Chapter 1

I ntroduction

1.1  General Background on RNA and DNA

Nucleic acids are central to awide range of biological processes. The structures
and sequences of these biopolymers carry genetic information, perform catalysis, and are
recognized by other components of the cell. Ribonucleic acid, RNA, and
deoxyribonucleic acid, DNA, are anionic biopolymers composed of 4 nucleobases:
adenine (A), cytosine (C), guanine (G) and thymine (T) in DNA (or uracil (U) in RNA),
attached to a sugar phosphate backbone (Figure 1.1). The basestypically form the
standard Watson-Crick GC and AT(U) basepairs, but can also form other basepairs using
their neutral or protonated forms (1, 2). In addition, ~100 modified bases are known to
occur in nature (3, 4), which extends the range of structures available. Numerous
chemically modified base and backbone analogs are commercially available for both
DNA and RNA, and are used in these studies to connect stability to specific functional
group(s), and thereby interpret observationsin a chemical language (see Section 1.4.4).

Nucleic acids can adopt many secondary and tertiary structures. Common
secondary structural elements include the perfect double helix, bulges, internal loops and
hairpin loops (Figure 1.2). A double helix occurs when two single stranded sections of

nucleic acids hydrogen bond and stack upon their complementary strand. RNA and DNA



are most commonly found as A-form and B-form right-handed helices, respectively, but a
less common, |eft-handed Z-helix structure can also occur. A-form and B-form helices
have the same general structure, but differ in the number of residues per turn (~11 versus
~10), pitch per turn (24.6 A versus 33.2 A), base tilt (+19° versus -1.2°), aswell asthe
structure of the major and minor grooves (labeled in Figure 1.1). In an A-form double
helix, the major groove is narrow and deep, and the minor groove in wide and shallow.

In contrast, in a B-form double helix, the major groove is wide and deep, and the minor
grooveis narrow and also deep.

Bulges occur when one or more bases on one strand are not paired; internal loops
occur when one or more bases on both strands are not paired. The internal loops can be
symmetrical or asymmetrical as shown in the Figure 1.2 caption Asymmetrical loopsin
A-form RNA have been shown perturb the overall structure of the double helix more than
similar size symmetric loops, allowing the major groove to be more accessible to
chemical acylation (5). The desire to not perturb the double helical structure led the
investigation of AC symmetrical mismatches later in this thesis.

Most RNAs exist as a combination of these simple secondary structures, which
assemble into much larger, complex tertiary structures. Common tertiary structural
elements include kissing hairpin loops and pseudoknots. The studiesin thisthesis will
concentrate on RNA and DNA hairpin loops, which are found in nature and are important
in many biological processes. RNA hairpins are common and play rolesin initiating
RNA folding and forming tertiary structure and protein binding sites (6, 7). DNA
typically forms adouble helical structure in which correct basepairing is the molecular

basis for retaining genetic information during replication. DNA can also form cruciforms



in which loops 'pinch out' on opposite sides of the double stranded DNA duplex (8-10).
Cruciforms have been detected in vitro and in vivo and have been implicated in numerous
biological processes including telomere replication, deletion mutations, and V(D)J

recombination (11-13).

1.2  Important Physical Interactionsin Nucleic Acids

Nucleic acids fold into complex secondary and tertiary structures. The formation
and stability of these structuresis guided by four physical interactions: electrostatics,
hydrogen bonding, stacking, and shape. These interactions comprise the basis of analysis

and design of model systemsin thisthesis.

1.2.1 Electrostatics

Each phosphate of the nucleic acid phosphodiester backbone has a pK; of ~ 1 and
istherefore negatively charged at neutrality. Folding to more compact structures requires
bringing these negative charges in close proximity. For example, in the core of double
stranded DNA, axial charge density increases ~2.5 times upon duplex formation (14), and
even larger increases are found for tertiary structure formation (15, 16). To aleviate this
charge buildup, counterions condense along the backbone. In the case of dsDNA, Mg?*
condensation is sufficient to neutralize all but -0.12 of the charge on each phosphate (14).
Although protons do not bind to the phosphate owing to its low pK,, they can bind to the
nucleobases in certain, specific interactions and help alleviate charge build up. Proton
binding to nucleic acids is addressed in Chapters 7 and 8 of thisthesis. When surface

potentials of nucleic acids are calculated by non-linear Poisson-Boltzmann (NLPB)



calculations, regions of extreme negative potential represent likely sites for binding of
metal cations and protons (16, 17).

The treatment of the electrostatics or energy of interaction, E, between two point
charges, Z;e and Ze, is given by Coulomb’s law,

E = Z,Z,€%/(4neorD), (1.2
where g, is the vacuum permittivity, r is the distance in meters and D is the dielectric
constant. Note that the energy has a 1/r dependence, indicating that the interaction
persists over relatively long distances. The dielectric constant of a medium describes the
ability of thelocal environment to screen the electrostatic effect of the charges. The
higher the dielectric constant, the greater the screening and the lower potentia energy
between the charges. The dielectric constant of water is high, ~80, while the dielectric
constant in the hydrophobic core of proteinsis estimated to be between 4 and 20,
depending on context ((18, 19) and references therein). The dielectric constant in nucleic
acids has not been determined, but is expected to be lower than water and higher than
proteins (20). The reasoning for thisis that nucleobases are not hydrophobic (see section
1.2.3) and water can penetrate into the less-well packed tertiary structuresin RNA.
Water interaction can be seen in secondary structures such as the high-resolution crystal
structure of a GNRA tetraloops, which reveals seven structural water molecules primarily
lining the major groove of the loop (21). Counterion condensation and larger dielectric
constants together dampen the magnitude of el ectrostatic effects in folded metal-bound

RNA and DNA molecules.



1.2.2 Hydrogen Bonding

In nucleic acids, hydrogen bonding, which is due to partially covalent bonds,
occurs in the edge-to-edge or horizontal alignment of the bases (Figure 1.1). Hydrogen
bonding isimportant for retaining fidelity of replication and transcription, and is a major
determinant in the prediction of overall structure (22). Nucleic acids have many
hydrogen bonding groups on their Watson-crick and Hoogsteen faces, and this potential
can be further expanded with protonation. Hydrogen bonding typically involves amino,
imino, and carbonyl groups on the bases as well as the phosphates, and in RNA
additional hydrogen bonds are possible with the 20OH group. The energy of a hydrogen
bond was thought to be as large as 1.5 kcal/mol based on single mutant studies of guanine
toinosine (23)." The measurement of the actual value of a hydrogen bond, however, is
complicated by cooperativity and is probably only ~0.25 — 0.5 kcal/mol (22, 24). This
smaller value arisesin large part because formation of hydrogen bonding in the molecule
of interest involves an exchange of hydrogen bonds with water. Thisissue is addressed

in detail in Chapter 4 of thisthesis.

1.2.3 Stacking

Stacking is the non-covalent, face-to-face or vertical association of the bases. The
local nature of stacking interactionsiswhat allows a nearest-neighbor theory (see section
1.3) to be used in predicting nucleic acid secondary structures. The association of
monomers in solution provides insight into the energetics of stacking (25). This

association yields negative AS® values, downplaying hydrophobic interactions, which are

! Note that AAG®; values will be expressed in kcal/mol, asis the convention in the nucleic acids field.



associated with the rel ease of water and positive AS® value. Gellman and co-workers
studied the driving forces of stacking by using heteroaromatic rings with varying nitrogen
content, and their results also indicate that stacking interactions in agqueous solutions are
not driven by the hydrophobic effect (26). Since stacking interactions have a negative
AS° term, they are predicted to be driven by afavorable, negative AH® term.

Stacking interactions are so strong that an aqueous solution of guanosine and
cytosine nucleosides does not arrange to give Watson-Crick GC basepairs, but instead
gives stacked bases (25, 27-30). In gas phase or aprotic solvents, however, hydrogen
bonding does occur, presumably because there is no thermodynamic penalty for
desolvation (31, 32).

Stacking has al so been investigated using nucleic acids with dangling ends, or an
unpaired base adjacent to a basepair (Figure 1.2A), and comparing them to the same
sequence without dangling ends (33, 34). From these studiesit was found that stacking is
worth up to -1.8 kcal/mol in AG®s;. From these observations, it can be concluded that in
water, stacking provides a stronger net driving force for structure formation than

hydrogen bonding, but both are crucial for specificity.

1.2.4 Shape

The conformation of the backbone and the shape of the bases play important roles
in structure formation and energetics. The nucleic acid backbone has seven torsion
angles, which would seem to require an enormous entropy loss for structure formation.
Duarte and Pyle simplified analysis of these 7 torsion angles by defining two

pseudotorsion angles that were used to construct a two-dimensional plot, analogousto a



Ramachandran plot for proteins (35). RNA motifs with similar structural features were
found to cluster in regions of the plot. Draper, Rose, and co-workers used hard sphere
steric exclusion criteriato define alowed conformations of RNA (36). The alowed and
disallowed conformations correlated well with data from X-ray crystallography. In
addition, only asmall fraction of conformational space was free of severe steric overlaps,
indicating that entropy loss upon structure formation is not as large as previously thought.
It isinteresting to note that a predictive conformation map for nucleic acids could be
compiled using steric or shape criteriaonly.

The shapes of the bases are also important guides in folding and recognition. For
example, shape can provide a strong negative determinant against matching two large
purine bases or two hydrated pyrimidinesin an A-form helix during replication (22).
Using shape mimics for adenine that were unable to hydrogen bond, Kool and co-workers
found that replication was efficient and selective against a nonpolar, non-hydrogen
bonding shape mimic for thymine (37). These results helps establish shape as a major
principle in molecular recognition.

In summary, folding and structure of nucleic acids are guided by four principles:
electrostatics, hydrogen bonding, stacking, and shape. Design of model systemsin this

thesis will be directed by and interpreted in terms of these principles.

1.3 Mode Systemsand Nearest Neighbor M odel
Most tertiary structures are a combination of individual, stable secondary
structures. For example, RNA secondary structures, such as tetraloops and internal 1oops

are maintained when excised from larger RNAs (38, 39). This occurs because the local



interactions in nucleic acids discussed above are strong. This behavior isin contrast to
that of proteins, where interactions tend to be more long range and cooperative. Local
stability alows a'divide and conquer' approach to be used in RNA and DNA in which a
substantial amount of structure may be understood by the study of model systems and
secondary structural motifs.

The current method of secondary structure prediction involves calculations based
on the nearest-neighbor model. Nearest-neighbor models are based on the principle that
the most important forces governing RNA and DNA structure are local (40).
Thermodynamic parameters for adjacent basepairs have been obtained by melting
individual sequences and fitting to a two-state model, which gives the core duplex
stability (41). The stability of more complex, but common, secondary structure motifs,
such as hairpin loops and internal loops, as well as dangling ends are determined on an
individual basis and are added to the core duplex stability. In thisway, these models
provide reasonable approximations of the thermodynamic parameters for secondary
structural elementslike loops and bulges. Isolation and characterization of stable motifs

should provide critical thermodynamic parameters for use in folding agorithms.

1.4  Methodsfor Identification and Characterization

In this section, experimental methods used in thisthesis will be described. The
first two subsections describe a combinatorial, in vitro selection process used to isolate
stable tetraloop sequences. Then, a brief history of relevant hairpin sequencesis given.

Next, chemical modifications to the bases and backbone are described. Finally, thermal



melting with UV detection is described and the equations used to extract thermodynamic

parameters are presented along with error analysis.

1.4.1 Invitro Selection (SELEX) Methodologies

Work from several |aboratories demonstrated that combinatorial chemistry could
be applied to nucleic acids (42-45). In general, these methods use a library (up to 10*
different sequences), which is generated by mixing phosphoroamidites during solid-phase
synthesis of DNA. If an RNA library isdesired, it is generated by transcription from the
DNA library. Thelibrary isthen subjected to a selective pressure, and sel ected sequences
are amplified by (reverse transcription-) polymerase chain reaction, (RT-)PCR, and
identified by cloning and sequencing (Figure 1.3). Sequences are aligned, and consensus
sequences are determined. It should be noted that the goal of the experiment isto
discover a collection of related sequences, and not necessarily the single, best sequence.
This general method has been termed in vitro selection or SELEX (systematic evolution
of ligands by exponential enrichment) (42-44). Selections for ligand binding and
chemical catalysis have also been performed (reviewed in (46, 47), and successful
selections for stable and unstable sequences have been performed in our lab (48-50).
This procedure is used in Chapter 2 to isolate stable DNA tetral oop/closing basepair
combinations from alibrary of 4° (4,096) sequences, and is refined for related RNA

libraries.



1.4.2 Background and History of TGGE

The 'selective pressure' for our studies employs the temperature gradient gel
electrophoresis (TGGE) technigue. TGGE is atechnique that combines polyacrylamide
gel electrophoresis (PAGE) with thermal denaturation. A temperature gradient is
established either perpendicular or parallel to the gel by using aluminum plates with
water channels attached to temperature controlled water baths (Figure 1.4). Combining
gel electrophoresis separations of charged biomolecules with denaturation was first used
in the form of denaturing gradient gel electrophoresis, DGGE (51-54). This method
employs a gradient of denaturing solvent, such as urea. The gradient is made asthegel is
poured, and the technique has been successful in separating two DNA fragments that
differ in sequence by one base pair. The major drawback of DGGE, however, isthe
difficulty of consistently pouring a gradient gel, as well as limited solvent systems
available. TGGE uses the same concept of denaturing a biomolecule whileit is
electrophoresed but avoids these drawbacks by using thermal rather than chemical
denaturation (Chapter 2).

In perpendicular TGGE, sampleis added to along well at the top of the vertical
gel (Figure 1.4A). Asthe moleculetravels vertically through the gel, it only experiences
one temperature and therefore is folded or unfolded to the same extent, depending on its
stability and the temperature, throughout the experiment. The different mobilities of
folded and unfolded molecules givesrise to asigmoidal melting curve. The folded and
unfolded baselines tend to be highly sloped because each baseline covers a range of
temperature and the mobility of the molecules, regardless of their folded or unfolded

state, is faster at higher temperatures. In selections, alibrary of multiple sequencesis
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loaded on the gel and a smear is observed owing to the coexistence of stable and unstable
molecules in the population melting at different temperatures. This method allows afull
melting profile to be obtained and thermodynamic parameters evaluated from the
sigmoidal melting curve. The temperature gradient is linear across the gel as measured
with athermistor inserted into the gel (48).

Once a perpendicular gel is run and the melting temperature range is determined,
these temperatures are used as the range for a parallel TGGE gel. Asthe name suggests,
the temperature gradient is parallel to the electric current of the gel and the sampleis
loaded into multiple, smaller wells (Figure 1.4B). As the sequences migrate down the
vertical gel, they become thermally denatured by the increasing temperature and unfold,
slowing their mobility. Multiple sasmplesin individual lanes can be run at the same time.
This method can resolve hairpins with differences in thermodynamic stability as small as
0.3 kcal/mol in AG%7, demonstrating the sensitivity of TGGE (55). TGGE can be
combined with SELEX to separate alibrary of sequences by melting temperatures, as

done in Chapter 2.

1.4.3 Indentification of Stable Hairpin Loops

Stable hairpin loops have been identified through phylogenetic searches, as well
as more directed comparison to known stable sequences. Woese and co-workers
compiled results from a phylogenetic search of rRNA and pointed out that certain RNA
loop closing base pair combinations, r(CUNCGQ), r(GNRA), and r(gCUUGC) are
unusually common (56). Thermodynamic studies showed that these loops are

exceptionally stable and that the closing base pair makes an important contribution to the
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stability of r(cUNCGg) sequences (57). The structures of numerous RNA hairpin loops
were then solved by NMR and X-ray methods and revealed a structural basis for stability
in terms of hydrogen bonding, stacking and shape complementarity (38, 58, 59). A
nearest-neighbor model for RNA hairpins was developed on the basis of extensive
experimentation by Serra, Turner, and co-workers that successfully predicts the stability
of many RNA hairpin loops (41, 60). Recently, a TGGE-selection study in our lab
identified the r(cY NMGg) motif, which is related to the r(cUNCGg), as also being
exceptionally stable (49).

Early studies showed that the stability of the DNA hairpins with homogeneous
and heterogeneous tetral oop sequences is also dependent on the loop sequence and
closing base pairs (61-63). When the sequences of stable DNA loops were later
discovered by Hirao and co-workers, these too were studied (64). The d(cGNNAGQ) loop
contains a sheared GA pair (65) that is qualitatively similar to the r(GNRA) tetraloop in
RNA (38). Hirao and co-workers also characterized and solved a structure of the stable
d(cGNAg) motif, which is the parent loops for tetraloop expansion in these studies
(Chapter 5) (66). Application of SELEX/TGGE methodologies to identify stable DNA
sequences in thisthesis, Chapter 2 and (50), led to identification of four stable DNA

tetraloop motifs: d(cGNNAQg), d(cGNABQ), d(cCCNNGg), and d(gCNNGc).

1.4.4 Modificationsto Bases and Backbone
Modifications to the bases and backbone are useful in interpreting interactions in
molecular terms. Many naturally occurring (4) and synthetic nucleotide analogues have

been described. These include 2,6-diaminopurine (DAP), 2-aminopurine (2AP), purine
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(Pur), inosine (1), 7-deazaadenosine (7dA), and 7-deazaguanosine (7dG) (Figure 1.5A).
Whenever possible, nucleotide anal ogues were chosen that eliminate instead of swap
functional groupsin order to avoid new interactions that could complicate analysis. Also,
2,6-diaminopurine and 2-aminopurine are fluorescent and could be useful probes for
detection of structure changes. Other analogues not used in thisthesis, but found in
biological systems include bases methylated at position 1 of A and G, and thiolated bases,
such as 2-thiocytidine and 4-thiouridine, which are useful in crosslinking studies (67).
Analogues that restrict the conformation of RNA by steric exclusion have also been
reported (68).

M odifications to the backbone of nucleic acids are important not only in
determining interactions, but also in facilitating analysis by certain methods. The use of
3-carbon spacers in the backbone gives the length of an additional nucleotide, without the
possibility of additional interactions (Figure 1.5B and Chapter 3). This modification is
useful for probing for vertical interactions between the bases, which should be lost upon
increasing the distance between the bases.

Phosphorothioate substitutions involve replacement of a nonbridging oxygen
atom with sulfur, which results in amixture of R, and S;, diastereomers (Figure 1.5C).
The presence of a phosphorothioate also shifts the *'P resonance downfield from ~0 to
50 ppm. Selective incorporation of a phosphorothioate allows identification of phosphate
resonances, as well as presence of metal binding sites by using thiophilic and non-
thiophilic metals and comparing their binding to the oxo-form (69-72). In Chapter 8,

phosphorothioate incorporation was used to isolate two phosphorus resonances (R, and
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Sy) and follow their change in chemical shift as a function of pH, caused by a structural

change propagated from formation of a nearby protonated A*eC basepair.

145 UV Médlting

Thermodynamic characterization of hairpin folding can be achieved through
therma melting with UV, CD, and NMR detection (49), with UV being the most
common (40, 73). The extinction coefficients of the less structured single strands at high
temperature is higher than that of the folded strands at low temperature. Thisisdueto
differences in stacking, and provides a means to monitor the denaturation and extract
thermodynamic parameters from the thermal melting profiles. The lower extinction
coefficients of the double stranded compared to the single stranded is termed
hypochromicity and is afunction of wavelength (74). AU basepairs have maximal
hypochromicity at 260 nm with avalue of ~0 at 280nm. GC basepairs, on the other hand,
have maximal hypochromicity at 280 nm, with smaller, but still significant,
hypochromicity at 260 nm (75). Thermodynamic parameters were obtained by non-linear
least squares fitting to a two-state model with linear baselines using a set of parametric
eguations defined in Kaleidagraph v3.5 (Synergy software) (76). The nomenclature used
hereisfor folding, which is the convention for nucleic acids. In short, the absorbanceis
the linear combination of signal from both the folded and unfolded

states, A = A f- + A f,, where Ar and Ay are the absorbance of the folded and unfol ded

states, and fr and fy are the fraction of the folded or unfolded populations, respectively.
Substitution using the equilibrium constant, K, gives

ALK A

SEALIMNTEALS (1.2
1+K 1+K
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Ar and Ay are the lower and upper baselines, respectively, with a slope and intercept,
A.=m.T+b, (1.3
A, =myT+by (1.4)
K can be determined as a function of temperature. Using the van't Hoff relationship, and
assuming that AS and AH are temperature independent and integrating over temperature,

K can be expressed in terms of AH and Ty,

K:exp(ﬂ(i_ijj_ L5)
R TM T

where Ty is defined as the temperature at which K = 1 and is given by Ty = AH/AS.
Kaleidagraph solves these four equations simultaneously for six parameters. mg, bg, my,

by, Tm, and AH. Using AH and Ty, ASisdetermined by AS= AH/T,,, and AG using
AG = AH-TAS. Enthapy-entropy compensation is observed, resulting in low errors for

AG’37, but considerably higher errors for AH and AS since these are not independently

determined (40).

1.4.6 Propagation of Errors
Errorsin AG’s7, AH® and AS® values are the standard deviations of three or more
melts. The error in AG%; can be calcul ated by
(1.6)
(O-AG§7 )2 = (O-AH ° >2 + TZ(O-AS" )2 - ZT(O-AH °AS°® )2
Where (6AH°AS’)? is the covariance between AH® and AS® and T is 310.15K (40).

Typically, if errors are not correlated, the final term (GAH°AS®)? goesto zero. In this
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case, AH® and AS® parameters are not independent, but instead are correlated, with typical
R?> 0.99 (77-79). Therefore, enthal py-entropy compensation in nucleic acids resultsin
smaller AG; errorsthan if AH® and AS® were not correlated. This analysis was not used
in these studies, however the errors on AG®; are smaller than AH® and AS® due to this
compensation. Errorsin AAG®; values are the square root of the sum of the squares of

the errorsin the AG®s; values.

15 TopicsAddressed in this Thesis

The work in thisthesis involves thermodynamic analysis of nucleic acid hairpins.
As mentioned, model systems of stable secondary structures are generally valid for RNA
and DNA with extension to more complex tertiary structures. The methods previously
reviewed will be applied to three fundamental topics: motif expandability, cooperativity,

and pK, shifting. The background and significance of each set of studiesis given here.

1.5.1 Expandability of Hairpins

Many RNA and DNA hairpin loops found in nature appear to be expansion of
smaller, unusually stable loops (50, 80, 81). One examplein RNA isthe r(cGNRAQ)
tetraloop motif, which can be expanded to a penta- or hexaloop motif (80). Our selection
studiesin DNA identified a d(cGNABg) motif, which is an expansion of the structurally
and thermodynamically characterized d(cGNAg) motif (Chapter 2)(66, 82). We found
that expansion into the d(cGNABQ) loop motif maintained the energetics and
cooperativity of the parent d(cGNAQ) loop (Chapter 5) (83). In addition, the extent of

expandability of the d(GNAB) and d(GNA) loops was probed by inserting the C3-spacers
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throughout the hairpins (Chapter 3) (84). Only small thermodynamic penalties were
observed when C3 spacers were inserted at any position of the loop except between the
first nucleotide of the loop and the closing basepair. Expandability of loops at most
positions without the loss of structure or energetics may be nature's way of gaining
diversity with only aminimal number of stable structures. An energetic penalty for C3
spacer insertion between the loop and closing base pair suggests the presence of an
interruptable vertical interaction that may form the basis of the exceptional stability of a

CG closing basepair.

1.5.2 Cooperativity of Interactions in DNA and RNA

Cooperativity in ligand binding and structure formation is important in many
macromolecules. One of the best known examples of cooperativity isin ligand binding
to hemoglobin, in which binding of one oxygen molecule affects the binding affinity of
another (85). Cooperativity is aso important in unimolecular folding, where the
formation of one interaction promotes the formation of another, or conversely contributes
to the loss of another. One important aspect of cooperativity isthat interactions are
context dependent and the same interactions in a different setting may not exhibit the
same degree of cooperativity. This can be seen in the debate over how much a hydrogen
bond isworth, and is addressed in Chapter 4. Addressing cooperativity in molecular
termsin alarge molecule is complicated. The use of nucleotide analogues facilitates
anaysis by alowing the change of single atoms. When possible, nucleotide analogues

for this study were used that eliminate rather than swap a functional group.
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An outstanding problem in nucleic acid folding and catalysisis the contribution of
cooperativity and nonadditivity to the overall energetic picture of folding (86). The
energetics of structure formation can be complicated by cooperativity in folding, making
it impossible to understand contributions of interactions to stability by simple single
mutant analysis. A more complete understanding requires double and higher-order
mutational analysisin order to identify the presence of coupling and to understand its
origin (87-89).

In general, cooperativity occurs when the energetics of one interaction is affected
by the presence or absence of thefirst. For thisthesis, cooperativity will be between
interactions and will be discussed from the viewpoint of removing interactions. Thisisa
valid application if one thinks of the mutant and wild-type species as analogous in
energetic termsto the free and bound states of a given binding site. Quantitatively, a
coupling free energy term, 012, is defined as the magnitude of the nonadditive effect
between interactions 1 and 2. In thisway the effect of mutation 1 alone and in the
presence of mutation 2 can be compared, the difference being d12. A positive 6,2 value
occurs (negative coupling) when the stability loss of the second interaction is greater in
the absence of the first interaction and negative 6,, values occurs (positive coupling)
when the destabilization due to loss of the second interaction is diminished in the absence
of the first interaction. The absence of cooperativity indicates that the energetics of the
second interaction is not dependent on the first interaction. Thisis best understood in
terms of athermodynamic cycle in which the wild-type (containing two interactions of
interest), two single mutants (each missing one interaction) and a double mutant (missing

two interactions) comprise the corners of afour-state box. The free energies of folding of
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the mutants from the unfolded state are determined by UV melting and compared to the
stability of the wild-type. Sincethisisacycle, the extent to which interaction 1 affects
interaction 2 must be the same as the extent to which interaction 2 affects interaction 1.
The actual analysisis more complicated than this and requires simultaneous investigation
of additional interactions (see below). Further explanation of the analysis of double
mutant cycles can be found in Chapter 4 and Figures 4.4 - 4.6. Thisanalysis has been
applied to ligand binding to proteins with 6,, values ranging from 0 to + 2.5 kcal/mol
(90).

Investigations of the d(cGNAQ) and d(cGNABQ) hairpin loops (Chapters 4 and 5)
showed strong coupling between the two loop-loop hydrogen bonds and the loop-closing
basepair interactions, with loss of coupling occurring upon removal of any one of the
threeinteractions. Thisis anaogousto athree-legged stool in which removal of any one
leg causes the collapse of the entire stool. In contrast, thermodynamic analysis on the
r(cGAAAQ) RNA tetraloop (Chapter 6) containing 8 interactions did not show strong
cooperativity. Thisisanaogousto an eight-legged stool in which removal of any oneleg
does not cause the entire stool to collapse.

Although these thermodynamic cycles can establish the presence of coupling
between two sites (87), they cannot reveal the origin of the coupling (88). A more
complete understanding of cooperativity requires higher-order mutational analysis, which
involves changes to interactions 1 and 2 in both the presence and absence of athird
interaction. Thisanalysis gives rise to thermodynamic cubes as seen in Chapters 4-6 and
leads to the determination of indirect or direct coupling. Couplingisindirect if the

absence of the third interactions affects the coupling between interactions 1 and 2. An
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example of indirect cooperativity is provided by the Monod-Wyman-Changeux model of
concerted allosteric transitions where interactions involve al sites through alinked global
conformational change (91). Inthismodel, sites are dways positively coupled and the
degree of coupling changes according to the configuration of other sites. Indirect
coupling was found in both the DNA tri- and tetra-loops (Chapters 4 and 5). These loops
have three interactions and all are necessary to retain the structure of the loop. Kraut and
co-workers have likened extensive nonadditivity in folding and catalysis to a house with
poor structural integrity, wherein removal of asingle beam (= an interaction) leads to loss
of the entire structure (86).

In contrast, coupling is direct if the presence or absence of athird interaction does
not change the cooperavitity between interactions 1 and 2. This might be the caseif the
third site is distant or mutations do not disrupt the overall structure either because of a
stable 'foundation' or compensating interactions. The overall energetics of the systemis
then considered to result from additive contributions of pairwise interactions. Note that
when the coupling between a pair of sitesis not affected by athird site, one cannot
conclude that the third site is not coupled to the pair. An example of thisistheionization
reactions of glutamic acid (92). These studiesindicate that the coupling between any two
ionizable groups in glutamic acid is not influenced by the ionization state of the third
group, athough all groups are coupled. Direct coupling was found in the RNA tetraloop
studiesin Chapter 6, in which al the interactions are coupled, but changesto one site do

not affect coupling between the others.
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153 pK, Shiftingin Nucleic Acids

Nucleic acids, in simplest terms, are polyanions and are therefore stabilized by the
binding of cations. The binding of both monovalent and divalent species metal ionsis
well studied (14, 15, 93). Lessis known, however, about the binding of protons.

Proton binding in nucleic acidsis critical since it allows the formation of new
hydrogen bonds that can lead to specificity, oxyanion holes, and the possibility to donate
aproton and thereby participate in general acid-base catalysis. In thisthesis, | will
concentrate on the protonation of the N1 of A (pK,= 3.5 of the free nucleobase), which
allows the formation of an A*eC basepair (Figure 1.1). At physiological pH only asmall
fraction of this base would be protonated in solution; therefore, a shifting of this pK,
value towards neutrality is necessary.

Shifted pK, values have previously been observed in proteins. In ribonuclease A,
Hisl2 and His119 are the general acid and base, respectively, and the pK, of the
histidines change from 6.1 to >8 depending on the microenvironment (94). Large pKa
shifts have been reported for Lys (pK,=5.9) at the active site of acetoacetate
decarboxylase (95), Asp52 (pK=4.5) and Glu35 (pK;=5.9) in lysozyme (96, 97), and
His66 (pKz=8.3) and His27 (pK;=9.2) in protein tyrosine phosphatase (98). These studies
demonstrate that pK, shifts are common mechanisms for protein enzymes, and ionized
bases could therefore increase the chemical diversity of nucleic acids and facilitate
catalysisas well.

The pK, values of nucleobases are known to shift, and in atypical Watson-Crick
base pair the pK, shifts away from neutrality owing to stability conferred by base pairing

(99). Numerous folded state pK.s, however, are perturbed towards neutrality (99-103).
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For instance, studies on the lead-dependent RNA enzyme, or |leadzyme, provide pKa
values for the seven adenosines ranging from < 3.1 to 6.5 (99); studies on the U6 loop of
the spliceosome reveal an A*eC basepair with apK, of 6.5 (103); the A loop of 23S
ribosomal RNA has a cytosine with a pK, of 6.4 (102); and a DNA duplex hastwo A*eC
basepairs with pKss of 6.6 (104). Thus protonated bases may play important roles in both
the acidic and neutral regions of the cell. Thefocusin thisthesisis pK, shiftsin
structured nucleic acids; pKj, shifting in single strands does occur, but it is typically
modest (~0.5 units) (105).

Shifted pKs can play severa potentially important rolesin catalysis and folding.
Asamatter of convenience, shifted pKs have been separated into 2 classes based on
structural and functional features (20, 106) (Figure 1.6). Class| pKss are defined as those
for which the loaded proton is involved in hydrogen bonding, as in the case of the N1 of
A inawobble A" e C basepair, and is therefore not free to transfer and partake in general
acid/base catalysis. Class || sites, on the other hand, are defined as those for which the
loaded proton is not sequestered in hydrogen bonding, and is therefore free to transfer
(206). Class 1l pKas have been implicated in the mechanism of proton transfer by protein
enzymes, notably RNase A, aswell asin RNA enzymes, such as hepatitis deltavirus
ribozyme (107-109). Theidea pK,for these residuesis near biologica pH, a histidine-
like activity, since to be involved in proton transfer, the residue not only hasto be ableto
load a proton at this pH, but also to releaseit.

Class Il sites also have the potential to contribute to catalysis as oxyanion holes,
which are cationic and thus have the potential to stabilize an oxyanion transition state.

Although proton transfer isunlikely for Class | sites, these sites can aso lend themselves
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to oxyanion hole formation, and therefore the potential for electrostatic catalysis, as
recently proposed in the active site of the ribosome (106). To be optimal, the pK, for an
oxyanion hole should be shifted 1-2 units above biological pH, alysine- or arginine-like
activity, to afford at least 90% of the moleculesin the functional protonated state. Such
shifted pK, values would be especially valuable, since, unlike proteins, nucleic acids
typically lack positive functionality at biological pH. One goal of thisthesisisto
investigate the feasibility of such shifts.

Shifted pKj, values are also important in the folding of certain nucleic acid
structures, especialy internal A*eC base pairsin helices, triples and quartets. For
example, formation of a protonated triple drives pseudoknot formation, which isinvolved
in frameshifting in viruses (110). Likewise, a number of pseudoknots contain
qguadruples, which utilize a base with a shifted pK; the crystal structure of the HDV
ribozyme indicates that C41 is protonated and has a similar hydrogen bond network
(111).

Thereisrich literature describing the effects of ligands on biopolymer stability.
Schellman devel oped a general thermodynamic groundwork for the effects of ligand
binding on biopolymer stability and Acampora and Hermans studied the thermodynamics
of proton binding (112-114). Draper and Misra extended this theory using the non-linear
Poi sson-Boltzmann equation to describe how the association of Mg?* ionsis coupled to
tertiary folding of RNA (17). Inthisthesis, weinvestigate proton binding to RNA and
DNA and draw on some of the earlier formalisms to describe the linkage between the
folding of RNA and DNA and pH.

In principle, a complete description of this linkage requires pK, vaues for all
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folded and unfolded states. We show that in the unfolded state, perturbations of the
nucleobase microscopic pK,s by the neighboring phosphates are modest, but when the
number of such sitesislarge, a macroscopic pK, shifted towards neutrality occurs
(Chapter 7). This effect appears to be commonplace and accounts for the sensitivity of
stability to acidic and alkali conditions. In contrast, pK, perturbationsin the folded state
are less common, requiring a unique structural feature of the folded state, such as an
A*eC wobble pair, and are driven by the interactions made possible only upon

nucleobase protonation.

1.6 Format of thisThesis

The main objective of thisthesis project isto gain insight into the interplay
between nucleic acid structure and thermodynamics. For nucleic acids, this can be
achieved in part by investigating model systems, whose behavior often extends to more
complex systems. The majority of my work was done on small hairpin loops, and most
studies built upon results from the one previous. Chapter 2 describes isolation and
characterization of four stable DNA tetraloop motifs from a combinatorial library, one of
which, the d(cGNABQ), is thought to be an expanded d(cGNAQ) triloop. Chapter 3
describes investigation of the expandability of thisloop and discovery of aloop-closing
base pair interaction that was later found to be common in both stable RNA and DNA
hairpin loops. In Chapter 4, the coupling or non-additivity between this new interaction
and two other known interactions in the d(cGNAQ) loop was investigated using a series
of single, double, and triple mutant thermodynamic cycles. The three interactions were

found to be highly non-additive and indirectly coupled. This analysiswas then applied to
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the d(cGNABQ) tetraloop in Chapter 5, and the coupling of interactions was found to be
conserved upon loop expansion. In Chapter 6, the properties of the DNA loops were
compared to arelated, stable RNA loop, r(cGAAAQ), with additional interactions.
Folding of the RNA loops was found to not be as cooperative asits DNA counterpart and
to have direct coupling. This suggests that this common RNA loop motif is more
adaptable to changes than its DNA counterpart. The selection and characterization of
these stable secondary structures should increase understanding and rules for nucleic acid
structure prediction, as well as an appreciation of the role of these sequencesin biology.

Finally, proton binding to nucleic acids was analyzed in Chapter 7 and 8. Chapter
7 presents a theoretical approach to understanding the effects of proton binding on RNA
and DNA folding involving models, equations, simulations and testing by experiments.
In Chapter 8, these findings were used to design a DNA hairpin with favorable nearest
neighbor interactions that has a pK, shifted to neutrality; this pK, was measured by a
simple method that we devel oped which involves indirect phosphorothioate detection.
These | atter two studies may lend insight into the driving forces for pK, values near
neutrality, which could contribute to RNA and DNA catalysis.

Chapters 2-6 and 8 present research that has been published, with the appropriate
reference provided at the beginning of the chapter. Chapter 7 presents studies that will
soon be submitted for publication. Each chapter iswritten in standard journal format,

with any additional unpublished studies provided at the end of the chapter.
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Figurel.l Representative Watson-Crick and non-Watson-Crick basepairing
interactions in nucleic acids important in this thesis. Numbering of the bases and
representative pK, values of the free nucleobases are provided (115). Hydrogen bonds
are depicted as dotted lines. R = C1' of ribose sugar. A) Watson-Crick AU or AT
basepair. Position 6isH for U and CH3 for T. The major (M) and minor (m) grooves are
shown. B) Watson-Crick GC basepair. The Hoogsteen (H) and Watson-Crick (wc)
basepairing faces are shown for guanosine. C) Sheared GA basepair. D) Protonated AC
basepair, with protonation of N1 of A. This basepair is awobble, which can be
accommodated in A-form dsRNA with only adlight distortion. E) Phosphodiester
backbone with numbered ribose sugar. 2' position is OH for RNA and H for DNA. B is
any nucleobase.

36



1 5 3

5 3 5 3 5 3 5 3

double bulged internal . dangling
h

helix nucleotide loop arpin end

B U'IQIH) ...... )
k- . 5! g s. :: 3!
issing
hairpin loops pseudoknot
5" 3 5 5
C ‘I s— 3 s
double
helix cruciform

Figure 1.2 Common secondary and tertiary structural motifsin nucleic acids. These are
found most commonly in RNA, but can also form in certain DNA molecules. A)
Secondary structural motifs: double helix, bulged nucleotide(s), internal loop, hairpin and
dangling end. i and j can be any number of nucleotides. For a symmetrical internal loop,
i =j. Ansymmetrical loop, wherei # |, likely distorts the helix to a greater extent (5).

A 3'dangling end is shown here, but 5' dangling ends also occur. 3'-dangling ends are
more favorablein RNA, whereas 5 -dangling ends are more favorablein DNA. B)
Tertiary structural motifs: kissing hairpin loops and pseudoknot. Interactions are shown
with dotted lines. C) A cruciform can form from a double helix that ‘pinches out' to form
two complementary hairpins and a 4-way junction. This structure can give riseto DNA
hairpins, which are an important system in this thesis.
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Figure1.3  Invitro selection flowchart for DNA. A random region of six nucleotides
(N6) wasrun on aTGGE gel. The desired sequences were collected and amplified by
PCR, and purified using a streptavidin/biotin pulldown. The cycle was repeated until the
library had been enriched for stable sequences. The final PCR pool was cloned and
sequenced. A more detailed explanation is given in the text and Chapter 2. Adapted
from Szostak and coworkers (116).
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Figurel.4  Schematicsof A) perpendicular and B) parallel TGGE set-ups. Water

channels cut in aluminum blocks allow temperatures to be maintained by external water
baths. The gel is sandwiched between the aluminum plates and vertical in these
representations. 'Perpendicular' and 'Parallél’ refer to the direction of the temperature
gradient with respect to the electric field. Sample wells are depicted in green.
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Figure 1.5 Modified bases and backbones used in these studies. Modifications were
used in both RNA and DNA studies as needed. A) Purine, inosine, 2-aminopurine, 2,6-
diaminopurine, 7-deazaadenosine and 7-deazaguanosine were used to replace adenosines
and guanosinesin these studies. B) C3-spacer was inserted between nucleobases. This
spacer has the same number of bonds as the backbone of a nucleotide, but does not
contain asugar or base. C) Phosphorothioates were used to replace a non-bridging
oxygen with asulfur (red) in 3P NMR studies. This phosphorusis prochiral and
therefore the synthesis yields a mixture of the R, and S; diastereomers, only one of which
is shown.
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Chapter 2

Selection for Thermodynamically Stable DNA Tetraloops Using
Temperature Gradient Gel Electrophoresis Reveals Four Motifs:

d(cGNNAQ), d(cGNABg), d(cCNNGg), and d(gCNNGc)

[Published, in part, as a paper entitled "Selection for Thermodynamically Stable DNA
Tetraloops Using Temperature Gradient Gel Electrophoresis Reveals Four Motifs:
d(cGNNAg), d(cGNABQ), d(cCNNGg), and d(gCNNGc)" by Mario Nakano, Ellen M.

Moody, and Philip C. Bevilacquain Biochemistry, 41, 2002, 14281-14292.]

21  Abstract

Hairpins play important roles in the function of DNA, forming cruciforms and
affecting processes such as replication and recombination. Temperature gradient gel
electrophoresis (TGGE) and in vitro selection have been used to isolate
thermodynamically stable DNA hairpins from a six—nucleotide random library. The
TGGE—selection process was optimized such that known stable DNA tetraloops were
recovered, and the selection appears to be exhaustive. In the selection, four families of
exceptionally stable DNA loops were identified: d(cGNNAQ), d(cGNABQ), d(cCCNNGg),

and d(gCNNGc). (Lowercase denotesthe closing base pair; N=A,C,G,or T; andB =
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C, G, or T.) It appearsthat the known stable d(cGNAQ) triloop motif can be embedded
into atetraloop, with the extra nucleotide inserted into either the middle of the loop,
d(cGNNAQg), or at the 3'—end of the loop, d(cGNABg). For d(cGNNAg) and
d(cGNABQ), aCG closing base pair was strongly preferred over a GC, with a

AAG®37 = 2 kcal/mol. Members of the two families, d(cCNNGg) and d(gCNNGc), are
similar in stability. The loop sequences and closing base pairs identified for
exceptionally stable DNA tetral oops show many similarities to those known for
exceptionally stable RNA tetraloops. These data provide an expanded set of

thermodynamic rules for the formation of tetraloopsin DNA.

2.2  Introduction

The hairpin is the most common secondary structural element in RNA. Hairpins
play rolesininitiating RNA folding, and forming tertiary structure and protein binding
sites (1, 2). Hairpins are also important for the function of DNA. In ssDNA, hairpins are
involved in regulating replication and transcription (1, 3), and the loop composition can
affect binding of antibiotics and antitumor agents (4). In dsDNA, hairpins can form
transiently as cruciforms (5) or double-hairpin elements (DHE) (6). Hairpinsformed
from dsDNA have been implicated in numerous biological processes including telomere
replication, deletion mutations, and V(D)J recombination (7-9). Structural and functional
knowledge about thermodynamically stable DNA hairpin loops may therefore lead to a
deeper understanding of these processes.

Recent advances have been made by Santal_ucia and co—workers on the

prediction of DNA secondary structure from sequence (10). DNA structure predictionis



valuablein primer design for PCR and DNA microarrays, and for DNA therapeutics and
molecular beacons. Thermodynamic parameters are available for Watson—Crick base
pairs and select secondary structure defects of DNA, including single internal mismatches
and dangling ends (10-17). However, thereis a paucity of thermodynamic data for other
DNA moatifs, including hairpin loops.

The structure and stability of hairpins have been most extensively studied in
RNA, where they are the most common. Phylogenetic studies indicated that certain
loop—closing base pair combinations are unusually common in RNA, including
r(cUNCGQ), r(GNRA), and r(gCUUGC) (18). Thermodynamic studies showed that these
loops are exceptionally stable and that the closing base pair makes an important
contribution to the stability of r(CUNCGg) sequences (19). The structures of numerous
RNA hairpin loops have been solved by NMR and X—ay methods, and have revealed a
structural basis for stability in terms of hydrogen bonding, stacking, and shape
complementarity (20-22). A nearest—neighbor model for RNA hairpins has been
developed based on extensive experimentation by Serra, Turner and co-workers that
successfully predicts the stability of many RNA hairpin loops (23, 24).

DNA hairpins have received less attention than RNA hairpins. It has been known
for some time that the stability of DNA hairpinsis affected by the sequence of the loop
and closing base pair. Early studies showed that the stability of hairpins with
homogeneous tetral oops were dependent on loop and closing base pair sequences (25,
26). An additional study of 28 sequences containing homogeneous and heterogeneous
tetral oops also demonstrated a dependence of hairpin stability on sequence (27). Studies

by Antao and Tinoco showed that certain DNA stem— oops are exceptionally stable; for



example, d(gCTTGce) is significantly more stable than d(gTTCGc), with a AAG°37 of 2.5
kcal/mol, and d(cGAAAQ) is considerably more stable than d(CAAAAQ), with a AAG®3;
of 1.6 kcal/mol (19). Also, they demonstrated that the DNA motif, d(cTTCGg), unlike its
RNA counterpart, is not exceptionally stable. Hirao and co—workers showed that
d(cGNNAg) comprises a stable tetraloop family (28); thisloop contains a sheared GA
pair (29) that is qualitatively similar to the r(GNRA) tetraloop in RNA (21). In addition,
the CG closing base pair makes an important contribution to stability of the d(cGNNAQ)
motif, with aATy = 20 °C relative to a GC closing base pair (29). DNA triloops with the
motif, d(cGNAQ), have a sheared GA base pair and are especially stable (30, 31).

Related structures with sheared GA base pairs form in the d(GCA) triloop witha TA
closing base pair, which may be important in triplet—repeat diseases and human
centromeres (32, 33), and inthe d(GTTA) tetraloop with an AT closing base pair (34).

Despite these advances, many outstanding questions remain for DNA loops: What
are the families of exceptionally stable DNA tetraloops? Do closing base pairs play
important roles in such hairpins? What are the similarities and differences between stable
RNA and DNA tetraloops? Answers to these questions may lead to a better appreciation
of the biological importance of DNA hairpins and to a deeper understanding of the
thermodynamic and structural principles for nucleic acid hairpin stability.

We have been devel oping a combinatorial approach to studying the
thermodynamic stability of structural motifsin nucleic acids. Thisinvolvesa
combination of temperature gradient gel electrophoresis (TGGE) and in vitro selection.
TGGE has been shown to be capable of resolving RNA and DNA molecules with small

differencesin free energy (35-38). In particular, model stem loops with a AAGs; of only
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0.3-0.5 kcal/moal, including AU to UA transversions, were shown to be resolvable by
TGGE (38). TGGE—selections were used to identify RNA triloop hairpins with enhanced
stability and instability (39). Also, an RNA tetraloop library of 4096 sequences was
recently studied with TGGE—selection, and stable tetraloop motifs were identified (40).

Here we introduce the application of TGGE—selectionsto DNA secondary
structure motifs. TGGE—selection of a DNA tetraloop combinatorial library with 4096
members was carried out. We optimized the PCR component of the selection processto
ensure that known examples of stable sequences were present in the final pool. Four
families of exceptionally stable hairpins were isolated and characterized by base

substitution, UV melting, and CD spectroscopy.

2.3 Material and Methods
2.3.1 Preparation of DNA

Solid phase synthesized DNA was deblocked and desalted by the manufacturer
(IDT). Thelibrary has six random nucleotides (N6) to alow both the tetral oop and the
closing base pair to be optimized. The DNA sequences of the libraries are as follows:
Library 1, 5 —-GGGAGAGGATTTAATTTANNNNNNTAAATTGGATCCGCAACG,;
Library 2, 5-GACCCAGCGCGAGGATTTAATTTANNNNNNTAAATTGGATCCG
CAGCCAAGGCC. Library 2 was found to be optimal for the selections and was used in
the mgjority of the experiments. Positions of randomization were prepared by mixing the
four phosphoramidites for a single coupling reactioninal1:1:1:1 ratio. The coupling
reactivities were reported by the manufacturer (IDT) at 10:12:13:15 for A:C:G:T,

respectively; sincethe library was relatively small, many copies of each sequence were
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present. All DNA hairpins used for selections were purified by 10% denaturing PAGE,
crush and soak recovery, and ethanol precipitation as previously described (38). Only the
top half of the band was cut from the gel to help remove n—1 sequences. The DNA
oligonucleotides were stored in TE [=10 mM Tris, 1 mM Na&EDTA, pH 7.5] at —20°C.
Prior to TGGE, theinitial DNA tetraloop library was 5 —end labeled using polynucleotide
kinase and [\—>?P]ATP. Radiolabeled DNAs were desalted and separated from
unincorporated ATP by G-25 size—exclusion Sephadex Quick Spin Columns (Boehringer
Mannheim), and the DNA was quantitated by scintillation counting (Beckman LS 7500)
(38).

For UV melting and CD experiments, minihairpins were designed that have short
stems and the sequence 5—d(ggaX L ;L L 3L 4X'tcc), where ‘X’ and * X" indicate the
closing base pair and ‘L’ indicates aloop nucleotide. For representative sequences, the
purity was confirmed by observation of a single band of end-abeled DNA on denaturing
PAGE (in 8.0 M urea at 50 °C); to prevent secondary structure, a small amount of DNA

was glyoxylated and directly electrophoresed (41).

2.3.2 Temperature Gradient Gel Electrophoresis

The tetraloop library was electrophoresed by perpendicular TGGE in 10%
polyacrylamide (29:1, acrylamide: bisacrylamide) with 2 M ureato favor melting near
the center of the =15 — 60 °C range. The temperature gradient was measured by insertion
of an Omega HH21 microprocessor thermometer directly into the gel, and was linear with
distance across the perpendicular gel. The buffer in the gel and reservoirs was 1X

TBEKSs [= 100 mM Tris, 83 mM boric acid, 1 mM N&EDTA, 50 mM KCI, pH 8.8, at
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20 °C], and gels were pre—electrophoresed for 30 min at 350 V with both water baths
running to equilibrate the temperature in the gel. To minimize dimerization, the
appropriate mixture of DNA strands was renatured in TE by heating for 3 min at 90 °C,
followed by cooling on the bench for at least 10 min. For perpendicular TGGE, 160 uL
of the sample and dye were loaded into a 13—cm lane. For parallel TGGE, 20 pL of
sample without dye was loaded into 10-mm lanes; additional lanes with dye only (= 1x
TBEKSs0, 10 % glyceroal, 0.5 % xylene cyanol, and 0.125 % bromophenol blue) were
loaded for parallel TGGE. Gelswererun at 350 V for 2-2.5 h depending on the
temperature gradient. The gradient was linear with position and did not fluctuate over the
course of an electrophoresis run (39). The reservoir buffers were emptied, mixed, and
refilled every hour to prevent large pH gradients from developing. Analytical gels were
dried on Whatman 3M paper and analyzed using a Phosphorimager (Molecular

Dynamics).

2.3.3 Selection Procedure

For selection, preparative parallel TGGE gels were exposed to film at 4 °C
without drying, and bands were visualized by autoradiography. The desired DNA species
was excised with arazor blade and recovered by crush and soak. Selected DNAs from
Library 1 were annealed with a’5'—*P—abeled top strand primer, 5'—
p* GGGAGAGGATTTAATTT, and a5 -hiotinylated bottom strand primer, 5'—biotin—
CGTTGCGGATCCAATTT. Selected DNAsfrom Library 2 were annealed with a5’ —
%p_| abeled top strand primer, 5'—p* GACCCAGCGCGAGGATTTAATTTA, and a5 —

biotinylated bottom strand primer, 5’ —biotin-GGCCTTGGCTGCGGATCCAATTTA.



PCR buffer (20 mM tris-HCl, pH 8.8, 2 mM MgSO,, 10 mM KCI, 10 mM (NHy) 2SO,
0.1 % Triton X-100, 0.1 mg/mL BSA, 1 mM dNTP) was mixed with primers and
template, and additional MgCl, was added for afinal concentration of 2.5 mM Mg
The PCR reaction (Library 2) was initiated with Pfu turbo DNA polymerase (Stratagene)
and run at 97 °C for 1 min; 15 x (97 °C, 45, 62 °C, 45 s, 72 °C, 90 5); 72 °C, 10 min; 4
°C, 1020 min. The PCR product was affinity purified using streptavidin paramagnetic
particles (Promega), and the top strand was released with 0.15 M NaOH (42). For the
fina selected DNAS, PCR reactions used the top strand primer, 5’ —
GCGCGAATTCGACCCAGCGCGAGGATTTAATTTA-3, which introduced an
EcoR1 cloning site. PCR products were digested with EcoR1 and BamH1, and cloned
into pUC19, with transformation and E. coli DH-5c. growth at 30 °C to minimize
mutations. Sequences of isolated clones were determined by the dideoxy method. To
avoid multiple bandsin four lanes, 1.1 xg single-stranded DNA binding protein (SSB)
was added to the labeling reaction tube (43), and a reverse sequencing primer was used.
Before adding the stop solution, 1 L of proteinase K (0.1 xg/mL) was added to each
tube and incubated at 65 °C for 20 min to degrade the SSB. Only sequences without

mutations in the fixed sequence stem were tabulated.

2.34 UV Médting Experiments

The DNAs used in UV melting studies were minihairpins (see above). UV
absorbance melting profiles were obtained in PyoEp1[10 mM sodium phosphate, 0.1 mM
NaEDTA (pH 7.0)] at 280 nm, using a Gilford Response |1 spectrophotometer with a

heating rate of =1 °C/min. Melts were performed in 5-or 10-mm pathlength cuvettes, at
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aminimum of three different strand concentrations (Cy) ranging from 1 to 50 uM. Melts
were found to be independent of concentration, consistent with the hairpin conformation;
if duplexes were forming, calculations using a nearest—neighbor model predicted a Ty,
change of =8 °C over a 20-fold difference in Ct (10-12, 15, 16), which is outside the
error limits of the experiments (+/— 1 °C). At the start of each experiment, the
minihairpin was renatured in melting buffer by heating to 90 °C. Datafor forward and
reverse melts were similar, consistent with reversibility of the melting transition.
Concentrations were calculated using absorbance values at 90 °C and extinction
coefficients from a nearest—neighbor analysis (44, 45). Thermodynamic parameters were
obtained by fitting to a two—state model with sloping baselines using a nonlinear least—
squares program (46), which provided good fitsto the data. Briefly, this program fits the
data to six variables, the slopes and intercepts of the two baselines and the AH® and AS’
of thetransition. It isassumed that the transition is two-state and that the enthalpy is
independent of temperature. The Ty and AG°3; are calculated from the standard

thermodynamic relationships for hairpins.

2.3.5 Circular Dichroism

Circular dichroism data were obtained with an AVIV 62DS spectrometer at 25 °C
in PyoEg1 and =10 uM Cs, conditions under which the major species was the folded
hairpin for all sequences. Data are the average of three scans from 220 to 320 nmin 1—
nm increments using an integration time of 2s. A buffer blank was subtracted from all
spectra. CD spectra were converted to molar residue ellipticity (Ae in units of M~

cm ) according to equation 1:
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Ae=0/[Cnb33] (2.1
where 0 isthe measured ellipiticity in degrees, C isthe DNA concentration in M, nisthe

number of nucleotides, and b is the cuvette pathlength in cm (0.5) (47, 48).

24  Results
2.4.1 Design and Optimization of the DNA Tetraloop Library

The library was designed with six randomized positions to allow the sequence of
the tetraloop and closing base pair to be investigated (Figure 2.1A, B). In certain cases,
sel ected tetraloops may have Watson—Crick base pairing between positions 1 and 4 of the
loop (see below). Nevertheless, we consider such loops tetraloops rather than diloops
since all Watson—Crick base pairs were not found to substitute at these positions. This
nomenclature has been adopted elsewhere for four—-membered DNA hairpin loops (49).

The fixed sequence portion of the library was designed to incorporate severd
features (Figure 2.1A, B) (38). Primer binding sites are present at the 5'— and 3'- ends of
the hairpin; a staggered stem sequence is used to avoid slipped pairings; and GT wobble
pairs are used to make the downstream BamH1 cloning site unique. The hairpin library
was aso designed with a 12 basepair stem to favor alarge structural change upon
unfolding.

Initially, in vitro selection was completed using DNA Library 1 (Figure 2.1A).
Conditions for the selection included PCR with an annealing temperature of only 50 °C to
accommodate the short primer binding sites, primers that extended only to the
penultimate base pair at the top of the stem, and cloning at 37 °C. However, sequencing

of 47 clones revealed none of the known stable d(GNNA) tetraloop sequences (28). In
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addition, the closing base pair frequencies (in brackets) were GC [29], non—Watson—
Crick [16], AT [1], and CG [1], with no preference towards the known stable CG closing
base pair (29). Apparently, the selection of Library 1 was biased against stable
tetraloops.

To investigate this problem, we performed a PCR reaction on an equal mixture of
Library 1 and a hairpin with the same stem but the stable d(cGAAAQ) motif. Upon PCR,
and cloning and sequencing, no d(cCGAAA(Q) sequences were recovered. In addition,
deletions were observed to occur when cloning at 37 °C. Subsequently, the library was
redesigned as Library 2 (Figure 2.1B), which has extended flanking regions to allow
usage of longer PCR primers and higher annealing temperatures. Also, primers were
extended to the final fixed base pair in the top of the stem to aid disruption of stable
tetraloops. An optimal PCR annealing temperature of 62 °C was determined by gradient
thermocycling. As before, an equal mixture of Library 2 and a hairpin with the same
stem but the stable d(cGAAAQ) loop motif was subjected to PCR, and was cloned at
30 °C. Of the 12 clones sequenced, 6 were random and 6 were d(CGAAAQ) without
mutated stems. Based on this outcome, Library 2 was used in the subsequent TGGE—

selection experiments.

2.4.2 Selection of Stable DNA Tetraloops

Library 2 was subjected to gel electrophoresis with temperature gradients either
perpendicular or parallel to the electric field (Figure 2.1C, D). Moderate concentrations
of urea (2 M) were added to al gelsto tune the Ty, of the DNA library into an

experimentally convenient range (38). Perpendicular TGGE of the initial library (pool 0)
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on a16-57 °C gradient resulted in a smeary melting transition with the major region
between =21-37 °C (Figure 2.1C). The smearing of the transition isin agreement with a
mixed population of sequences with different stabilities. Upper baselines were nearly
coincident for al hairpins as were lower baselines (Figure 2.1C), consistent with similar
folded and unfolded structures (Figure 2.1B). These observations suggest that
differences in electrophoretic mobility on parallel TGGE gels should be associated
primarily with differences in thermodynamic stability.

Parallel TGGE experiments were run between the temperatures of the major
melting transition in perpendicular TGGE (Figure 2.1C, D). Paralel TGGE gels were
designed to enrich for stable sequences, which have faster electrophoretic mobilities (38).
Parallel TGGE of pool 0 (labeled 'Tetraloop Library') revealed one major band with a
smear below it (Figure 2.1D), which suggested that the initial library contains a small
population of exceptionally stable sequences. The lower portion of the smear was excised
and the DNA was amplified by PCR using a5’ —**P—labeled top strand primer and a5'—
biotin—abeled bottom strand primer. The top strand was separated from the bottom
strand as described in the Materials and Methods. Enrichment of stable sequences was
confirmed by faster mobility for pool 1 (Figure 2.1D). Inasimilar fashion, pools 2, 3,
and 4 were obtained from the lower portion of the band from the previous round. Pool 4
was chosen for sequencing and characterization. Electrophoresis of all pools under
completely denaturing conditions revealed identical mobilities (data not shown),
consistent with faster mobility on the parallel TGGE gel being due to differencesin

stability rather than PCR deletion artifacts.
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2.4.3 ldentification of Stable DNA Hairpins

114 clones from pool 4 of Library 2 were sequenced (Table 2.1). Among these,
63 have a CG closing base pair, and 51 have a GC closing base pair. The loops can be
divided into 4 different motifs with the following sequences and frequencies:
d(cGNNAg) [25/114], d(cGNABg) [18/114], d(cCNNGg) [11/114], d(gCNNGc)
[49/114], and other loops [11/114] (Table 2.1).

For the d(cGNNAQ) motif, 13 of the 16 possible sequences were found, and the
closing base pair was amost exclusively a CG [25/26] (Table 2.1). Thisisin agreement
with published loop and closing base pair preferences of the d(cCGNNAQ) motif (28, 29).
Recovery of the d(cGNNAGg) motif aong with numerous other sequences, suggests that
unknown tetraloops present in the final pool may also be stable.

The second motif that was found, d(cGNABQg), appears to be an expansion of the
known stable triloop, d(cGNAQ) (30, 31). For this motif, 9 of the 12 possible sequences
were found, and the closing base pair was exclusively a CG (Table 2.1). Similarity of
loop and closing base pair preferences to the d(cGNNAQ) and d(cGNAQ) motifs suggests
that the d(cGNABg) motif may be related in structure. We are not aware of any prior
reports on this motif.

The other two motifs identified were d(cCCNNGg) and d(gCNNGc). For the
d(cCNNGg) motif, 6 of the 16 possible sequences were found, although only 11 of the
114 clones sequenced fit this motif (Table 2.1). For the d(gCNNGc) motif, 14 of the 16
possible sequences were found (Table 2.1). We are aware of only one study involving
these two motifs, showing that d(gCTTGc) is exceptionally stable (19). This sequence

was originally studied because it is similar to the r(gCUUGC) tetraloop sequence that is



common in rRNA (18) and is exceptionally stable (19). Although similar in sequence
and stability, the d(cCNNGg) and d(gCNNGc) motifs may adopt different folds based
upon CD and mutagenesis studies (see below).

Lastly, 6 sequences (8 clones) were found with CG closing base pairs that did not
conform to one of these motifs, and 2 sequences (2 clones) were found with GC closing
base pairs that did not conform to the d(gCNNGc) motif. For these sequences, 7/8 have a
purine at position 1, with only one having the possibility of a sheared GA between
position 1 and positions 3 or 4. One occurrence of the sequence, d(CGAAGT), was
found. This sequence might form a GAA triloop closed by a CG base pair with abulged
T 3 of the CG base pair. Thiswould be consistent with the observation that the

d(cGAAQ) triloop is the most stable DNA loop sequence investigated (see below).

2.4.4 Thermodynamic Characterization of d(cCGNNAg) and d(cGCABQ) Minihairpins
To determine the stability of the selected tetraloop—closing base pair
combinations, UV melting experiments were conducted on minihairpins. Minihairpins
are stem— oops containing the sel ected |oop—closing base pair combination, but with
stems of only four base pairs (39). These smaller hairpins were used to facilitate two—
state behavior and to suppress alternative folds and kinetically—trapped dimers. Table 2.2
summarizes results of melts on representative sequences from the selection and related
variants. In all cases, melts were conducted between =1 and 50 uM Cs, and parameters
were independent of concentration as expected for hairpins (see Materials and Methods).
The most stable sequence studied was the d(cGCAQ) triloop (not selected), which

had a Ty of 76.1 °C and a AG®s; of =3.7 kcal/mol (Table 2.2). Thissequenceisa
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member of the stable d(cGNA(g) motif that has been previoudy characterized (30, 31).
Sequences from the d(cGNNAQ) and d(cGNABg) motifs were also exceptionally stable
and only dlightly less stable than d(cGCAQ) (see Figure 2.2 for representative melting
profiles and reversibility of melting). For the d(cGNNAQ) motif, 5 sequences were
melted, resulting in Ty values from 72.7 to 68.2 °C, and AG°s; values from -3.3 to —2.6
kcal/mol (Table 2.2). For the d(cGNABQg) motif, 11 sequences were melted, resulting in
Twm values from 67.9 to 64.4 °C, and AG°3; values from —3.1 to —2.0 kcal/mol (Table 2.2).

The closing base pair for the selected d(GNNA) and d(GNAB) loop sequences
was amost exclusively a CG (43/44 occurrences) (Table 2.1). A thermodynamic
investigation revealed a strong preference for a CG (Figure 2.2B; Table 2.3). For the
d(cGNNAg) motif, changing the closing base pair from a CG to a GC for d(GAAA) and
d(GCTA) loops resulted in ATys of —22.3 and —19.9 °C, respectively, and AAG®3;s of 2.0
kcal/mol (Table 2.3). These values are in agreement with ATys from a previous study on
ad(GGCA) loop sequence (29). For the d(cGNABg) moatif, changing the closing base
pair from a CG to a GC for d(GCAC) and d(GCAT) loops resulted in ATys of —17.3 and
—16.3 °C, respectively, and AAG°3;s of 1.9 kcal/mol (Table 2.3). The expected AAG®3;
for aCG to GC switch next to an AT base pair is only 0.16 kcal/mol based on unified
nearest—neighbor parameters (10, 11). These parametersareat 1 M NaCl, whereas the
thermodynamic parameters reported here were measured at =10 mM Na" to minimize
duplex formation; however, preliminary melting experiments for d(GNNA) and
d(GNAB) loop sequences at 1 M NaCl revealed similar AAG®37 and ATy valuesfor CG
to GC or AT closing base pair changes (T. M. Denkenberger and P. C. Bevilacqua,

unpublished data). Thus, for both d(cGNNAg) and d(cGNABQ), the CG closing base pair
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makes a large contribution to overall stability that cannot be explained by the standard
nearest—neighbor model. Similarly large thermodynamic contributions of CG closing
base pairs have been observed for certain RNA tetraloops and triloops (19, 39).

To investigate the d(cGNABg) motif in more detail, changes were made at each
position in the loop and determined the effect on hairpin stability (Figure 2.3). Changing
position 1 from G to | (inosine), which substitutes the amino group of G with a hydrogen,
substantially destabilized the hairpin; for d(GCAT) and d(GCAC) loops, G to |
substitutions resulted in ATys of —12.3 °C and AAG®s;s of 1.5 kcal/mol (Table 2.4).
Likewise, changes at position 3 of the loop substantially destabilized the hairpin;
replacement of the A with T or | resulted in ATys ranging from —12.8 to —9.8 °C, and
AAG°3;s ranging from 1.6 to 1.0 kcal/mol (Table 2.4). In contrast, changes at positions 2
and 4 of the loop resulted in much smaller ATy and AAG®3; effects (Table 2.4). Overall,
the data for substitutions on the d(cGNABg) motif are consistent with the importance of
positions 1 and 3 and the CG closing base pair, and with the unimportance of positions 2
and 4, as expected.

The destabilizing effects of the | substitutions at positions 1 and 3 of the loop are
in agreement with expected effects for a sheared GA base pair between positions 1 and 3.
Indeed, the AAG®3; values for inosine substitutions at loop positions 1 and 3 of the
d(cGNABQ) motif are similar to those for positions 1 and 3 of the d(cGNAQ) motif
(Table 2.2). Thiswould be consistent with d(cGNABQ) representing expansion of

structure of the d(cGNAQg) triloop which contains a sheared GA base pair (30).
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245 Thermodynamic Characterization of d(cCCNNGg) and d(gCNNGc) Minihairpins

The other two motifs found in the selection are d(cCCNNGg) and d(gCNNGc). For
the d(cCNNGg) motif, 4 sequences were melted, resulting in Ty values from 64.9 to
60.6 °C, and AG°3; values from —2.8 to —2.1 kcal/mol (Table 2.2). For the d(gCNNGc)
motif, 6 sequences were melted, resulting in Ty values from 64.1 to 53.9 °C, and AG°s;
values from —2.7 to —1.5 kcal/mol (Table 2.2); the lower value on the d(gCNNGc) motif
is from the one occurrence of a d(gCAGGc) sequence, and the next lowest stability
sequence in this motif has thermodynamic parameters that are similar to the lower ones
for the other motifs. Thus, the d(cCNNGg) and d(gCNNGc) motifs are similar in
stability and only slightly less stable than members of the d(cGNABg) motif.

The closing base pair preferences for the selected d(CNNG) loop sequences was
investigated by UV melting (Figure 2.2B; Table 2.3). Asseenin Figure 2.2B, CG and
GC closing base pair sequences give similar melting profiles for d(CNNG) loops, but not
for d(GNNA) and d(GNAB) loops. Thermodynamic comparisons of CG and GC closing
base pair changes are summarized in Table 2.3; for d(CGAG), d(CGTG), and d(CGCG)
loops, the ATys and AAG®s7s were close to zero, and ranged from 0.9 to 0.1 °C and —0.4
to —0.04 kcal/mol, respectively. In addition, we changed the closing base pair for the
d(CGTG) loop to an AT base pair; compared to a CG closing base pair, thisgave aATy
of —11.4 °C and a AAG°3; of 1.0 kcal/mol (similar values are obtained when comparing
the AT to the GC closing base pair). The expected AAG®37 for aCG to AT switch next to
an AT base pair in the stem is 0.44 kcal/mol based on unified nearest—eighbor
parameters (10, 11). Thus, for d(cCCNNGg) and d(gCNNGc), the closing base pair makes

asomewhat larger contribution to overall stability than expected from a simple nearest—
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neighbor model, although the non—nearest neighbor effect is not as large as for the
d(cGNNAg) and d(cGNABg) motifs.

Similarity of sequences and thermodynamics for the d(cCCNNGg) and d(gCNNGc)
motifs might suggest that these two motifs have the same structure. However, several
melting and CD results suggest that there may be differences. The thermodynamic
effects of swapping positions 1 and 4 of the loop was examined for the sequences
d(cCGTGg) and d(gCGTGc). For d(cCGTGg) this swap resulted in a modest
destabilization, with a ATy of only 5.8 °C and a AAG®37 of 0.61 kcal/mol; in contrast,
for d(gCGTGc) this swap resulted in alarge destabilization with a ATy of —=19.3 °C and a
AAG®37 of 2.1 kcal/mol (Table 2.2). These differences suggest that the d(cCNNGg) and
d(gCNNGc) motifs may not be identical.

Hilbers and co—workers showed that purine—pyrimidine Watson—Crick
complementarity between positions 1 and 4 of a DNA tetraloop leads to a less stable
hairpin than pyrimidine—purine Watson—Crick complementarity (49, 50). Thelow
frequency of purine—pyrimidine Watson—Crick complementarity of positions 1 and 4
found in our selectionsis generally consistent with thismodel. Nevertheless, when such
changes were made, they were less penalizing for CG closing base pairs than for GC
closing base pairs. Studies from Hilbers and co—-workers focused on GC and AT closing
base pairs (49); thus, having a CG closing base pair may improve the ability of the loop
to tolerate purine—pyrimidine Watson—Crick complementarity between positions 1 and 4

of the loop.
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2.4.6 Characterization of Minihairpins by CD Spectroscopy

Circular dichroism is effective at reporting certain changesin nucleic acid
conformation. For example, A—form and B—form dsDNA have distinctive spectroscopic
features, including differing behavior at 260 and 280 nm (40, 51). Circular dichroism
was used to compare the d(cGNAQ), d(cGNNAJg), and d(cGNABg) families. The CD
spectra of sequences from these three motifs are nearly identical, with a maximum near
280 nm and a minimum near 248 nm (Figure 2.4 and 2.8). Similarity among these
spectrais consistent with similar folds for these three motifs. Similarity of d(cGNAQ)
and d(cGNNAg) is expected based on both containing sheared GA base pairs (29,30),
and is also expected for d(cGNABg) based on the thermodynamic effects of substitutions
(Figure 2.3; Tables 2.2-4). In addition, these spectra are similar to that for B—form DNA
(51), suggesting that these loops do not severely distort the stem.

To investigate the d(cGNABQg) motif in greater detail, we examined the CD
spectrafor substitutions at positions 1-4 of the loop (Figure 2.5). As expected from
thermodynamic studies and selection statistics (see above), changes at 1 and 3 of the loop
resulted in changesin the CD spectra (Figure 2.5A, C). In both cases, the dlipticity
changes at the maximum and minimum are less intense, with subtle changes elsewherein
the spectrum. Changes at position 4 of the loop did not affect the CD spectrum, as
expected from thermodynamic studies and selection statistics (Figure 2.5D). Also, most
of the changes at loop position 2 did not affect the CD spectrum, with the exception of a
G substitution (Figure 2.5B). Thisresult was unexpected and gave rise to alessintense
peak at 280 nm, a shoulder at =255 nm, and a minimum at =240 nm. Subtraction of the

d(cGGACqg) and d(cGCACqg) spectraresulted in atrace that was qualitatively similar to
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that reported for the dinucleotide, d(GpGp) (52)(Figure 2.6). This result suggests that the
two Gsin d(cGGACg) may stack strongly. Thiswould be consistent with the structure of
d(cGAAQ), inwhich the G and A at positions 1 and 2 of the triloop stack (30).

The CD spectra of representative d(cCCNNGg) and d(gCNNGc) sequences were
also compared (Figure 2.7). The CD spectrafor d(CGAG), d(CGTG), and d(CGCG)
loops were similar when the closing base pair was CG; likewise, the CD spectra of the
loop sequences were similar when the closing base pair was GC (Figure 2.7A).
Interestingly, these two sets of spectra differed from each other. Although they both
show a maximum at =285 nm, the spectrawith a CG closing base pair have a shoulder
near 255 nm and a minimum at =240 nm; the spectra with a GC closing base pair, on the
other hand, have a minimum at =255 nm without a shoulder (Figure 2.7A). These
differences occurred despite identical base composition. This suggests that the structures
of these loops may change depending on the closing base pair, although we cannot judge
the nature or extent of these differences at this time.

To investigate these differences in more detail, CD spectra were compared for
swapping positions 1 and 4 of the loop for d(cCGTGg) and d(gCGTGc). As mentioned
above, this swap resulted in a more severe thermodynamic destabilization for d(gCGTGc)
than d(cCGTGg). The CD spectrafor d(cCGTGg) and d(cGGTCg) have very similar
shapes (Figure 2.7B). This suggests that the swap of position 1 and 4 does not change the
structure of the loop significantly, consistent with the small destabilization observed for
thisswap. In contrast, the CD spectrafor d(gCGTGc) and d(gGGTCc) have different

shapes, with the maximum at 285 nm diminished and moved to =280 nm, the minimum

shifted from 255 nm to =238 nm, and a shoulder appearing at 255 nm, much like the
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spectrum for the d(cCNNGg) sequences (Figure 2.7C). Thisresult indicates achangein

the structure of the loop, consistent with the significant destabilization observed for this

swap.

2.5 Discussion

The TGGE—selection method was originally devel oped as away to isolate RNA
sequences that have unusual thermodynamic stability for a given motif. The method has
been successfully applied to RNA model systems, and to triloop and tetraloop libraries
(38, 40). Invitro selection can also be applied to DNA. For example, DNA aptamers to
avariety of ligands have been isolated (42, 53), and catalytic DNA molecules have been
evolved (54). We carried out in vitro selections on DNA libraries using TGGE and
isolated stable DNA tetraloop sequences. These sequences should be useful for
prediction of DNA structure from sequence and for understanding the importance of
DNA stemoopsin nature.

One of the desired features of TGGE—selectionsis that they be exhaustive. We
optimized the library and PCR conditionsin order to recover known stable tetraloops
including d(gCTTGc) and d(cGNNAg) sequences (19, 28), and showed that selected
unknown tetraloops are also thermodynamically stable when embedded in small hairpins.
In addition, we are not aware of other stable DNA tetraloop sequences that were not
found in the selection. Observation that family members appeared multiple times as well
as the presence of 75% or more of possible members of afamily are indications that the
selection is exhaustive, or nearly so. (d(cCCNNGg) had 37% of sequences possible, but

only 11 clones of this motif were sequenced and half of them were seen multiple times).
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Nevertheless, the possibility remains that entire families, or unique sequences were
missed. The sequencing technique in section 2.6.3 should help to improve the
exhaustiveness of these selections. Thisis desirable since one can now search for DNA
tetral oop—closing base pair combinations in nature that are known to be
thermodynamically stable. These sequences should help towards devel oping hypotheses
on biological functions of stable DNA stem—oops. Also, these sequences should help
towards an understanding of why certain sequences are not found in nature; for example,
thermodynamic stability may be undesirable for certain functions which required a more
dynamic structure (40).

Of the tetraloop motifs found, three appear to be unknown or only partially
studied. The d(cGNABg) motif appearsto be closely related to the well-known
d(cGNNAg) and d(cGNAQ) motifs, both of which have been structurally and
thermodynamically characterized (19, 29-31). The d(cGNAg), d(cGNNAg), and
d(cGNABg) motifs have a strong thermodynamic preference for a CG closing base pair
(Tables 2.2-2.4) and the potential for a sheared GA base pair in theloop (Table 2.4). In
addition, the CD spectra are similar for sequences from these motifs (Figure 2.4 and 2.8).
Both the d(cGNNA(Q) and d(cGNABg) motifs appear to be related to the d(cGNAg) motif
through expansion of the triloop with an extra nucleotide. Similar behavior has been
reported for RNA loops; for example, the r(cGNRAQ) tetraloop motif can be expanded to
a penta— or hexaloop motif (55).

The d(gCNNGc) and d(cCNNGg) motifs appear to be unrecognized in the
literature, although a few individual sequences from the d(gCNNGc) motif have been

characterized. The sequence, d(gCTTGc), isrelated to the RNA loop, r(gCUUGC),
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which is common in rRNA (18), and was found to be exceptionally stable (19). Most of
the possible d(gCNNGc) sequences (14/16) were found in the present study, and these
sequences are also exceptionally stable. In addition, the structure of variants related to
d(gCNNGc) have been studied (see below).

The similarities and differences between stable RNA and DNA tetraloops are of
interest. Tetraloops with sheared GA pairs occur in both cases, loops can be expanded
with extra nucleotides, and CG closing base pairs can make unusual contributions to the
stability of certain loops. Also, both RNA and DNA have alimited number of stable
loops with GC closing base pairs; in these cases, C and G are required at positions 1 and
4 of the loop, respectively. The structures of these loopsin RNA and DNA may be
similar as well.

The structure of the r(gCUUGC) revealed Watson-Crick base pairing of the
closing base pair and of the first and last bases in the loop, with the U at loop position 2
hydrogen bonding with these two base pairs in the minor groove (56). NMR studies on a
hairpin with the loop, d(g*CTAGc) (°C = arabinofuranosylcytosine), also showed
Watson-Crick base pairing of the closing base pair, and of the first and last basesin the
loop, with theloop T in the minor groove (57). Furthermore, NMR and model building
suggested that the loop, d(aCTTGt), forms a similar structure (49), as does the |oop of
d(m’CGM’CGTGM’CG) (m° = 5-methyl cytosine) (58). Therefore, it is possible that
d(gCNNGc) sequences, in generd, fold into a structure that is similar to that found for
r(gCUUGC), athough the details of these structures and loop position 2 interactions are
presently unknown. Recently, we found examples of both r(cCNNGg) and r(gCNNGc)

motifs in a selection on RNA tetraloops (40). Aswith the DNA tetraloops (Figure 2.7),



the CD spectrawere very different for RNA loops with the same CNNG loop, but with
CG versus GC closing base pairs (P. C. Bevilacquaand D. J. Proctor, unpublished data).

Differences also exist between RNA and DNA hairpin loops. The stable
r(cUNCGQ) tetraloops are not stable as DNA sequences (19), whereas the stable
d(cGNAQg) triloops are not stable as RNA sequences (59). In addition, in RNA, r(GNRA)
isastable motif, and in DNA, d(GNNA) is a stable motif; apparently, thisis because the
N7 of the purine at position 3 of the r(GNRA) makes a hydrogen bond to the 2’ OH of the
G at position 1 of the loop (21, 60). It is hoped that comparison of the properties of
stable RNA and DNA hairpin loops will help drive understanding of the structural and
thermodynamic principles for hairpin folding.

DNA hairpins are found numerous times in nature and have a number of
important biological functions (1). Others have pointed out that the d(cGNAg) motif
occurs in regions of DNA implicated in transcriptional regulation in bacteriophage N4
double-stranded DNA (61), and that the d(cGNNAQg) motif occurs in the replication
origin of phage G4 single-stranded DNA (62). We have also found instances in which
the d(cGNABg) motif occursin nature. For example, the sequence repeat, d(GTAC),,
has been shown to favor cruciform extrusion in plasmids (63). This sequence has the
potential of forming ad(cGTACg) tetraloop motif in both strands of the cruciform. The
d(cGTACg) sequence was found in our selection and was the most stable d(cGNABQ)
sequence melted (Tables 2.1 and 2.2). Although d(cGNAQ) sequences are slightly more
stable than d(cGNABQ) sequences (Table 2.2), the latter motif can be palindromic and
thus has the potential to drive the formation of stable loops in both strands of the DNA,

which may be an important determinant for cruciform formation.
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An additional occurrence of ad(cGNABg) motif was found. Habig and Loeb
found that a small DNA hairpin negatively regulates priming during reverse transcription
in avian hepatitis B virus (HBV) (64). In duck HBV, the small hairpin is capped with the
stable triloop motif, d(cGAAQ), whereas in heron HBV, the small hairpin is capped with
the stable tetraloop motif, d(cCGAATQ), found twice in our selections (Table 2.1). Habig
and Loeb found that disrupting the CG closing base pair with a CC or GG mismatch led
to enhanced priming near this hairpin, but that inverting this closing base pair to a GC
only partially restored blocked priming (64). (The GC closing base pair was 2.2—fold
poorer than the CG in negatively regulating reverse transcription.) The inability of the
GC closing base pair to regulate reverse transcription to the full extent of the CG closing
base pair is consistent with the poorer thermodynamic stability of GC closing base pairs
for the d(GNAB) motif (Table 2.3). It should prove interesting to see if stable DNA

tetral oops play other important roles in nature.

2.6  Additional Studies

We desired to have an exhaustive selection in order to give atrue representation
of the stable sequencesin thelibrary. The present study is believed to be exhaustive
because of the specific measures taken and outcomes on controls (see section 2.4.1). In
review, the primer binding sites were lengthened and the PCR annealing temperatures
were raised in order to disrupt any residual secondary structure present during PCR. In
addition to the DNA tetraloop selection presented above, other selections were attempted
and the problems, as well as possible new insights will be reviewed. Finally, work has

begun on a new sequencing technique that should allow the timely and economical
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sequencing of multiple clones at once, allowing for a better representation of the selected
sequences. The optimizations presented should be beneficial for future selectionsin the

|aboratory.

2.6.1 PCR Optimization for RNA Tetraloop Studies

Previously, in vitro selection studies using TGGE were completed in our
laboratory on RNA tetraloops (40). Although known stable r(cCUNGCg) sequences were
selected, the similarly stable cGNRAg sequences were not (19). Thus, those RNA
selections were not exhaustive. To troubleshoot this problem, melts and control TGGE
gels of r(cGNRA(Q) embedded in the stem used in the selection were carried out. These
experiments indicated that absence of r(cCGNRAg) from the selection was not due to lack
of stability or unusually gel mobility (40). We then noted that the cGNRAg loop
sequence motif is stable both in RNA and DNA, and therefore hypothesized that a DNA-
specific step was causing the problem. Note that the RNA-specific step of reverse
transcription has always been performed at the elevated temperature of 60 °C to promote
read-through of stable structure. It thus seemed likely that the PCR step was somehow
selecting against this stable DNA motif. Asdiscussed earlier in this chapter, this
phenomenon posed a similar problem with DNA, which was corrected by alteration of
the PCR primer binding sites and temperature cycling (Figure 2.1A and B). We therefore
took a similar approach to try to improve the exhaustiveness of the RNA selections.

Asin the DNA tetraloop study, the primer binding sites were lengthened and the
annealing temperature was increased to 62 °C (section 2.4.1). Thiswas done to facilitate

read-through of stable DNA motifs. Next, a 50:50 mixture of ar(GAAA) sequence and a
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random library, both having the same stem, was amplified and sequenced. In addition, a
rever se sequencing primer was used to sequence the bottom strand rather than the stable
top strand and hopefully avoid multiple bands in the four lanes caused by the possible
residual stable secondary structure in the top strand. Reverse transcription was carried
out using AMV (Roche) and the PCR reaction was initiated with TAQ (Clontech) and run
at 97 °C for 1 min; 15x (97 °C, 45 s, 62 °C, 45s; 72 °C, 90s); 72 °C, 10 min; 4 °C,

10-20 min. The PCR products were digested with EcoRI and BamHI and cloned into
pUC19, with transformation and E. coli DH-50. growth at 30 °C rather than 37 °C to
minimize mutations. Sequences of isolated clones were determined by the dideoxy
method. Sequencing of 16 randomly selected clones yielded 8 cGAAAQ, 7 different
random sequences, and 1 mutated stem. This distribution indicates that a future selection
of the RNA tetraloop with these amplification procedures should yield an exhaustive

selection.

2.6.2 Selectionsfor Penultimate Basepairs

| completed an additional TGGE selection, attempting to select for stable
pentaloopsin RNA. We used two different libraries for this, one was afully randomized
N7 library, and the other was alibrary that forced the first and seventh nucleotides to pair
in an effort to avoid heptaloops. After 4 rounds of selection, 12 clones total from the two
libraries were sequenced, which resulted in 1 pentaloop, 1 heptaloop, 7 triloops and 3
sequences that could not be determined. In hindsight, the prevalence of triloopsin this

selection was not surprising because atriloop from this library has an additional basepair
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