper
baseline to the melting curve equals the distance from the curve to lower baseline is the
melting temperature Ty;. Alternately, the Ty value can be determined by plotting the first
derivative of the spectroscopic absorbance as a function of temperature, the apex of the

resulting peak is the Ty (Figure 23).
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Figure 23: Melting temperature at 100mM salt concentration
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Statistical analysis programs can also be used to establish the best sigmoidal fit
(Boltzmann fit) of the data where the inflection point is the Ty or the best Gaussian fit of

the data first derivative where the apex of the peak is the Tu.

2.2.3 a Plots

The melting curves can be represented in terms of (o), where a is the fraction of
folded nucleic acid. The values for o are obtained by subtracting the lower baseline from
the upper baseline of a melting curve to yield a value, UL. Then, the distance for the
upper baseline to the curve is determined for all points in the melt and symbolized UC.
Finally, UC is divided by UL to give « at all temperatures shown in (Figure 24). Note that
at T, a is 0.5 (8, 28, 29).

1.0

alpha

Temperature

Figure 24: Alpha plot

Unlike typical UV absorption signals, the CD signal decreases in intensity as
function of temperature. The UL value as described above is still utilized. However, the
distance for the lower baseline to the curve is determined for all points in the melt and
symbolized CL. Similarly, CL is divided by UL to give a at all temperature.

The equilibrium constant K can be written as

Equation 16: K = [Folded] / [Unfolded]
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Equation 17: K=a/1-a

2.2.4 Singular Value Decomposition (SVD)

Singular value decomposition (SVD) (44) is a mathematical technique utilized to
decompose a matrix into its component matrices, revealing some of the interesting
properties of the original matrix. SVD applies the matrix linear algebra to split a vector
space into lower-dimensional subspaces. It is widely used in statistics, where it is related
to principal component analysis, and in signal processing and pattern recognition.

The following discussion by K. Baker cited by Antonacci (8) describes SVD
mathematical process and rational. A vector must have magnitude and direction.
Numerous numbers can be used to describe a vector in the form of a matrix. Matrix (A)
is an (m times n) matrix, where m is a row and # is a column of the matrix. Two vectors
are considered to be orthogonal if the inner dot product of the two vectors is 0 (90°
relative to each other). A vector’s length is defined as the square root of the sum of
squares of each number in a matrix. Normal vectors have a length of 1. Orthonormal
vectors are vectors that are both normal and orthogonal. The process of converting a set
of column vector data into orthonormal vectors is known as the Gram Schmidt
orthonormalization. The process involves normalizing one column vector followed by
normalizing subsequent column vectors taking into account those which have already
been normalized. A transpose matrix (AT) is produced upon converting the rows of the
original matrix A into columns of a transpose matrix AT. An identity matrix contains 1
along its diagonal and zeros elsewhere. Any matrix multiplied by the corresponding

identity matrix is equal to the original matrix. Matrix multiplication requires the number
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of rows of the first matrix must equal the number of columns in the second matrix. A
determinant is calculated for a 2 x 2 matrix, where the product of the two diagonals is
subtracted. Expansion by row allows determinant calculation of larger matrices.
Eigenvectors (v) are nonzero vectors that relate a square matrix A to some quantity A
(eigenvalues). In other words, A acts to stretch the vector v for a distance A without
changing its direction. Determinants are utilized to solve the general formulais Av=2»Av,

for their corresponding eigenvalues and eigenvectors (Figure 25).
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Figure 25: Eigenvector v

2.2.4.1 Mathematical Process of SVD

SVD pertain to the mathematical decomposition of a matrix into its component
matrices applying the matrix linear algebra to split a vector space into lower-dimensional
subspaces. The expression is given as follows (8):

Equation 18: Ampn= UmmsmnVTnn
where A is the matrix undergoing SVD analysis. U and V are square orthogonal matrices,
where the columns of U denote the orthonormal eigenvectors of AA™ and the columns of

V denote the orthonormal eigenvectors of ATA. S is the diagonal matrix containing the

31



square roots of the eigenvalues for U and V in numerical order. SVD analysis occurs in

the following way:

Stepl. AATtoU

Convert the original A matrix to its transpose A",

Multiply A and A” to obtain AA™.

Determine eigenvalues and eigenvectors for AAT.

Order eigenvectors in a matrix, where each row corresponds to a given
eigenvalue. The highest eigenvalue places its eigenvectors in the first row.
Eigenvector matrix is converted to an orthogonal matrix through Gram

Schmidt orthonormalization to obtain U.

Step 2. ATAtoV

Step 3. S

Multiply AT and A to obtain ATA.
Determine eigenvalues and eigenvectors for ATA.
Order eigenvectors as in step 1.

Eigenvector matrix is converted to an orthogonal matrix through Gram

Schmidt orthonormalization to obtain V.

V is transposed to obtain V.

Take the square roots of the non-zero eigenvalues for U or V.
Place on the diagonal from highest to lowest, starting in the right hand

corner of the matrix. All other values of the matrix are zero.

The procedure can be expedited by the use of a PC containing MATLAB or Olis

Globalworks software. MATLAB simply requires the command [U,S,V] = svd(A) to

32



perform the above calculation except V7. This requires a separate command, [Vt] =

transpose (V).

2.2.4.2 Rationale of SVD

The rationale of SVD analysis (45 — 48) is to examine and reveal concealed
information in a data set. Matrix A for spectroscopic data, contains n columns reflecting
the experimental perturbation (salt, temperature and pH) and m rows corresponding to the
measured variable at various wavelengths (absorbance, ellipticity) (8). Upon
decomposition of matrix A, the U matrix contains the basis vectors describing the linear
combinations of spectra. The S matrix reflects the singular values along its diagonal that
are a weighing factor for each component. The magnitude of the singular value suggest
the possible number of spectral species present. A plot of singular valués versus the
component number yields a curve that appears to undergo exponential decay. The
singular values identified in the steep portion of that curve are related to the significant
spectral species. Multiplication of U x S produces the matrix US. The US matrix is
utilized to produce basis spectra for each component in the S matrix. The V matrix
provides the amplitude vectors that corresponds to each spectral component. A plot of V
versus the perturbation conditions (salt, temperature, pH), produces kinetic data that
suggests certain equilibria. For example, if one component is diminishing, while a second
component is increasing with temperature the equilibria may be interpreted as a folded to
unfolded state transition with no intermediate. However, if a third component is present
as a bell shaped curve in the plot, the data suggests an unfolding equilibrium involving an

intermediate (8).
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2.2.4.3 Complementary Analysis

Additional complementary analysis is required to determine the number of
significant spectral species (8, 47, 48). The randomness in the U and V matrices is
required to determine which components are significant. The first order autocorrelation
function utilized is given as:

Equation 19: CX) =2X,i X411

where X, ;is a row in column i. Therefore, the autocorrelation function monitors for
fluctuations in a given column. Each column is autocorrelated to give a value between 1
and -1. Variation along a column in the form of random noise is assigned -1, while non-
random values with slow row to row variations are assigned +1. C(Xj) > 0.8 has been
previously utilized as a criteria for acceptance as a singular value.

A second analysis requires the construction of residual plots. Is one able to
reproduce the data in A after removal of certain singular values? Theoretically, residual
plots should appear random only after all significant singular values have been included
in the analysis. S is modified to include the singular values of interest. The diagonal
matrix is zeroed at all other singular values. The Sx matrix, containing x singular values,
is substituted into equation [ 29] for S. The resultant Ax matrix is produced as shown

below:

Equation 20: Ax = USxV'

Ax is subtracted from the original A matrix to yield Rx, which is a residual matrix
produced from x singular values. Contour surface plots of each Rx are assessed for
randomness. Non-random behavior is qualified by ordered peaks in the plot. Random

behavior is characterized by evenly scattered and dispersed peaks.

34



The complimentary procedures can also be performed in MATLAB. The
autocorrelation requires the autocorrelation function to be written to a bin file. The
residual plots require other commands that are easily viewed in the MATLAB help menu.
SVD analysis can be carried out in OLIS, where the U and V matrices represent the

spectral and kinetic eigenvectors respectively.

2.3 Differential Scanning Calorimetry (DSC)

2.3.1 Principles of DSC

Differential scanning calorimetry (DSC) (49, 60) is a technique for the
measurement of the amount of energy required to establish a near zero temperature
difference between a sample and a reference as both are subjected to a controlled heating
or cooling regimen as a function of time (8). The amount of heat absorbed or released
during a transition can be measured by measuring the difference in heat flow between the
sample and reference cells. The heat capacity Cp is directly measured and related to the

thermodynamic parameters that describe a macromolecule.
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Figure 26: Heat Capacity
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Equation 21: heat flow=q/t
Equation 22: heating rate = AT / t

By dividing equation 21 by equation 22, we get the heat capacity

Equation 23: q/ AT =Cp
The following is known:
Equation 24: dH = dU +pdV +Vdp

where V is volume, p is pressure, H is enthalpy and U is internal energy of the system.

Equation 25: dU=q-pdV

At constant pressure, substituting 25 into 24:

Equation 26: dH=q

Substitution into 23 gives:

Equation 27: dH = CpAT
Integration produces: ‘
Equation 28: AH = .[TIT2 CpAT

where [dH = AH, because enthalpy is a state function and path independent. Remember
that AH = dH,-dH;, where the subscripts indicate two different states of the system. If
intermediates are involved AH = X; AH;, where i is a specific state. Basically, in order to
obtain AH, one must account for all AH;.

In a similar way, entropy of a system (S) can also be determined through heat

capacity at constant pressure:

Equation 29: dS =98q/T
Substituting gives:
Equation 30: dS = (CpdT)/T

Integration produces:
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Equation 31: AS= 1™ (Cp/T)T

Since Gibb’s free energy is:
Equation 32: AG* = AH" - TAS®

Results from equations 28 and 31 can be substituted into 32, to determine the free energy

of the transition at a given temperature.

2.3.2 DSC Instrumentation

The Nano II power compensation Differential Scanning Calorimeter (DSC) (50)
from Calorimetric Sciences Corporation was used to perform the experiments for this
research. A schematic diagram describing the components of a typical power
compensation DSC is provided (Figure 27). The reference and sample cells are enclosed
in a thermal jacket and linked to a thermosensor and a power compensation heater. Both

cells are pressurized under a sealed pressure handle to allow heating of aqueous solutions

Pressure
Access Handle

to 130°C (8).

Tubes§
[T <+—— Thermal
\
\ Jacket
Power
Compensation ™
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Reference | Y} = ~ [ Sample
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Figure 27: Schematic diagram of a typical power compensation DSC

Upon loading the sample and reference cells with sample and buffer respectively, the

compartment is pressurized and allowed to equilibrate. The DSCRun version 2.1.1
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software on the interfaced PC with the instrument allow us to program the parameters of
the experiment. The temperature difference between the cells is monitored and measured
by the thermosensor. The power compensation heaters are activated to nullify any
differences. The data is recorded as puW applied to the sample as a function of
temperature during heating/cooling scans as shown in (Figure 28) (8). A reversible

process produces heating and cooling scans that are mirror image of each other.

uWatts

T

Figure 28: Typical Raw DSC scans

The data is subtracted from a previously run buffer-buffer DSC scan using
CpCalc version 2.1 software (Calorimetric Sciences Corporation). Subsequently, the
molar heat capacity is determined by inputting the concentration and molecular weight of
the macromolecule.

As per the manufacturer recommendation, prior to any DSC experiment the
instrument must undergo a thorough cleaning. The cleaning process include multiple
heating scans with 4 M NaOH, and 50% aqueous formic acid solution, each followed by
thorough washes with deionized water. Prior to sample introduction, a baseline scan

using water should be performed to determine if additional cleaning is required or if the
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instrument requires a balance and residual scan. The balance scan is a feature that allows
one to compensate for instrumental difference in cells and their contribution to
experiments. The balance scan is followed by a residual scan, which allows for the

baseline to be adjusted for specific heating/cooling rates.

2.3.3 Data Analysis

Different baseline treatments are available in CpCalc: linear, polynomial and
linear-polynomial (8). The molar heat capacity versus temperature plot is treated with one
of the three possible baseline treatments to yield ACp of zero and allow the integration of
the peak area. As per equation 28, the area under the curve is the calorimetric enthalpy
denoted as AHca and the apex of the peak is the Ty for the transition (60). Replotting
the data as Cp/T versus T, produces a similar curve. According to equation 31, the area
under this curve is the calorimetric entropy given as AScar. The free energy of the
transition, AG at any given temperature can be calculated using equation 32. Figure 29

shows the calorimetric enthalpy and entropy plots.
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Figure 29: Calorimetric enthalpy and entropy calculation plot

Comparison of van’t Hoff plots and calorimetric enthalpies can provide valuable
information about the possibility of the presence of intermediates in the unfolding
process.
If AHyy = AHcal, the process is two state process with no intermediates.
If AHyy < AHcal, the transition involves intermediates.

If AHyy > AHcaL, the process involves aggregation.

2.4 Predictive Structural Analysis

The secondary strucfure of nucleic acid molecules plays an important functional
role. The prediction of secondary structures of nucleic acids is an important initial step in
the process of studying and understanding their function. Predictions of secondary
structure initially relied on sequence homology alignments (32, 33) and were usually

performed on single sequences rather than families of homologous sequences. Now,
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nucleic acids secondary structures can be predicted with great accuracy using in silico
methods. Many bioinformatics applications use the concept of secondary structure in the
analysis of nucleic acids. In addition, fhe availability of large families of homologous
sequences has revolutionized secondary structure prediction algorithms (34). The
technique utilized for this research is Mfold (35). It is a secondary structure prediction
algorithm that is based on Nearest Neighbor Thermodynamic Models (NNTM) and
Minimum Free Energies (MFE) (36).

One focus of this study is to predict in silico, the structural elements in the 5’ end
of the bacterio-opsin (bop) gene, present in the Archaeal organism, Halobacterium
salinarum. This gene is predicted to have a stem-loop structure that may contribute to the
highly expressed Bacteriorhodopsin (bR) protein (1). Then, these in silico predictions can
be verified by the in vitro thermodynamic analysis of the putative stem loop. We will
perform studies to determine if the stem loop exists, its form and what predicted
structures can interconvert.

The hypersaline organism H. salinarium grows optimally at 4 M NaCl (37). It is
known that monovalent cations stabilize DNA structures up to 1.0 M. One of the
limitations we encountered using the in silico method is that all known prediction

algorithms do not account for salt concentrations above 1.0 M.
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3 Materials and Methods

3.1 Materials

3.1.1 DNA oligo

HPLC purified 25mer stem-loop DNA sequence (5’ to 3°)
GCATGTTGGAGTTATTGCCAACAGC (MW = 7697) was purchased from Sigma-
Genosys. The sample was dialyzed (3,500 MWCO Pierce Slide-A-Lyzer Dialysis
Cassettes) versus deionized H,O. It should be noted that the DNA concentration was
determined using UV spectroscopy at 260 nm prior to the start of each K* concentration
after equilibration at 95°C to prevent secondary structures formations and the associated
hypochromicity shift. Stock solutions of each K" concentration were prepared from 10X
standard potassium phosphate buffer (100 mM mono- and dibasic forms with 1 mM
K2EDTA), deionized H,O, and the appropriate volume of 5SM KCIl. All solutions were at

pH 7.0 and were filtered through a 0.45 um filter and then degassed by sonication.

3.1.2 RNA oligo

Similarly, HPLC-purified stem-loop 25mer RNA sequence (5°-
GCAUGUUGGAGUUAUUGCCAACAGC-3") (MW = 7998) was purchased from
Biosynthesis and treated in the same manner as the DNA sample except for the use of

nuclease-free water instead of the deionized water.

3.1.3 Preparation of the Stem-loop

Nucleic acid samples were reconstituted in phosphate buffer at different K*

concentrations ranging from 15mM to 4M. Each sample was then heated to 95°C for two
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minutes. The heating block was turned off and the sample allowed to slowly equilibrate
to room temperature. The sample was removed and incubated at 5°C for 48 hr. At the
completion of the incubation period, the sample was dialyzed exhaustively versus
phosphate buffer at the identical K™ concentration for 24hr. The sample was then divided
into aliquots and used separately in UV spectroscopy, circular dichroism and differential
scanning calorimetry experiments. Samples were degassed by genﬂe sonication for 10

min prior to each experiment.

3.1.4 Buffers

Potassium Phosphate Buffer Solution (KPBS) 10X was prepared and utilized as a
stock solution to prepare subsequent working buffer concentrations to make the sample

solutions.

Table 1: KPBS stock solution preparation (10X)

Reagent Molecular Weight | Moles Grams
Dibasic K,;HPO4 174.18 0.058 10.102
Monobasic KH,PO4 136.09 0.042 5.716
K;EDTA:2H,0 404.5 0.001 0.405

1. Add above reagents to a volumetric flask and fill to 1 L with distilled
deionized (dd)H,O.
2. Mix and filter through 0.45 pm filter (store at 4°C).
KPBS working solution preparation:
1. Mix 100 mL of KPBS stock solution (10X) with distilled deionized H,O in 1L

volumetric flask (approximately contains 15.8 mM K*)
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2. Mix and bring the solution to pH 7.0 with KOH (1M). Note the volume added
(3 mM K" typically added)

3. Add the additional K" in the form of 5 M KCl solution to obtain the desired
working buffer concentration according to Table 1

4. Fill to 1L with distilled deionized (dd)H>O.

5. Filter through 0.45 pm filter and store at 4°C.

Table 2: Working Potassium Phosphate Buffer Solution (KPBS) preparation

Working buffer Additional 5 M KCl stock (mL)
concentration (M) required K* (mM)

0.015 0 0

0.050 342 68

0.100 84.2 17

0.250 2342 46.8

0.500 484.2 96.8
1.0 984.2 197
2.0 1984.2 396.8
3.0 2984.2 597
4.0 3984.2 796.8

3.1.5 Cleaning Solutions

The DSC was subjected to a cleaning protocol with the following solvents: 4 M
NaOH, 50% formic acid diluted from an 88% solution and THF. Prior to any DSC

sample scans, the DSC cells were heated in the presence of 4M NaOH at a rate of
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2°C/min from 25°C to 75°C. The cells were rinsed with 1 L deionized water and the
procedure repeated with 50 % Formic Acid. The cells were vigorously rinsed (2-3 L)
once again. If the water-water scan provided an aberrant scan, then the instrument
underwent a baseline scan with water to adjust for instrumental differences. It should be
noted that it was sufficient to rinse the cells with 4 L of water after each DNA sample.
Intermediate water-water scans provided no aberrant scans.

All cuvettes were washed with 1 N HCI, deionized water and methanol, followed by

drying with N, (zero grade).
3.2 Methods

3.2.1 Ultraviolet-visible spectroscopy (UV/Vis)

UV melting studies were carrieci out on Cary-3E Spectrophotometer equipped
with temperature controlled sample compartment, multicell changer and N, purged
sample chamber. All cuvettes were cleaned as previously described (Section 3.1.5).

DNA and RNA melts were monitored at 260 nm and thermally scanned from 5°C to
95°C. Total of six thermal scans alternating between heating and cooling scans ramped
between 5°C and 95°C at a rate of 0.25°C min™'. The data points were collected every
0.25°C versus its respective working KPBS buffer concentration as a blank. The resulting
data was exported to Origin 6.1, where it was subjected to van’t Hoff analysis assuming

two state transitions.

3.2.2 Circular Dichroism Spectropolarimetry (CD)

Circular Dichroism spectra were recorded with an Aviv Associates CD

Spectropolarimeter Model 62-ADS equipped with Peltier heating/cooling device and
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nitrogen purging capabilities. An identical macro for all samples was written in DOS to
facilitate data collection every 1°C, beginning at 5°C and ending at 99°C. After 0.5 min
equilibration at each sample temperature, the instrument collected spectral data in the
320-220 nm range, with a scan step of Inm, and an averaging time of 1s and a bandwidth
of 1.5 nm. Prior to each melt, the sample compartment was allowed to equilibrate to 5°C
for 30 minutes. Samples stored at 5°C were transferred to stoppered cuvettes and placed
in the instrument for 30 minutes to reach thermal equilibrium prior to melt initiation. The
data, after subtraction of the buffer CD over the same spectral range and subsequent
smoothing, were exported to Origin 6.1 for conversion into molar ellipticity data. All

cuvettes were cleaned as previously described (Section 3.1.5).

3.2.3 Differential Scanning Calorimeter (DSC)

All calorimetric experiments were carried out with 6100 N-DSCII Nano-
Differential Scanning Calorimeter from Calorimetric Sciences Corporation. The DSC is
interfaced with a PC containing DSCRun version 2.1.1 and CpCalc version 2.1software
(Calorimetric Sciences Corporation). The DSCRun software allows for user interface
with the DSC to modulate experimental parameters and run experiments. The CpCalc
software was utilized to subtract buffer-buffer scans from buffer-sample scans. Linear-
polynomial baselines were drawn for each scan, and molar heat capacities generated with
the molecular weight of the oligomer and the concentration (milligrams per milliliter)
used during each scan as input. The molar heat capacity data were exported to Origin
version 6.1, where it was deconvoluted into composite transitions using a Gaussian
multipeak fitting function. The area of each peak yields the transition enthalpy, and the

peak maximum yields the transition melting temperature. Since AS® = [((ACp/T)/dT), the
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calorimetric Gaussian fits can be replotted in Origin 6.1 as ACp/T versus T to yield a
curve, the area of which is AS°. The enthalpy and the entropy determinations allowed for
the calculation of Gibb’s free energy through the following equation: AG = AH-TAS at T
= 37°C. The DSC was subjected to the cleaning protocol previously described in section
3.1.5.

The reference cell contained the degassed dialysis buffer at its respective K"
concentration. The sample cell contained the DNA or RNA stem-loop sample in buffer
identical to that in the reference cell. The DNA and RNA stem-loop sample
concentrations ranged from 7.8 — 3.6 mg/mL. Each DNA/RNA sample was thermally
scanned from 10°C to 90°C at 0.25°C / minute over 3 forward and 3 reverse scans to

ensure reversibility as an indication of thermal equilibrium.

3.2.4 Singular-Value Decomposition (SVD).

Singular-value decomposition was performed using Matlab 6.5.0.1 (Mathworks)
and Olis Global works. SVD is a tool for enumerating the number of species required to
account for the spectral changes that accompany a transition. CD spectra were obtained at
95 different temperatures (5-99°C at 1°C increments) and collected in the wavelength
range of 220-320 nm, at 1 nm intervals. Therefore, the initial 101 x 95 data matrix A for
SVD analysis was organized such that the rows consisted of data collected at 1 nm
increments of wavelength (220-320 nm) and the columns at 1°C increments (5-95°C) for

each set of data collected at a particular concentration of K.
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4 Results

4.1 Stem-loop Purity

10% TBE-Urea polyacrylamide gel was used to test the purity of the stem-loop
sequence before and after each experiment. The presence of any failure sequences or
degradation product is detectable by this method. Figure 30 shows a representative gel
with the DNA ladder in lane 1 containing 18 and 31 mer. Lane 2 contained 2 ng of the
stem-loop sequence in 15mM buffer before the start of the biophysical analysis
experiments. Lane 3 contained 2 ng of the stem-loop sequence in 4M buffer after the
completion of the biophysical analysis experiments. Our oligomer is of the appropriate
size and does not contain failure sequence oligomers or any degradation sequences.
Failure sequences are commonly observed in automated synthesis products prior to
purification or post insufficient purification while degradation sequences are commonly

observed after repeated heating/cooling cycles or as a result of mishandling.

31

18

Figure 30: 10% TBE-Urea polyacrylamide gel
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4.2 Predictive Structural Analysis

4.2.1 Nucleic acid sequence analysis

Nucleic acid sequence homology alignments and analysis suggest that the bop
gene mRNA is leaderless with no 5’ untranslated nucleotides. The first twenty-five bases
of the bop gene mRNA can form a secondary structural element “stem-loop” that is
essential for gene expression (Figure 31). Therefore, any cis-acting determinants of bop

gene expression that exist in the 5’ region are within the coding region.

Initiating
Methionine A

Figure 31: 5° end of the bop gene mRNA

4.2.2 In silico sequence analysis

Mjfold (35) was used as an in silico approach to predict the secondary structure
element expected to be present in the first twenty-five bases of the bop gene mRNA.
Predictions were made using both DNA and RNA model sequences at various
temperatures and salt concentrations. The melting temperature and the thermodynamic

values for the predicted structures were used as a measure for the structural stability.
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4.2.2.1 DNA model

Structure B depicted in Figure 32 is the stem loop predicted by sequence analysis.
Figure 32 also shows that there is a probability of an alternative secondary structure
(structure A) that is thermodynamically more stable. This stability is evident in the
presence of NaCl concentrations varying between 15mM to 1.0 M (Figure 33 and 34) and
temperatures up to 37°C.
Please note that all known DNA prediction algorithms do not account for salt
concentrations above 1.0 M. At the maximum allowable salt concentration (1M) and at
temperatures above 37°C, Mfold predict only one structure to be present (Structure A)

and the disappearance of structure B (Figure 35).
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Figure 32: Mfold DNA model predicted secondary structures at 37°C, 1M salt
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Figure 33: Mfold DNA model predicted secondary structures at 25°C
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Figure 34: Mfold DNA model predicted secondary structures at 37°C
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Figure 35: Mfold DNA model predicted secondary structures at 50°C, 1M salt

4.2.2.2 RNA model

Results from Mfold suggest one structure is predicted for the RNA model at 1.0 M
NaCl and 37°C. (Figure 36). Please note that all known RNA prediction algorithms do
not support or account for salt corrections. Another RNA prediction server (UNAfold)
allows for temperature corrections. It suggests that at a NaCl concentration of 1.0M and
temperatures above 37°C, an alternate structure is present (Figure 37). This structure is

similar to structure A of the DNA model (Figure 35).
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4.3 Biophysical analysis of the DNA model sequence

4.3.1 UV Spectroscopy

4.3.1.1 Reversibility

Repetitive UV thermal melts at 260 nm were performed on the DNA stem-loop as
depicted in (Figure 38). Clearly, the repetitive scans illustrate the folding to unfolding
transition is a reversible process involving a hyperchromic shift. A total of six thermal
scans alternating between heating and cooling scans ramped between 5°C and 95°C were

collected. At the Twv , Krouing can be represented as:

Equation 33: Kftolding = [folded] / [unfolded] = 1

It is understood that an equilibrium process must be reversible. This requires the heating
and cooling scans of a melting curve overlay each other. Many times researchers observe
that the heating/cooling curves do not overlay each other resulting from hysteresis.
Hysteresis may be observed if the rate of sample heating is too high or if irreversible

alterations have occurred to the sample.
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Figure 38: Repetitive DNA model heating and cooling scans at 260nm in 1M [K']

4.3.1.2 Unimolecular

UV thermal melts were performed at different potassium ion concentrations to
facilitate a plot of 1/T versus In [strand concentration] shown in Figure 39.
The analysis of the calculated Ty values from the UV thermal melt revealed that the Ty is
independent of the DNA concentration as evidenced by a slope on the order of 10°;
therefore, the reaction is unimolecular. The above mentioned two criteria (reversibility
and unimolecularity) are essential before performing any type of thermodynamic analysis

of conformational change.
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Figure 39: Values of 1/Ty plotted Vs the natural log of the [DNA] in 1M K*
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4.3.1.3 Salt dependent UV thermal melt of DNA stem-loop model

Salt dependent UV spectra of the DNA stem-loop sequences as a function of
temperature collected at 260 nm are presented in Figures 40. Total of six thermal scans
alternating between heating and cooling scans ramped between 5°C and 95°C were
collected at each potassium ions concentrations as follow 15, 50, 100, 250, 500, 1000,
2000, 3000 and 4000 mM K. The data points were collected every 0.25°C in its
respective working KPBS buffer concentration as a blank. These melting curves show an
apparent transition midpoint (Ty) that is directly proportional to the salt concentration.

Differences in Ty are a direct link to differences in secondary structure stability.
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Figure 40: UV spectra of the DNA model of the stem-loop at 260 nm as a function of temperature at
different salt concentrations.

Close inspection of the melting curves reveal a hyperchromic transition which is an

indication of loss of base pairing.
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4.3.1.4 van’t Hoff Analysis

The collected data was subjected to van’t Hoff analysis at various salt
concentrations. The data was converted in terms of a (fraction folded DNA) and utilized
to calculate Ky . van’t Hoff plot (RInK Vs 1/T) was constructed yielding a slope and an
intercept that are essential for van’t Hoff enthalpy and entropy determination
respectively.

Figures 41a — 49a provide the sigmoidal fit for the UV melts while Figures 41b -49b
provide van’t Hoff plot for the same melts. Table 3 presents the van’t Hoff data obtained
at various salt concentrations. Ty and AHyy values were determined from UV absorbance

data at 260 nm. All data is compiled from 6 scans.
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Figure 41: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 15 mM K', (B) van’t
Hoff plot
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Figure 42: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 50 mM K', (B) van’t

Hoff plot
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Figure 43: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 100 mM K', (B) van’t
Hoff plot
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Figure 44: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 250 mM K, (B) van’t
Hoff plot
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Figure 45: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 500 mM K, (B) van’t
Hoff plot

62



m  1000mM
1.04 - ——— Sigmoidal fit
1.02
1.00
@ 0.98
O
=
1]
L 0.96 -
o
2 )
< 0.94
0.92
0.90
T v T v T T T T T T T
0 20 40 60 80 100
Temperature °C
B.
13 -
8%
oo.&
3 4
X 5|
=z
= 5
(1 4 -7 "0’:0;.
a4
-12 . : , . . .
S & &£ &£ L &£ & &
o? o o> N o o a? a®
1T

Figure 46: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 1000 mM K, (B) van’t
Hoff plot
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Figure 47: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 2000 mM K, (B) van’t
Hoff plot
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Figure 48: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 3000 mM K', (B) van’t
Hoff plot
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Figure 49: (A) Sigmoidal fit of the UV melting of the stem-loop DNA model in 4000 mM K', (B) van’t
Hoff plot
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Careful review of the aforementioned sigmoidal fit curves and van’t Hoff plots
(Figures 41 — 49) reveals several issues. The increased stability and the inability to obtain
a sufficient upper baseline at the higher salt concentrations, makes it quite difficult to
establish an apparent Ty values for these transitions. The assignment of inappropriate Ty

values for these transitions may lead to miscalculated van’t Hoff thermodynamic data.

Systemic deviation from a simple sigmoidal shape curve was observed at most of the

sigmoidal fit curves at all tested salt concentrations. Lastly, as van’t Hoff analysis

assumes a two state transition, the results highlight clear deviation from that assumption.

This is evident by the nonlinear van’t Hoff plot obtained at all salt concentrations.

Table 3: van’t Hoff thermodynamic parameters as a function of [K']

K] Twm AHyy ASyn AGvu 42°c
°C) (keal mol)) | (keal K'mol™) | (keal mol™)

5mM 39703 |-198+05 |-63.6+18 020+ 0.1

50mM_ |489+05 |-187+02 |-59.6+08 0.09 + 0.02
100mM | 542+02 | -17.9+03 | -568+ L1 20.04 + 0.02
250mM | 60.7+02  |-167+03 |-525+08 20.13 + 0.03
500mM | 64.8+03  |-152+03 | -475+1.0 021 +0.04
1000mM | 66.6+03 |-163+04 |-475+12 2031 +0.02
2000mM | 67.1+02  |-150+03 | -46.4+09 20.40 + 0.02
3000mM | 67.1+03  |-149+04 | 46.0+12 20.39 + 0.03
4000mM | 654403  |-157+02 | -485+0.6 20.46 +0.02
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4.3.2 Circular Dichroism Spectroscopy

4.3.2.1 Temperature dependent CD Spectra of DNA stem-loop model

Figure 50 provides the CD spectrum of the DNA stem-loop at 5°C in 15 mM K.
A peak is observed at 280 nm and trough at 250 nm. 250 nm was selected to monitor and
analyze the data as more apparent spectral transition was detected at this wavelength.
The temperature dependent spectra of the DNA stem-loop model are provided in Figures
51 — 59 at different potassium ions concentrations as follow 15, 50, 100, 250, 500, 1000,

2000, 3000 and 4000 mM K, respectively.
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Figure 50: CD spectrum of DNA stem-loop in 150 mM K"at5°C.
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Figure 51: Temperature dependent CD spectra of DNA stem-loop in 15 mM K"
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Figure 52: Temperature dependent CD spectra of DNA stem-loop in 50 mM K
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Figure 53: Temperature dependent CD spectra of DNA stem-loop in 100 mM K
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Figure 54: Temperature dependent CD spectra of DNA stem-loop in 250 mM K"
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Figure 55: Temperature dependent CD spectra of DNA stem-loop in 500 mM K*
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Figure 56: Temperature dependent CD spectra of DNA stem-loop in 1000 mM K*
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Figure 57: Temperature dependent CD spectra of DNA stem-loop in 2000 mM K*
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Figure 58: Temperature dependent CD spectra of DNA stem-loop in 3000 mM K*
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Figure 59: Temperature dependent CD spectra of DNA stem-loop in 4000 mM K*

An isosbestic point was observed throughout the aforementioned temperature
dependent CD scans. An isosbestic point suggests a transition between two different

molecular states or species. In this case, it could represent the transition from folded to

less folded structure.

4.3.2.2 Salt dependent CD Spectra of DNA stem-loop model

The salt dependent spectra of the DNA stem-loop at various temperatures were

extracted from the aforementioned data and presented in Figures 60 - 62.
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Figure 60: Salt dependent spectra of DNA stem-loop at 5°C
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Figure 61: Salt dependent spectra of DNA stem-loop at 40°C
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Figure 62: Salt dependent spectra of DNA stem-loop at 95°C

From the aforementioned salt dependent spectra of the DNA stem-loop model
depicted in (Figures 60-62) it is clear that the spectra are salt dependent. Furthermore, it
is important to mention that no clear isosbestic points were observed. This indicates that
there is no transition between states or species as the salt concentration increases and the

observed changes are related to alteration of conformation.

4.3.2.3 van’t Hoff Analysis

The collected data was subjected to van’t Hoff analysis at various salt
concentrations. The data was converted in terms of a (fraction folded DNA) and utilized
to calculate Kg. The van’t Hoff plot (RInK vs 1/T) was constructed yielding a slope and
an intercept essential for van’t Hoff enthalpy and entropy determination respectively.

Figures 63a — 71a provide the sigmoidal fit melting curve for the CD melts from Figures
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51 - 59 while Figures 63b - 71b provide van’t Hoff plot for the same melting curves.
Table 4 presents the van’t Hoff data obtained data obtained for the various salt

concentrations.
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Figure 63: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 15 mM K’, (B) van’t
Hoff plot
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Figure 64: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 50 mM K’, (B) van’t
Hoff plot
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Figure 65: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 100 mM K", (B) van’t
Hoff plot
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Figure 66: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 250 mM K", (B) van’t
Hoff plot

79



a  500mM
0.8 T — Sigmoidal fit
o 1.0
E
©
= 5]
o
@
(a]
wE 1.4
o
At
2 16+
L
el
2
= 18-
i
-] .
o 204
=
1 M 1 M T v L] M T M T
0 20 40 60 80 100
Temperature °C
B.
6 -
4
2 4
2
5
w2
-4
6 1
-8 T T
g N S g g g N
< & & G N
'56 -} b} » '5'0 '50 ‘19
1/T

Figure 67: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 500 mM K', (B) van’t
Hoff plot
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Figure 68: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 1000 mM K”, (B) van’t
Hoff plot
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Figure 69: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 2000 mM K”, (B) van’t
Hoff plot
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Figure 70: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 3000 mM K', (B) van’t
Hoff plot
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Figure 71: (A) Sigmoidal fit of the CD melting of the stem-loop DNA model in 4000 mM K", (B) van’t
Hoff plot

Careful review of the aforementioned sigmoidal fit curves and van’t Hoff plots
(Figures 63 — 71) reveals several issues. The increased stability and the inability to define
a sufficient upper baseline at the higher salt concentrations, makes it quite difficult to

establish an apparent Ty values for these melts. The assignment of inappropriate Ty
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values for the melts may contribute to errors in van’t Hoff thermodynamic data. Systemic
deviation from a simple sigmoidal shape curve was observed at most of the sigmoidal fit
curves at all tested salt concentrations. Lastly, as van’t Hoff analysis assumes two state
transition, the results highlight clear deviation from that assumption. This is evident by

the nonlinear van’t Hoff plot obtained at all salt concentrations.

Table 4: van’t Hoff thermodynamic parameters as a function of [K]

K] Twm AHvyy ASvyy AGvha2’c
°C) (kcal mol™") | (kcal K'mol™) | (keal mol™)
15 mM 41 ;16.6 -52.0 -0.23
50 mM 49 -15.9 -49.2 -0.42
100 mM 56 -17.8 -55.6 -0.29
250 mM 60 -13.9 -43.7 -0.13
500 mM 64 -14.8 -46.4 -0.16
1000 mM 65 -13.3 -42.4 0.10
2000mM 63 -13.5 -42.1 -0.21
3000mM 64 -13.3 -41.4 -0.21
4000mM 64 -15.3 -47.7 -0.24
4.3.2.4 SVD

SVD is a tool for enumerating the number of species required to account for the
spectral changes that accompany a transition. CD spectra were obtained at 95 different

temperatures (5-99°C at 1°C increments) and collected in the wavelength range of 220-
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320 nm, at 1 nm intervals. Therefore, the initial 101 x 95 data matrix A for SVD analysis
was organized such that the rows consisted of data collected at | nm increments of
wavelength (220-320 nm) and the columns at 1°C increments (5-95°C) for each set of
data collected at a particular concentration of K*. The CD matrices were plotted in a 3D
plot where X, Y and Z were ellipticity, wavelength and temperature respectively. (Figure

72)
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Figure 72: Representative 3D plot of the CD spectra

The constructed matrices were then subjected to singular-value decomposition
(SVD) analysis to evaluate the number of significant spectral species during the
transition. Two different sofiware were used to perform the singular-value decomposition

analysis, Olis global works and Matlab 6.5.0.1 (Mathworks).
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4.3.2.4.1 SVD analysis using Olis global works

The magnitude of the singular values and the randomness of the corresponding
spectral and kinetic eigenvectors were used to determine the number of possible
significant species. The spectral and kinetic eigenvectors plots were assessed visually for
randomness (Figures 73 - 81). From the aforementioned plots it is clear that three spectral
species are required to describe the temperature-dependent spectral transitions.

This is evident by the non-randomness of the spectral and kinetic eigenvectors plots for
components one through three and the randomness of the spectral and kinetic
eigenvectors plots for components four and five.

A. Spectral Eigenvector

320 220 320 220 320 220 320 220 320 220

B. Kinetic Eigenvector

s 95 5 95 s 95 5 98 5 95

Figure 73: (A) Spectral Eigenvector of CD melting of DNA in 15SmM K, (B) Kinetic Eigenvector
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A. Spectral Eigenvector
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Figure 74: (A) Spectral Eigenvector of CD melting of DNA in 50mM K*, (B) Kinetic Eigenvector
A. Spectral Eigenvector
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B. Kinetic Eigenvector

95 5 95 § 95

Figure 75: (A) Spectral Eigenvector of CD melting of DNA in 100mM K", (B) Kinetic Eigenvector
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A. Spectral Eigenvector
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Figure 76: (A) Spectral Eigenvector of CD melting of DNA in 250mM K", (B) Kinetic Eigenvector

A. Spectral Eigenvector
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Figure 77: (A) Spectral Eigenvector of CD melting of DNA in 500mM K, (B) Kinetic Eigenvector
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A. Spectral Eigenvector
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Figure 78: (A) Spectral Eigenvector of CD melting of DNA in 1000mM K, (B) Kinetic Eigenvector

A. Spectral Eigenvector
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Figure 79: (A) Spectral Eigenvector of CD melting of DNA in 2000mM K", (B) Kinetic Eigenvector
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A. Spectral Eigenvector
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Figure 80: (A) Spectral Eigenvector of CD melting of DNA in 3000mM K, (B) Kinetic Eigenvector
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Figure 81: (A) Spectral Eigenvector of CD melting of DNA in 4000mM K', (B) Kinetic Eigenvector

4.3.2.4.2 SVD analysis using Matlab

The S matrix was 95 x 95 and contained the singular values along its diagonal. The
magnitudes of the singular values obtained from the S diagonal matrix were plotted as a

function of the component number to obtain the residual plot (Figure 82). The
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magnitudes of the singular values suggest that three major species are present during the

melt of the stem-loop.
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Figure 82: A representative residual plot (singular values magnitude as a function of component
number) of CD melting of DNA in 50mM K"

The amplitude vectors (V coefficients) are directly proportional to the concentration of
any given component. Figure 83 provide a representative plot of V coefficient for each

significant component as a function of temperature for CD melting of DNA in 50mM K.

—e— Component 1
—a— Component 2

—a— Component 3|

V Coefficient

5 25 45 65 85

Temperature (°C)

Figure 83: V coefficients for each significant component as a function of temperature of CD melting
of DNA in 50mM K*
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Residual contour plots for matrices with one through five singular values were
assessed visually for randomness (Figures 84 - 88). From the aforementioned figures it is
clear that residual contour plots for matrices generated with one, two and three singular
values shows a degree of non-randomness. While, residual contour plots for matrices
generated with four and five singular values are random. This could be interpreted as an
indication of the possible presence of three major species during the melt of the stem-

loop, namely components one, two and three.

100

Figure 84: Residual contour plots for matrices generated with one singular value of CD melting of
DNA in 50mM K*
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Figure 85: Residual contour plots for matrices generated with two singular value of CD melting of
DNA in 50mM K*
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Figure 86: Residual contour plots for matrices generated with three singular values of CD melting of
DNA in 50mM K*
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Figure 87: Residual contour plots for matrices generated with four singular values of CD melting of
DNA in S0mM K*
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Figure 88: Residual contour plots for matrices generated with five singular values of CD melting of
DNA in 50mM K"
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Upon performing SVD analysis to all the temperature dependent CD scans, the
obtained singular values and residual plots clearly points to three species at all salt

concentrations.

4.3.3 Differential Scanning Calorimetry

DSC provides model independent approach to experimentally assess enthalpy as
the heat capacity is directly measured as a function of temperature. Total of six DNA
stem-loop melting DSC scans (sample vs reference, where the reference is the respective
working KPBS buffer concentration) alternating between heating and cooling scans
ramped between 5°C and 95°C were collected. The potassium ions concentrations utilized
were 15, 50, 100, 250, 500, 1000, 2000, 3000 and 4000 mM K". The data points were
collected every 0.25°C with an associated temperature ramp rate of 0.25°C min.
Additionally, similar blank scans were collected (buffer vs reference, where the reference
is the respective working KPBS buffer cc;ncentration). Figures 89 and 90 provide a
representative repetitive DSC thermal melts for buffer-buffer and sample-buffer scans in
100 mM potassium ions respectively.

The thermal melt process appears to be a reversible process at all salt concentration

tested.
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Figure 89: A representative repetitive DSC thermal melting scans (buffer-buffer) in 100 mM K"
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Figure 90: A representative repetitive DSC thermal melting scans (sample-buffer) in 100 mM K*
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DSC thermal melts for the buffer-buffer were subtracted from the sample-buffer
scans producing the molar heat capacity curve when plotted versus temperature (Figure

91).

Molar Heat Capacity

Cp (kcal/K mol)
T

’ 0 10 20 30 40 50 60 o70 80 90 100
Temperature ( C)

Figure 91: A repfesentative molar heat capacity versus temperature plot in 100 mM K* with a
polynomial-linear baseline treatment

We can measure the latent heat of melting by measuring the area of the resulting peak.
We usually take the temperature at the apex of the peak as the melting temperature Ty

where 50% of the DNA stem-loop is unfolded (Figure 92).
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Figure 92: A representative DSC thermal plot in 100 mM K*
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Figure 93 provides an overlay of the DSC thermoscans at all the various salt
concentrations tested. The thermograms clearly indicate a salt dependence thermal
stability that is evident by the increase in the thermal transition midpoint (Ty) as the salt
concentration increase. Furthermore, all the collected DSC thermograms at all salt

concentration clearly exhibit more than a single transition.
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Figure 93: Baseline corrected DSC thermograms at various potassium ions concentration

Upon buffer subtraction and baseline correction, a multi Gaussian fit was applied
to the DSC data using Origin 6.1. The data. were best described into two distinctive
Gaussian peaks indicating the presence of two distinct transitions T1 and T2 (Figure 94).
The area under each Gaussian peak represents the enthalpy of the corresponding
transition, while the apex of the peak represents the Ty for that transition.
Similarly, the entropy of each transition could be calculated by plotting Cp/T versus T. Fit

of the resultant plot with a multi Gaussian and determination of the area under each
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Gaussian peak represents the entropy of the corresponding transition, while the apex of

the peak represents the Ty for that transition (Figure 95).

280 300 320 340 360

Temperature (Kelvin)

Figure 94: Deconvolution of a representative DSC thermogram obtained at 1M K" into two
transitions to calculate calorimetric enthalpy for each transition

001

0.00 -

] T T

280 300 320 340 360
Temperature (I elvin)

Figure 95: Deconvolution of a representative DSC thermogram obtained at 1M K" into two
transitions to calculate calorimetric entropy for each transition
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Table 5 presents the calorimetric thermodynamic data for transition I obtained

from the deconvoluted DSC thermograms at various salt concentrations. AG was

calculated at 42°C because this is the optimal growth temperature for Halobacterium

Salinarum. All data is reported as the average from 6 scans. Table 6 and 7 presents the

data for transition II and the overall thermodynamic parameters respectively.

Table 5: Transition I thermodynamic parameters

[K'] (mM) Transition I
T (C) AHcy) AScal AG @ 42°C
(kcal/mol) (cal/mol/K) (kcal/mol)

15 233 +1.1 -0.6 +0.1 -20+0.5 -0.06 +0.02
50 16.7+ 0.4 -2.6 +0.1 -89+0.3 -0.20 + 0.02
100 214+0.2 2.8+ 0.3 -9.7+0.9 -0.28 + 0.04
250 | 27.0+0.2 -2.5+0.1 -8.6 +0.5 -0.18 +0.03
500 323+0.7 -1.6+0.2 -53+0.6 -0.04 +0.01
1000 39.8+0.5 -2.1+0.2 -6.5+0.7 -0.00 + 0.01
2000 40.0+0.9 -1.3+0.3 -43+0.8 -0.01 +0.01
3000 40.3+0.9 -1.7+0.1 -5.5+04 -0.02 +0.02
4000 458 +1.1 -1.1+0.3 -3.3+1.0 -0.03 +0.02

101




Table 6: Transition II thermodynamic parameters

[K+] (mM) Transition II
Tm (C) AHca AScal AG @ 42°C
(kcal/mol) (cal/mol/K) (kcal/mol)

15 434 +0.2 -29.1 +0.7 91.8+22 -0.16 + 0.02

50 49.0 +0.2 -24.5+0.3 -76.1 +1.1 -0.52 +0.02
100 542 +0.2 -23.1+04 -709+1.3 -0.80 +0.02
250 60.1 +0.2 -21.2+0.3 -63.8+ 1.0 -1.09 +0.02
500 64.0+0.2 -19.5+0.7 -57.8+2.2 -1.26 +0.05
1000 66.2 + 0.2 -184+04 -543+1.3 -1.30 +0.03
2000 66.7+0.3 -16.9+ 0.5 -499+1.5 -1.22 +0.06
3000 66.0 +0.2 -16.9+0.3 -50.0 +0.9 -1.20 + 0.04
4000 64.3+0.3 -15.6 +0.6 -46.3 +1.8 -1.02 + 0.05

Table 7: DSC overall thermodynamic parameters
[K+] (mM) Overall

T™ (CC) AHcal AScal AG @ 42°C

(kcal/mol) (cal/mol/K) (kcal/mol)

15 432+0.4 -30.9+0.9 -97.8 +3.1 -0.07 +0.05

50 49.1+0.3 -29.1+0.3 -90.5+1.1 -0.61 +0.05

100 542 +0.2 -28.3+0.34 -86.3 + 1.0 -1.08 +0.04
250 60.3+0.3 -247+0.4 -74.0+1.2 -1.36 +0.03
500 640+03 | 218+07 648+19 1,40 + 0.06
1000 66.4 +0.3 | -20.7+0.4 -61.2+1.3 -1.46 +0.05
2000 66.5 +0.4 -189+0.2 -553+0.4 -1.41 +0.07
3000 66.0 +0.3 -189+0.2 -55.5+0.7 -1.38 + 0.06
4000 64.3+0.5 -16.8 +0.5 -49.7+1.4 -1.13 +0.07
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The Tv appears to be salt dependent for both transitions upto certain
concentration as indicated by (Figure 96). However, AH and AS both appear to be salt

independent for transition [ but salt dependent for transition II (Figure 97 and 98).
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Figure 96: Ty dependency on salt concentration
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Figure 98: AS dependency on salt concentration
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Comparison between the Ty values from the in silico method (Mfold), UV
thermal melt (van’t Hoff), CD thermal melt (van’t Hoff) and the model independent DSC
calorimetric values revealed that all the techniques provides relatively similar values
within the margin of experimental error. This indicates that all the techniques are

monitoring the same transitions (Figure 99).
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Figure 99: Comparison between the Ty; values from different techniques

4.4 Biophysical analysis of the RNA model sequence

We clearly demonstrated that the DNA model can exist in conditions that mimic
the in vivo conditions. Since the RNA model is transcribed as a single strand and can
form all kinds of structures, we believe it is more relevant to perform the biophysical
studies on the RNA model. Originally, we performed the studies on the DNA model as it

is experimentally more robust.
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4.4.1 UV Spectroscopy

4.4.1.1 Reversibility

Repetitive UV thermal melt at 260 nm were performed on the stem-loop RNA
model as depicted in (Figure 100). Clearly, the repetitive scans illustrate that folding to
unfolding transition is a reversible process that involves a hyperchromic shift. A total of
four thermal scans alternating between heating and cooling scans ramped between 5°C

and 95°C were collected. No hysteresis was observed between all the collected scans.
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Figure 100: Repetitive RNA model heating and cooling scans at 260 nm in 1M [K']

4.4.1.2 UV thermal melt of DNA stem-loop model

UV spectra of the DNA stem-loop sequences as a function of temperature
collected at 260 nm are presented in (Figures 101). Total of four thermal scans alternating
between heating and cooling scans ramped between 5°C and 95°C were collected at each
potassium ions concentrations as follow 50, 250, 1000 and 2000 mM K. The data points
were collected every 0.25°C versus its respective working KPBS buffer concentration as

a blank. Similar to the DNA model, the melting curves show an apparent transition
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midpoint (Ty) that is directly proportional to the salt concentration up to certain salt

concentrations.
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Figure 101: UV spectra at 260 nm of the RNA stem-loop model at different temperature and salt
concentrations.
Close inspection of the melting curves reveal a hyperchromic transition indicating loss of

base pairing.

4.4.1.3 van’t Hoff Analysis

The collected data was subjected to van’t Hoff analysis at various salt
concentrations. The data was conﬂzerted in terms of a (fraction folded RNA) and utilized
to calculate Kr . van’t Hoff plot (RInK vs 1/T) was constructed yielding a slope and an
intercept essential for van’t Hoff enthalpy and entropy determination respectively. Figure
102 provide a representative van’t Hoff plot for the RNA model UV thermal melt. Table

8 presents the van’t Hoff thermodynamic data obtained for the various salt
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concentrations. Ty and AHyy values were determined from UV absorbance data at 260

nm. All data is compiled from 4 scans.
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Figure 102: A representative van’t Hoff plot of RNA model UV melting in 1M K"

Table 8: van’t Hoff thermodynamic parameters as a function of [K']

(K] Tm AHvn ASvu AGyn 2°c
‘O (keal mol™") | (keal K'mol™) | (keal mol™)
50 mM 61.4+0.1 -20.3+0.3 -63.0+ 1.1 -0.41 +0.04
250 mM 70.7+0.2 -13.4+0.3 -40.1+ 0.9 -0.77 + 0.02
1000 mM 76.5+0.2 -156+1.6 -50.2+3.2 0.27+0.77
2000 mM 76.8 + 0.5 -15.6 +0.5 -477+19 -0.59 +0.17

Similar to the DNA model, the RNA model revealed the same issues discussed earlier

and clearly demonstrated systemic deviation from a simple sigmoidal shape curve and a

linear van’t Hoff plot at all salt concentrations.

108



4.4.1.4 DNA Vs. RNA

Figure 103 provides graphic comparison between the Ty values obtained for the
RNA and DNA model of the stem-loop. As differences in Ty, is a direct link to
differences in structure stability, it is clear that the RNA model exhibit more stable

structure than the DNA model.
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Figure 103: Comparison between the RNA and DNA Ty values

4.4.2 Circular Dichroism Spectroscopy

4.4.2.1 Temperature dependent CD Spectra of RNA stem-loop model

Figure 104 provides the CD spectrum of the RNA stem-loop at 5°C in IMK". A
peak is observed at 266 nm and trough at 236 nm. 266 nm was selected to monitor and
analyze the data as the more relevant wavelength to monitor the transition. The
temperature dependent spectra of the RNA stem-loop model are provided in Figures 105
— 108 at different potassium ions concentrations as follow 50, 250, 1000 and 2000 mM

K", respectively.
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Figure 104: CD spectrum of RNA stem-loop in 1M K" at 5°C.

=
S
= —5°C
§ -~ 15°C
c —25°C
© 35°C
- ——45°C
% ——55°C
g S— 65:C
m —— 75°C
© ——85°C
I
=

"1 0 T T T T T T T T T 1

Q Q o N Q Q
v Q> o R o oY

Wavelength (nm)

Figure 105: Temperature dependent CD spectra of RNA stem-loop in 50 mM K*
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Figure 106: Temperature dependent CD spectra of RNA stem-loop in 250 mM K*

é 40 -
°
p= ——5°C

30
§’ e 15°C
= —25°C
©o 20 35°C
< —45°C
2 —55°C
S 10 .
§_ —— 65°C
E . 75°C
©
=

'1 O T T T T T T T T T 1

Q Q Q \\} Q Q
v s a© R o oV
Wavelength (nm)

Figure 107: Temperature dependent CD spectra of RNA stem-loop in IM K*
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Figure 108: Temperature dependent CD spectra of RNA stem-loop in 2M K"

4.4.2.2 van’t Hoff Analysis

The collected data was subjected to van’t Hoff analysis at various salt
concentrations. The data was converted in terms of a (fraction folded DNA) and utilized
to calculate K. The van’t Hoff plot (RInK Vs 1/T) was constructed yielding a slope and
an intercept essential for van’t Hoff enthalpy and entropy determination respectively.
Figure 109 provide a representative van’t Hoff plot for the RNA model CD thermal melt.
Table 9 presents the van’t Hoff thermodynamic data obtained for the various salt

concentrations.
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Figure 109: A representative van’t Hoff plot of RNA model CD melting in 1M K"

Table 9: van’t Hoff thermodynamic parameters as a function of [K']

K'] Tm AHvy ASvy AGvH42’c
°O) (keal mol) | (kecal K'mol™) | (kcal mol™)
50 mM 61 -21.1 -66.1 -0.30
250 mM 70 -16.4 -50.9 -0.34
1000 mM 76 -13.7 -42.5 -0.32
2000 mM 75 -16.8 -51.6 -0.49
4.4.2.3 SVD

4.4.2.3.1 SVD analysis using Olis global works

The magnitude of the singular values and the randomness of the corresponding
spectral and Kinetic eigenvectors were used to determine the number of possible

significant species. The spectral and kinetic eigenvectors plots were assessed visually for
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randomness in the same manner as for the DNA model. It was determined that three
spectral species are required to describe the temperature-dependent spectral transitions.
This is evident by the non-randomness of the spectral and kinetic eigenvectors plots for
components one through three and the randomness of the spectral and kinetic

eigenvectors plots for components four and five.

4.4.2.3.2 SVD analysis using Matlab

The S matrix was 95 x 95 and contained the singular values along its diagonal. The
magnitudes of the singular values obtained from the S diagonal matrix were plotted as a
function of the component number to obtain the residual plot (Figure 110). The
magnitudes of the singular values suggest that three major species are present during the

melt of the stem-loop.
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Figure 110: A representative residual plot (singular values magnitude as a function of component
number) for CD melting of RNA in 1M K*

The amplitude vectors (V coefficients) are directly proportional to the concentration of
any given component. Figure 111 provide a representative plot of V coefficient for each

significant component as a function of temperature for CD melting of RNA in IM K",
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Figure 111: V coefficients for each significant component as a function of temperature for CD
melting of RNA in IM K*

Residual contour plots for matrices with one through five singular values were
assessed visually for randomness (Figures 112 - 116). From the aforementioned figures it
is clear that residual contour plots for matrices generated with one, two and three singular
values shows a degree of non-randomness. While, residual contour plots for matrices
generated with four and five singular values are random. This could be interpreted as an
indication of the possible presence of three major species during the melt of the stem-

loop, namely components one, two and three.
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Figure 113: Residual contour plots for matrices generated with two singular values for CD melting of

RNA in 50mM K*
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Figure 114: Residual contour plots for matrices generated with three singular values for CD melting
of RNA in 50mM K*
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Figure 115: Residual contour plots for matrices generated with four singular values for CD melting
of RNA in 50mM K"
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Figure 116: Residual contour plots for matrices generated with five singular values for CD melting of
RNA in 50mM K*
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5 Discussion

Understanding the mechanism of action of biological macromolecules requires
the knowledge of their molecular structures and how they are coupled to the physical and
chemical forces involved in biological milieu. We have applied the theories of
thermodynamics to evaluate the structures and structural stability of nucleic acids. We
have used the physical techniques of Ultraviolet-Visible spectroscopy, Circular
Dichroism spectroscopy and Differential Scanning Calorimetry to evaluate biomolecular
structure and stability of the nucleic acid secondary structural element, called a stem-
loop. Singular Value Decomposition of the various collected spectroscopic data was used
to monitor the equilibrium folding reactions of the nucleic acid structural element. The
combination of these theories and techniques provided important secondary structural
constraints from which detailed insights regarding macromolecular structure and stability
were inferred.

In summary the consensus conclusion is that the energetically favorable DNA
secondary stem-loop structure does exist under the biological conditions. The structure is
stabilized at very high salt suggesting that it may play a role in bop gene expressivity.
The Ty values determined by the CD and UV techniques were similar. However, the
model independent enthalpy values obtained by DSC were different from the calculated
van’t Hoff enthalpy values determined from the model dependent spectroscopic analysis
indicating the presence of more than two species that exist in equilibrium during the
melting process. Consensus similar conclusion for the thermal stability of a RNA model
of the stem-loop sequence was obtained. However, the RNA model of the stem-loop was

significantly stable. We were also able to identify the presence and determine the number
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of unfolding intermediates using van’t Hoff and SVD analysis. When combined with the

calorimetric data, we were able to propose an equilibrium model for the melting process.

5.1 Predictive Structural Analysis

Mfold algorithm predicts the possibility of two different secondary structures
formation in the DNA model of the first twenty-five bases of the bop gene. One of the
possible structures seems to be more energetically favorable than the other at least up to
concentrations of 1.0 M NaCl (Figure 32). However, Mfold algorithm predicts the
possibility of only one secondary structure formed in the RNA model of the first twenty-
five bases of the bop gene (Figure 36). The pfedicted secondary structure in the RNA
model is thermodynamically more stable than the DNA model.

In summary, the combinatorial analysis indicates that an energetically favorable stem-
loop structure forms in all solution conditions examined. Comparisons of in vitro vs. in

silico studies indicate a correspondence between theory and reality.

5.2 UV Spectroscopy

The simplest characterization of nucleic acids denaturing is via melting
temperature, Ty. Repetitive UV thermal melts at 260nm illustrate the melting process is
reversible process and involves a hyperchromic shift. The observed hyperchromic shift is
a clear indication for the loss of base stacking interaction as the temperature increases.
This provides strong evidence for the presence of some type of secondary structure. As
the apparent Ty values dictate the stability of the DNA and RNA structures, it was
determined that the stem-loop structure is stabilized at very high salt concentrations, a

requirement for a role in bop gene expressivity. Also, when comparing different KCI
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concentrations, studies have shown that KCI concentrations >1M have no significant
effect on the Ty values. This finding indicate that, at the optimum environmental
conditions for the growth of Halobacterium Salinarum (42°C and 4M salt), the secondary
structure is maximally stable.

Systemic deviation from a simple sigmoidal shape curve and calculated van’t Hoff

enthalpies indicate that the folding mechanism is not a two-state process.

5.3 Circular Dichroism Spectroscopy

The salt dependent studies clearly indicate that the transition is salt dependent. No
isosbestic points were observed in the salt dependent scans. This indicates no transition
between states or species as the salt concentration increases. The observed spectral
changes are related to changes in the secondary structure geometry. There is salt
contribution to a helical structure.

The thermal CD melts highlights the loss of helical structure as the temperature
increases. The apparent Ty values calculated from the CD melts closely correlate to the
apparent Ty values calculated from the UV melts. Both techniques are monitoring the
same transition. The calculated thermodynamic data demonstrate at the optimum
environmental conditions for the growth of Halobacterium Salinarum (42°C and 4M
salt), the secondary structure is maximally stable. However, systemic deviation from a
simple sigmoidal shape curve and calculated van’t Hoff enthalpies indicate that the
folding mechanism is a multiphasic process. SVD analysis of the CD spectral transitions
confirm that the thermal melt of the stem-loop structure proceeds through a single

significant folding intermediate at all salt concentration.
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5.4 Differential Scanning Calorimetry

The model independent DSC thermograms clearly indicate at all salt
concentrations the process exhibits multiple transitions. Upon deconvolution, the data
was best described using two transitions. This confirms that the process proceeds through

a single significant folding intermediate at all salt denoted as follow:

A «—>» B «—> C
And / or

A

| >
B/

The Ty appears to be salt dependent for both transitions upto certain concentration
as indicated in (Figure 96). However, AH and AS both appear to be salt independent for
transition I but salt dependent for transition II. Comparison between the Ty values from
the in silico method (mfold), UV thermal melts (van’t Hoff), CD thermal melts (van’t
Hoff) and the model independent DSC calorimetric values revealed that all the techniques
provides relatively similar values within the margins of experimental error. This indicates
all the techniques are monitoring the same transitions. Analysis of the RNA sequence
demonstrates that an RNA stem-loop structure can form and is significantly more stable

than that the DNA structure at all salt concentrations evaluated.
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