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ABSTRACT
The hepatitis delta virus (HDV) ribozyme is unique it its mechanism, as it
employs both nucleobase and metal ion in its catalytic mechanism. The functional
role of cytosine 75 (C75) has been established as that of a general acid based on
kinetic assays, mutagenic assays, Raman spectroscopy, and x ray crystallographic
studies. Recent biochemical, crystallographic, and computational studies have
identified a catalytic metal ion at the active site and indicate the functional role of the
metal ion in the mechanism. The most recent crystal structure of the ribozyme
implicated the metal ion in multiple interactions at the active site, including
interactions with the scissile phosphate. The disorder at the active site required the
scissile phosphate to be modeled in from the active site of the hammerhead ribozyme,
thereby raising questions about the existence and the nature of the interactions in
solution. In this thesis, the focus is on the various interactions of the catalytic metal
ion, the scissile phosphate, and C75 at the active site. In addition to investigating and
identifying the interactions, the thesis also focuses on the catalytic mechanism, and
the effect of metal ions on the reaction pathway.
The focus of Chapter 2 is the interactions of the scissile phosphate at the
active site. In particular, the interactions of the non-bridging (pro-RP and pro-SP)
oxygen atoms are discussed. The assays utilized for the study include
phosphorothioate substitution followed by metal ion rescue with thiophilic metal ion.
The replacement of the pro-SP oxygen atom with sulfur was found to have no effect
on the rate, whereas the replacement of the pro-RP oxygen atom with sulfur was
found to decrease the rate considerably (~1000-fold, for the slower phase), in
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comparison to the wild-type oxo substrate. The subsequent metal ion rescue with
Cd2+ was found to be stereospecific for the RP substrate, implicating a direct
interaction between the metal ion and the pro-RP oxygen. The study also investigated
the interaction between the pro-RP oxygen and C75, and found that the interaction
may be redundant in the presence of multitude of interactions at the active site. This
work is not only a fundamental biochemical study relating structure-function in
ribozymes, but also an example of the significance of complementing
crystallographic data with biochemical studies to obtain a comprehensive picture of
intricate reaction mechanisms.
The focus of Chapter 3 is determining the mechanistic pathway of the HDV
ribozyme catalysis using theoretical calculations (quantum mechanics/molecular
mechanics- QM/MM) complemented by biochemical assays. QM/MM simulations
showed unique pathways in the presence of monovalent (Na+) ions alone versus
divalent metal (Mg2+) ions, which agree well with earlier experimental findings from
our lab. The energy barrier obtained in the presence of Na+ was found to be lower
than that in the presence of Mg2+, which contradicted experimental observations.
Thus, further experimental studies were conducted in an effort to resolve the
discrepancy in the theoretically calculated energy barriers. The biochemical
experiments were designed to compare the pKa of 2’OH in RNA in the presence of
monovalent and divalent metal ions, since the energetic contribution of 2’OH
deprotonation was not accounted for in the theoretical calculations. The pKa of the
2’OH was determined using two different approaches: kinetic and NMR, and both
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showed that divalent metal ions lower the pKa of 2’OH to favor deprotonation as
compared to monovalent metal ions.
The focus of Chapter 4 is utilizing inverse thio effects as a general
mechanistic diagnostic in ribozyme catalyzed reactions. As mentioned before,
QM/MM simulations have shown that the HDV ribozyme reaction goes via a
sequential mechanism through a phosphorane intermediate in the presence of Na+,
and a concerted mechanism through a transition state in the presence of Mg2+. In
addition, preliminary studies conducted in the presence of Na+, showed a normal thio
effect for the RP substrate, but an inverse thio effect for the SP substrate. The inverse
thio effect was a unique stereospecific feature, and further studies were conducted to
understand the origin of the effect. In the presence of both monovalent and divalent
metal ions in group I and IIA, larger diffuse metal ions were found to show an inverse
thio effect (Na+: 5-fold, K+: 6-fold, Ba2+: 3-fold). To probe the possible link between
the inverse thio effect and sequential mechanistic pathway (scenario 1), a model
oligonucleotide cleavage assay was used that is known to go via a sequential
mechanism. Inverse thio effects were observed for the model oligonucleotide albeit
the effects were subtle (2-fold), and hence the results were not able to provide
conclusive evidence. In addition, classical molecular dynamics (MD) studies were
also performed to investigate a new inhibitory interaction between the 2’OH and the
pro-SP oxygen atom (scenario 2). The interaction was found to exist only in the
presence of Na+. Thus, the loss of the inhibitory interaction between the 2’OH and the
pro-SP atom in the case of the SP substrate may give rise to the inverse thio effect in
the presence of Na+. To distinguish and identify the scenario that results in the inverse
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thio effect, future experiments and calculations are also discussed. Overall the work
presented in this thesis, provides evidence for certain key interactions involving the
scissile phosphate and attempts to provide a general diagnostic for the mechanistic
pathway in ribozymes.
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Chapter 1
Introduction

[Portions of this chapter are part of a book chapter titled “Experimental Approached for
Measuring pKa’s in DNA and RNA” by Pallavi Thaplyal and Philip C. Bevilacqua in
Methods in Enzymology, 2014, in press]

1.1

Structural and Functional Diversity of RNA
RNA is no longer considered an insipid intermediary in the flow of genetic

information. The active role of RNA in protein synthesis, gene expression, and catalysis
has confirmed RNA to be a versatile macromolecule, instrumental in many biological
processes.1–8 The extent of functional diversity of RNA is still underexplored; with recent
studies suggesting that the functions of a majority of transcribed RNA in the human
genome are still unknown.9
RNA performs its diverse functions by utilizing its building blocks: a ribose
sugar, phosphate backbone, and four nucleotides. Sites of ionization and unperturbed pKa
values of the different components of RNA are provided in Figure 1.1. Typically, all four
nucleobases are uncharged at biological pH: A and C are unprotonated on their imino
nitrogens, while G and U are protonated. Under acidic pH conditions the imino nitrogens
of A and C protonate and become cationic with unperturbed pKa values between ~3.64.3,10 while under basic pH conditions the imino nitrogens on G and U deprotonate and
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become anionic with unperturbed pKa values near ~9.2-9.6.10 Each phosphodiester in the
backbone has a low pKa, near ~1, and so is negatively charged. Any terminal phosphate is
a monoester and has potential for being dianionic, with the higher pKa being near
neutrality. The 2’OH of the ribose sugar has a high pKa, between ~12 to 14, and so is
neutral at biological pH. Ionization of the 2’OH is important for reactions involving
RNA as the enzyme (ribozyme catalysis).10–12

Figure 1.1. Sites of protonation and pKa’s of the four nucleobases and the ribosephosphate backbone. Note that all unperturbed nucleobases are primarily in their neutral
form at biological pH (~7.2). All nucleobase ionizations are on the Watson-Crick imino
nitrogens, which are numbered, except for the left-hand ionization of guanosine, which is
on the Hoogsteen face N7.
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1.2

RNA Catalysis
Ribozymes (RNA enzymes) catalyze the cleavage of the phosphodiester bond.

Typically, the reaction pathway for ribozymes proceeds via an SN2-type in-line attack
that yields a trigonal bipyramidal transition state or intermediate, resulting in an inversion
of configuration of the non-bridging oxygen atoms at the scissile phosphate (Figure
1.2.A and B; pro-RP oxygen atom in green, pro-SP oxygen atom in red).13–16 Based on
the size of RNA, the attacking nucleophile, and the leaving group, ribozymes are
classified into two main types: large and small ribozymes (Figure 1.2). Group I and II
introns and RNase P, which fall under the category of large ribozymes, utilize an
exogenous nucleophile that attacks the scissile phosphate resulting in 2’,3’ cis-diol and
5’phosphate termini (Figure 1.2.A).6,7,17–20 On the other hand, hepatitis delta virus
(HDV),21,22 hairpin,23 hammerhead,24 glmS,25 Varkud satellite (VS),26,27 and the newly
discovered twister,28 which fall under the category of small ribozymes, utilize the vicinal
2’-hydroxyl as the nucleophile that attacks the scissile phosphate resulting in a 2’,3’
cyclic phosphate and a 5’-hydroxyl termini (Figure 1.2.B).18–20 In spite of the differences
in the nucleophile and leaving group, large and small ribozymes’ mechanisms are similar
in that both require deprotonation of the 2’OH (3’OH for large ribozymes), stabilization
of the dianionic transition state (or intermediate), and protonation of the leaving group.
With pKa’s naturally away from neutrality the building blocks of RNA may not
seem up to task of performing general acid-base catalysis under biological conditions
(Figure 1.1). It is well known, however, that individual pKa’s in an RNA molecule can
be perturbed from the aforementioned values by factors such as secondary and tertiary
structure, including hydrogen bonding, stacking, phosphate positioning, and metal-ion
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coordination.29–35 Such pKa shifting enables RNA to perform specialized catalytic and
molecular recognition functions under biological conditions.

Figure 1.2. Mechanistic pathways of different classes of ribozymes. A) Mechanistic
pathway of large ribozymes wherein an exogenous nucleophile attacks the scissile
phosphate to yield a 2’,3’ cis-diol and a 5’phosphate termini. B) Mechanistic pathway of
small ribozymes wherein an activated vicinal 2’OH attacks the scissile phosphate to yield
a 2’,3’ cyclic phosphate and a 5’OH termini. The attacking nucleophile is shown in blue
and the leaving group in pink. The red and green spheres denote the pro-SP and the proRP non-bridging oxygen, respectively. Both the mechanisms are shown to go via a
trigonal bipyramidal transition state, but the mechanism in small ribozymes may also
proceed via a phosphorane intermediate as described in this thesis (Chapter 3 and 4). The
scissile phosphate undergoes an inversion of configuration in final product in both
mechanisms.
1.3

Role of Nucleobase in RNA Catalysis
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Nucleobases play a pivotal role in the reaction mechanism of ribozymes. In large
ribozymes divalent metal ions are required for catalysis,36 but small ribozymes can
undergo catalysis without the presence of divalent metal ions in the presence of high
concentration of monovalent metal ions.34,37–39 Nucleobases are known to participate in
catalysis via hydrogen bonding in transition state, providing a binding pocket for the
catalytic metal ion or via stabilization of the leaving group through proton transfer and
hence participation in the general acid-base catalysis. Various experimental studies on
different ribozymes, have found shifted pKa’s of nucleobases to enable catalysis under
biological conditions.34,35,40 There is still debate about the catalytic mechanism of some
small ribozymes and which moiety acts as the general acid/base, but it is well known that
nucleobases play an extremely important role to enable and enhance catalysis. In the
HDV ribozyme, it is well established that C75 plays the role of a general acid. A detailed
discussion about the role of C75 is provided in Section 1.6.
1.4

Role of Metal Ions in RNA Catalysis
Metal ions can contribute to RNA catalysis both directly and indirectly. Metal-

coordinated water molecules can participate directly in catalysis by proton transfer or
Bronsted acid-base chemistry: abstraction from the nucleophilic moieties or proton
transfer to the oxyanion leaving group. In addition, metal ions can stabilize the dianionic
transition state or the oxyanion leaving group via Lewis acid catalysis. Indirectly, metal
ions help stabilize the phosphodiester backbone electrostatically and assist the tertiary
compaction of RNA.18,36,41,42
The interaction of divalent metal ions can be classified into diffuse or chelated
(Figure 1.3).43 Diffuse metal ions interact with RNA via long-range electrostatic
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interactions through metal-bound water molecules and are kinetically labile (Figure
1.3.A). Chelated metal ions are thermodynamically bound at a specific site, and can be
further classified into outer-sphere, where a metal ion interacts with RNA through its
hydration sphere (Figure 1.3.B) or inner-sphere, where a fully or partially dehydrated
metal ion interacts with RNA (Figure 1.3.C).43

Figure 1.3. Different interactions between metal ions and RNA.43,44 A) Diffuse
interaction, wherein the hydration sphere of the metal ion (shown in dotted lines) does
not interact with the hydration sphere of the phosphate ligand. B) Outer-sphere chelated
interaction, wherein the metal ion interacts with the phosphate ligand through its
hydration sphere. C) Inner-sphere chelated interaction, wherein the metal ion and its
ligand make a direct interaction, without intervening hydration spheres. The metal ion is
shown in purple, the hydration sphere of the metal ion is shown in light blue and is
encompassed in a dotted circle, the hydration sphere of the phosphate ligand is shown in
grey, the phosphorus atom is shown in green, and the oxygen atoms are shown in light
pink.
In large ribozymes divalent metal ions have been found to be indispensable, and
are directly coordinated at the active site to assist in catalysis.18,19,45–47 High metal ion
specificity is generally exhibited in these ribozymes with a strong preference for Mg2+. In
small ribozymes such as hammerhead, glmS, VS, HDV, and hairpin, catalysis can
proceed in the absence of divalent metal ions (in high monovalent metal ion
concentrations) although at reduced rates (up to 1000-fold), and there is often a lack of
specificity for any particular divalent ion.34,37–39 Indeed, the contribution of divalent metal
ions is mostly structural, with catalytic contribution ranging between only 10-25-fold in
6

hammerhead and HDV ribozyme.37,48 Considering the various roles and interactions
metal ions participate in, it becomes important to investigate not just the overall
contribution of metal ions but also to understand the identity of specific metal ion-ligand
interactions.
1.5

Thio Effect and Metal Ion Rescue Studies
Various techniques have been utilized to identify metal-ion ligand interactions in

ribozymes. These include spectroscopic techniques such as Raman spectroscopy, kinetic
analysis, X-ray crystallography, nucleotide analog interference mapping (NAIM), heavy
atom isotope effects, metal ion rescue, and computational studies.36,49–51 The small
amount of RNA required, specificity, ease of obtaining thio-substituted substrates, and
the large effect (and subsequent large rescue) observed, make metal ion rescue studies a
powerful technique to identify metal ion-ligand interactions.
Metal ion rescue studies are of particular importance to this thesis and are
described here in some detail. These studies exploit the differential affinities of different
metal ions for two ligands. The interaction between Mg2+ and oxygen is a strong, hard
acid-hard base kind of interaction. In a phosphorothioate experiment, the hard basic
ligand (oxygen) is replaced with a soft basic ligand (sulfur), and the rates of the wild type
substrate and the thio-substituted substrate are compared, which is then quantified as the
thio effect. In some cases, this phosphorothioate substitution has no effect on the catalytic
rate i.e. the observed in the presence of wild type substrate (koxo) is the same as that
observed in the presence of the thio substrate (kthio) (Scheme 1.1, right panel). However,
when there is an interaction between the metal ion and the ligand, the replacement of the
non-bridging (or bridging) oxygen with sulfur results in a change in the coordination with

7

metal ion thereby affecting the catalytic rate (kthio <<< koxo) (Scheme 1.1. left panel).
Such an observed decreased catalytic rate is not sufficient to implicate the ligand in an
interaction with the metal, however, as the decreased rate may be a result of a non-metalmediated effect (e.g. S could interfere with a phosphate-base interaction). To establish an
interaction between the metal ion and the ligand, a decreased catalytic rate must be
subsequently “rescued” by a thiophilic metal ion (such as Cd2+ or Zn2+), which is denoted
as metal ion rescue (Scheme 1.1); a thiophilic metal ion would not rescue a phosphatebase interaction, for example.
The metal ion rescue depends upon the identity of the thiophilic metal ion used.
Irving and Williams52 series of stability of metal-sulfur complexes follows the order:
Cd2+>Zn2+>Ni2+>Co2+>Mn2+. Thus, if the cation softness is increased by using metal ions
like Mn2+, Zn2+, Co2+ or Cd2+, the coordination with sulfur should increase, although
Mn2+ can be a poor choice since it is also oxophilic. Detailed mathematical equations
defining both thio effect and metal ion rescue are provided in Chapters 2 and 4.

8

Scheme 1.1. Schematic illustrating thio effect and subsequent metal ion rescue with
a thiophilic metal ion. The pro-RP and pro-SP oxygen atoms are shown in green and
blue, respectively. The thiophilic metal ion (in this case Cd2+) is added in the background
of Mg2+ to ensure native folding of the RNA. Note: The schematic shows thio effect and
subsequent metal ion rescue at the pro-RP position of the non-bridging oxygen atoms, but
metal ion rescue studies can also be carried out on bridging oxygen atoms.
Metal ion rescue studies have been widely employed in identifying various metal
ion-ligand interactions in Tetrahymena group I intron,45–47 hammerhead ribozyme,53–56
and more recently in elucidating the role of RNA in the pre-mRNA splicing mechanism.3
Table 1.1 provides a few examples of metal ion rescue studies on the Tetrahymena group
I intron and the hammerhead ribozyme,24,56,57 which helped link catalytic metal ions to
essential ligands. In Tetrahymena ribozyme, the sulfur substitution on the bridging
oxygen (3’O) and subsequent rescue resulted in the identification of the catalytic metal
ion coordinated to the 3’bridging oxygen (Table 1.1). Though not shown in the table, the
work on Tetrahymena group I intron was extended to identify two more metal ions using
9

dithioate substitution (3’O and non-bridging oxygen) as well as substitution of the 2’OH
(to 2’NH2) and subsequent metal ion rescue with thiophilic metal ions.45–47
In the hammerhead ribozyme, extensive work has been done on both the complete
ribozyme (which has multitude of tertiary interactions), and the truncated version of the
ribozyme. The truncated version of the ribozyme with its loosely packed active site
undergoes a large decrease (~20,000-fold) in reaction rate when a large sulfur atom
replaces the non-bridging oxygen. On the other hand, the complete ribozyme with its
compact structure and multitude of tertiary interactions, is not as affected by the
replacement of the non-bridging oxygen (thio effect ~100-fold).56 Both the truncated and
complete versions of the ribozyme show a metal ion rescue of the RP substrate with Cd2+
and to some extent with Mn2+ and Zn2+, indicating an interaction between the metal ion
and the pro-RP oxygen. The metal ion rescue is shown to be highly dependent upon the
thiophilic metal ion so much so that in some cases metal ion rescue is only observed in
the presence of a unique metal ion.45
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Table 1.1. Thio effect and metal ion rescue on the Tetrahymena group I intron and
the hammerhead ribozyme

Enzyme

Thio
Effect
RP
1200

Metal Ion Rescue
Mn2+
Cd2+
Zn2+
330

3000

Hammerhead48

100

NA

Hammerhead21
(Truncated)

~4500

Hammerhead21
(Truncated)

~18000

Tetrahymena
Group I Intron
(phosphorothiolate)49

1.6

Metal Ion Rescue
Mn2+
Cd2+ Zn2

151

Thio
Effect
SP
NA

NA

NA

NA

10

NA

2

NA

2

NA

NA

~4000

NA

2

NA

1

NA

NA

~4000

NA

2

NA

1

NA

+

Hepatitis Delta Virus Ribozyme
The hepatitis delta virus (HDV) ribozyme is an ~ 85 nucleotides long, self-

cleaving ribozyme

21,22

The secondary structure of the ribozyme is comprised of five

pairing regions P1, P1.1, P2, P3, and P4. The pairing regions P1, P1.1, and P4 stack
coaxially and interact with coaxially stacked pairing regions P2 and P3 through a double
pseudoknotted structure (Figure 1.4). HDV ribozyme has garnered special interest
because of findings of HDV-like ribozyme in the human genome and all kingdoms of
life, including plants, fungi and insects.58,59 The reaction catalyzed by HDV is archetypal
of small ribozymes - a phosphodiester cleavage reaction involving an attack on the
scissile phosphate by the 2’OH of N-1 to leave 2’, 3’-cyclic phosphate termini on N-1
and a 5’-OH on N1 (Figure 1.2.B).
HDV is unique in its catalytic mechanism, as it utilizes both metal ion and
nucleobase catalysis in its mechanism.34,60,61 Divalent metal ions are known to contribute
both structurally (~125-fold) and catalytically (25-fold, mentioned above) to the reaction

11

mechanism of the HDV ribozyme.48 Biochemical studies strongly support the role of
hydrated Mg2+ ion in the activation of the nucleophile. The reaction mechanism does
proceed in the absence of divalent metal ions albeit extremely slowly (~1000-fold
slower), and only in very high concentration of monovalent metal ion (~ 1M NaCl). 34,38

Figure 1.4. Structure of the HDV ribozyme. A) Secondary structure of the cis-cleaving
HDV ribozyme. The ribozyme is 85 nucleotides long, and the pairing regions, P1, P1.1,
P2, P3, and P4, are all color-coded. The red arrow depicts the site of cleavage. B) Crystal
structure (PDB: 3NKB) of the most recently solved trans-cleaving ribozyme.62 The colors
of the pairing region correspond to those in panel A.
Nucleobase C75 is known to play a pivotal role in the catalytic mechanism of the
HDV ribozyme. Initial experiments implicating C75 in the catalytic mechanism utilized
mutagenic studies in which transcripts with a deleted C75 or C75 mutated to U were
found to be inactive.63 The loss of activity could be rescued by the addition of exogenous
imidazole64 suggesting a role in proton transfer, which was supported by Bronsted
studies.63,65 Kinetic studies that provided pH-rate profiles in the presence of Mg2+
12

revealed a shift of the pKa for C75 by 2-3 units toward neutrality, and an inverted profile
in the absence of Mg2+.34,66,67 Raman studies on crystals of a pre-cleaved genomic
ribozyme corroborated the shifting of C75’s pKa toward neutrality.68 Critical evidence for
the role of C75 as the general acid was provided by mutagenic studies, wherein a hyperreactive phosphorothiolate substrate was used in the presence of a C75U mutant.61 The
catalytically inactive C75U mutant was found to carry out cleavage in the presence of the
hyper-reactive leaving group, which supported the role of C75 in stabilization of the
leaving group through proton transfer.
Over the subsequent years, various solved crystal structures have bolstered our
understanding of the reaction mechanism of the HDV ribozyme. To date there are three
experimental crystal structural studies of the HDV ribozyme: (1) the cleaved form, which
indicated the importance of the nucleobase C75, though missing the upstream scissile
phosphate and the metal ion at the active site,69 (2) a precleaved form inhibited by C75U,
which suggested the surprising role of C75 as a general base in the reaction catalysis, but
the structure was debatable due to the absence of structurally relevant C75 and Mg2+
species,70 and (3) most recently a precleaved form inhibited with a deoxy at the cleavage
site nucleophile, unique from the previous structures as it has a Mg2+ ion positioned at the
active site and a bona fide cytosine at position 75.71
The inhibited precleaved crystal structure of the HDV ribozyme provided
evidence for the importance of a metal ion, the interaction of the metal ion with the nonbridging pro-RP oxygen, and the role of C75 as a general acid, but the crystal structure
was limited by some disorder at the active site, especially at the scissile phosphate which
was modeled in from the hammerhead ribozyme.71 It therefore becomes imperative to test
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the various interactions at the active site with biochemical studies. My thesis provides
many of these tests.
A recent mutagenic study focusing on the active site metal ion was conducted in
collaboration with our lab in which the reverse G25•U20 wobble that is known to bind a
metal ion at the active site was replaced with a reverse A25•C20 wobble.60 The A•C
reverse wobble though isosteric to the G•U reverse wobble does not contribute a
negatively charged binding pocket for the metal ion, thereby reducing the affinity for the
metal ion at the active site. The pH-rate profile in the presence of the A25•C20 reverse
wobble was found to be inverted as compared to the profile in the presence of A25•C20
reverse wobble supporting a catalytic role for the active site metal ion in the wild-type
G25•U20 wobble. It therefore is of great interest to understand for the HDV ribozyme in
particular and all ribozymes in general how metal ions participate in catalysis, how the
mechanism may change depending on the identity of the metal ions, and the various
interactions associated with metal ions.
1.7

Thesis Objectives
The goal of my thesis is to provide a comprehensive understanding of the various

interactions at the active site of the HDV ribozyme, in addition to understanding how
possible mechanistic pathways may depend on the identity of metal ions.
The main focus of Chapter 2 is on the interactions at the scissile phosphate. The
various interactions of the non-bridging oxygen atoms were investigated by utilizing
phosphorothioate studies. We established a stereospecific interaction between the
catalytic metal ion and the pro-RP oxygen using phosphorothioate substitution followed
by subsequent metal ion rescue studies. In addition, the interaction between the pro-RP
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oxygen and the exocyclic amine on C75 was investigated, and showed that the interaction
may be redundant in the presence of multitude of other interactions involving C75.
In Chapter 3 the focus is on the different mechanistic pathways in the presence of
monovalent and divalent metal ions. Quantum mechanical/molecular mechanical
(QM/MM) calculations performed by Abir Ganguly found that the mechanism of the
HDV ribozyme goes via a phosphorane intermediate in the presence of monovalent metal
ions, in contrast via a transition state in the presence of divalent metal ions. In addition,
the calculations found that the energetic barrier in the presence of Mg2+ is much higher
than in the presence of Na+, which does not agree with biochemical experiments. Thus,
experiments were carried out to ascertain the difference in energetic contribution by
measurement of pKa of 2’OH in the presence of Mg2+ and Na+. The experimental
evidence suggests that divalent metal ions stabilize the 2’OH toward deprotonation by
lowering the pKa of 2’OH by1.2-2.7 units as compared to that in the presence of
monovalent metal ions.
Chapter 4 focuses on the inverse thio effect observed for the SP substrate in the
presence of monovalent metal ions. Extensive thio effect studies were carried out on a
series of monovalent and divalent metal ions to understand if there is a link between the
inverse thio effect and the size (or mass to charge ratio) of the cation. Dependence was
found between the size of the metal ion and the inverse thio effect, with larger metal ions
(with a higher mass to charge ratio) showing a larger inverse thio effect in both group IA
and IIA metal ions. In addition, attempts were also made to establish a correlation
between the observed inverse thio effect and the mechanistic pathway. In Chapter 4 we
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provide future directions about possible experiments and extensions of the present study
on inverse thio effects to other small ribozymes.

1.8
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Chapter 2
Thio Effects and an Unconventional Metal Ion Rescue in the Genomic HDV
Ribozyme

[Published as a paper entitled “Thio Effects and an Unconventional Metal Ion Rescue in
the Genomic HDV Ribozyme” by Pallavi Thaplyal, Abir Ganguly, Barbara L. Golden,
Sharon Hammes-Schiffer, and Philip C. Bevilacqua in Biochemistry 2013 52: 64996514.]

2.1

Abstract
Metal ion and nucleobase catalysis are important for ribozyme mechanism, but

the extent to which they cooperate is unclear. A crystal structure of the hepatitis delta
virus (HDV) ribozyme suggested that the pro-RP oxygen at the scissile phosphate directly
coordinates a catalytic Mg2+ ion and is within hydrogen bonding distance of the amine of
the general acid C75. Prior studies on the genomic HDV ribozyme, however, showed
neither a thio effect nor metal ion rescue using Mn2+. Here, we combine experiment and
theory to explore phosphorothioate substitutions at the scissile phosphate. We report
significant thio effects at the scissile phosphate and metal ion rescue with Cd2+. Reaction
profiles with an SP-phosphorothioate substitution are indistinguishable from those of the
unmodified substrate in the presence of Mg2+ or Cd2+, supporting that the pro-SP oxygen
does not coordinate metal ions. The RP-phosphorothioate substitution, however, exhibits
biphasic kinetics, with the fast-reacting phase displaying a thio effect of up to 5-fold and
the slow-reacting phase displaying a thio effect of ~1,000-fold. Moreover, the fast- and

21

slow-reacting phases give metal ion rescues in Cd2+ of up to 10- and 330-fold,
respectively. The metal ion rescues are unconventional in that they arise from Cd2+
inhibiting the oxo substrate but not the RP substrate. This metal ion rescue suggests a
direct interaction of the catalytic metal ion with the pro-RP oxygen, in line with
experiments on the antigenomic HDV ribozyme. Experiments without divalent ions,
with mutants that interfere with Mg2+ binding, or with C75 deleted suggest that the proRP oxygen plays at most a redundant role in positioning C75. Quantum
mechanical/molecular mechanical (QM/MM) studies indicate that the metal ion
contributes to catalysis by interacting with both the pro-RP oxygen and the nucleophilic
2’- hydroxyl, supporting the experimental findings.
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2.2

Introduction
The hepatitis delta virus (HDV) ribozyme is a small ~85 nt RNA that occurs in

closely related genomic and antigenomic forms and is important in the life cycle of the
virus.1,2 It self-cleaves at the phosphodiester bond between U-1 and G1 to generate
products with 2’,3’-cyclic phosphate and 5’- hydroxyl termini. The secondary structure
has five pairings, P1-P4 and P1.1, which comprise two pseudoknots that provide a
compact fold (Figure 2.1.A).3,4 The ribozyme has several conserved residues including
the catalytic C75, which participates in proton transfer, and one standard and one reverse
G•U wobble (Figure 2.1).5,6 The HDV ribozyme is unique amongst the wellcharacterized ribozymes in its ability to employ both nucleobase and metal ion catalysis
in its reaction mechanism.7
Several studies support C75 as the general acid in the reaction. Early experiments
indicated that removal of this C can be rescued by the addition of imidazole8 indicating a
role in proton transfer, which was supported by Bronsted studies.9,10 Solution kinetic
studies revealed a shift of the pKa for C75 by 2-3 units toward neutrality and an inverted
rate-pH profile in the absence of Mg2+.11–13 Direct measurements of the pKa shifted
toward neutrality were accomplished using Raman studies on crystals of a pre-cleaved
genomic ribozyme.14 Importantly, substitution of 5’-phosphorothiolate at the scissile
phosphate results in a hyperactive 5’-leaving group that is readily cleaved by the C75U
mutant, strongly implicating C75 as the general acid.15 Structural studies on these crystals
revealed that C75 is positioned to protonate the leaving group, 5’O of G1.3,5
Furthermore, both pH-rate profiles and pH-dependent Raman crystallography reveal

23

anticooperative interaction between protonated C75 and Mg2+, suggesting an important
relationship between nucleobase and metal ion catalysis in the reaction mechanism.11,14
Metal ions can contribute to RNA catalysis through specific and non-specific
modes of action.16,17 With the HDV ribozyme in particular, a wide range of divalent ions
can contribute to catalysis, including most alkaline earth and certain transition metals.18,19
According to a multichannel framework for the genomic ribozyme, divalent metal ions
contribute 3,000-fold to the reaction: ~125-fold to folding and ~25-fold to catalysis.12 In
addition, the genomic HDV ribozyme is partially active in the absence of divalent metal
ions. A study of the genomic and antigenomic HDV ribozymes in monovalent ions found
that a high concentration of monovalent ions was required to compensate for the absence
of divalent metal ions.20
A recently solved crystal structure of the HDV ribozyme revealed that the
catalytic metal ion is positioned, in part, by water-mediated interactions with a rare, but
absolutely conserved reverse G•U wobble (Figure 2.1.B).5 However, the cleavage site
was partially disordered, which necessitated modeling in this portion of the structure. It
is therefore critical to test the proposed metal ion interactions using mechanistic
biochemical studies. Recent characterization of a mutant that replaces the reverse G•U
wobble with a reverse A•C wobble functionally links the metal ion observed in the
crystal structure with the catalytic metal ion.6 According to the crystal structure, this
metal ion is positioned with the help of the pro-RP oxygen of the scissile phosphate and
the phosphate group of U23. These interactions allowed a model to be built in which the
metal ion coordinates the nucleophile in the reaction, the 2′O of U-1. Thus, the metal ion
could potentially play a dual role in catalysis: a Lewis acid to facilitate deprotonation of
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the nucleophile and a Bronsted base to accept the proton from nucleophile. A goal of this
study was to test structural features of that model using biochemistry.
Here, we characterize the network of interactions involving the pro-RP oxygen of
the scissile phosphate. A previous analysis of sulfur substitutions at the scissile phosphate
of the genomic HDV ribozyme suggested potential functional importance of the pro-RP
oxygen, as cleavage reactions in the presence of an RP sulfur substitution did not proceed
to completion.21 However, those studies did not reveal a thio effect nor a metal ion
rescue by Mn2+, the only thiophilic metal ion used to attempt rescue.21,22 Those studies
may have been hampered by the strong propensity of the genomic HDV ribozyme to
misfold.23 In contrast to these results, the recent crystal structure of the HDV ribozyme
did implicate the pro-RP oxygen in a direct interaction with the putative catalytic metal
ion (Figure 2.1.B).5 The ribozyme construct used to solve this recent structure is a
variant of a fast-reacting ribozyme developed in our labs, which is especially fast reacting
and folds homogeneously into its native structure.24 Extensive characterization of this
variant demonstrates that it has a rate-limiting step of bond cleavage, as supported by
solvent isotope effects, proton inventories, theoretical studies, and a pKa shifted towards
neutrality that is in agreement with Raman crystallographic studies.11,25–27 We therefore
used this variant to examine the thio effect at the scissile phosphate and to fully
characterize the metal ion rescue with a wider array of thiophilic metal ions.
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Figure 2.1. Secondary structure and active site interactions in the genomic HDV
ribozyme. (A) Secondary structure of the trans-cleaving HDV ribozyme studied herein.
The ribozyme consists of an enzyme strand and a substrate, which comprises the cleavage
site shown by the red arrow. The catalytic nucleobase C75 and the G25•U20 reverse
wobble, important in metal ion binding, are depicted in bold. In addition, there is a
standard G1•U37 wobble at the cleavage site. The construct shown here is in a fast
reacting background28 and has a shortened P4, as used in crystallography;5 original
numbering of the 3’-portion is maintained. (B) Active site of the HDV ribozyme
depicting catalytically important residues according to the crystal structure.5 The pro-RP
oxygen (green) is positioned near the catalytic metal ion (2.6 Å) and the amine of C75
(3.6 Å), which in turn interacts with the phosphate of C22. The active site Mg2+ has three
direct interactions: with the 2’OH of U-1, the pro-RP oxygen of the scissile phosphate,
and the phosphate of U23. In addition, this Mg2+ ion interacts with the reverse G•U
wobble through its hydration shell. The region shaded in gray was modeled from the
active site of the hammerhead ribozyme crystal structure (PDB entry 2OEU).29 The
distances are given according to reference.5
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2.3

Materials and Methods

2.3.1 RNA Oligonucleotides and Constructs
The RNA was prepared in two pieces. The first strand, formally the enzyme,
spans 62 nucleotides (Figure 2.1.A) and was prepared by T7 transcription under standard
conditions as previously described.5 The sequence was cloned into pUC19 and confirmed
using dideoxy sequencing. The same procedure was adopted for the transcription of the
G25A•U20C double mutant ribozyme, where the reverse G25•U20 wobble was mutated
to a reverse A•C wobble.6 For the C75D ribozyme, the enzyme strand was transcribed
using T7 RNA polymerase from a hemi-duplex consisting of the top strand with the
sequence 5’ TAA TAC GAC TCA CTA TA, and the bottom strand containing the
sequence 5’GGT CCC ATT CCC ATT ACC TTT CGG AAT GTT GCC CAG CTT
GCG CCG CGA GGA GGC TGG GAC CTA TAG TGA GTC GTA TTA.
Following transcription, the enzyme pieces were purified on an 8%
polyacrylamide/ 7 M urea gel. Bands were visualized by UV shadowing and excised from
the gel. RNA was eluted overnight at 4 °C into 10 mM Tris-HCl, 0.1 mM EDTA, and
250 mM NaCl, precipitated with 3 volumes of ethanol, and stored at -20 ºC.
The second strand, formally the substrate, spans the 5’-portion of P1 and the
upstream region and contains the cleavage site. This strand was prepared by solid-phase
synthesis (Dharmacon Inc.). The sequence of the substrate is 5’UAU*GGCUUGCA,
where ‘*’ indicates the site of cleavage and phosphorothioate substitution. A synthetic
oligonucleotide containing the single phosphorothioate substitution was separated into
the SP and RP diastereomers by C18 reverse-phase HPLC (solvent A, 0.1 M NH4OAc;
solvent B, 50% A and 50% CH3CN) starting with solvent A and employing a linear
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gradient (0 to 15%) of solvent B. The RP and SP isomers were well-resolved, as
confirmed by re-injecting the purified material into the HPLC (Figure A.1). The RP
isomer elutes first from the column, as described elsewhere.21 In addition, the identities
of the RP and SP isomers in this study were confirmed with snake venom
phosphodiesterase (data not shown). Purified fractions were dried, redissolved in sterile
water, and stored at -20 °C. The separated diastereomers were reanalyzed by HPLC
regularly (on an approximately bimonthly basis), which confirmed neither contamination,
nor desulfurization of the stock solutions, nor degradation. Purified oligonucleotides
were treated with T4 polynucleotide kinase (New England Biolabs) and γ-32P ATP to add
a radiolabeled phosphate to their 5′-ends prior to kinetic analysis. Furthermore, the oxo,
RP and SP substrates were subjected to iodine (1 mM) cleavage at 90°C for 2 min in the
absence of enzyme or after various incubations in the presence of the enzyme.30,31 The
iodine was found to cleave the RP and SP substrates to the same extent with and without
enzyme (Figure A.2), which showed that both substrates contained sulfur and were not
being desulfurized throughout the course of the reaction.

2.3.2 In-line Probing
In-line probing (ILP) experiments were carried out similarly to previously
described.32 The transcribed enzyme strand was treated with calf intestine phosphatase
and then with T4 polynucleotide kinase and γ-32P ATP to add a radiolabeled phosphate to
its 5′-end. Next, 2 µL of labeled enzyme (~2 nM) and 2 µL substrate (~ 2 µM) were
heated at 90°C and then cooled at room temperature for 5 min. Substrate was in excess to
insure that the enzyme strand being probed was present in the substrate-bound state.
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Following this, 2X in-line probing buffer (1x is 50 mM Tris-HCl, pH 8.3, 20 mM Mg2+
and 100 mM KCl) was added to make a total volume of 20 µL. A control ILP reaction
was performed in the absence of the substrate strand. Reactions were incubated at 37 °C
and 5 µL time points were taken at 5 min, 20 h and 40 h and quenched with an equal
volume of 2X formamide loading buffer (1x is 50 mM EDTA, 50 mM Tris-HCl, pH 8.3,
formamide, and loading dyes) and immediately placed on dry ice. An RNase T1 ladder
was generated by heating the enzyme strand with 0.05 units of RNase T1 at 50°C for 5
min and then quenching on dry ice, and a hydrolysis ladder was generated by heating the
5’-end labeled enzyme strand with 50 mM sodium carbonate (pH 9.2) and 1 mM EDTA
at 95°C for 2 min. Samples were fractionated on an 8% denaturing PAGE.

2.3.3 Kinetics Assays and Data Analysis
All reactions were single-turnover and performed at 37 ºC. To avoid precipitation of
Cd2+ as Cd(OH)2, a 100 mM CdCl2 stock solution was prepared in NaHEPES (12.5 mM,
pH 5.6), and subsequently diluted. The ribozyme (3 mM) was annealed to trace amounts
of end-labeled substrate (<2 nM) at 90 ºC for 2 min and then cooled at room temperature
for 10 min followed by the addition of either NaMES (25 mM, pH 5.6) or NaHEPES (25
mM, pH 8.0). To confirm that all of the substrate is bound, we performed the reactions
with an increasing enzyme concentration of up to 16 µM under the above conditions.
Increasing the enzyme concentration above 3 mM did not affect the observed reaction
rate, confirming that 3 mM of ribozyme was sufficient to bind all the substrate.
The reaction was initiated by adding a pre-equilibrated metal ion mix that led to a
final concentration of 10 or 50 mM Mg2+ with 0 to 10 mM Cd2+. At regular intervals, 3

29

µL aliquots were removed and quenched by adding an equal volume of 96%
formamide/20 mM EDTA and placing immediately on powdered dry ice. The efficacy of
the quench was confirmed by adding the quench prior to addition of divalent metal ion
and observing the absence of reaction. The quench efficacy was tested under the
following reaction conditions: 10 mM Mg2+ (pH 5.6 and 8.0), 10 mM Mg2+ with 10 mM
Cd2+ (pH 5.6), and 10 mM Mg2+ with 2 mM Cd2+ (pH 8.0). The AC double mutant
reactions were similarly performed with 5 mM final concentration of ribozyme to provide
direct comparison with another study.6
For the C75Δ reaction, trace amounts of the labeled substrate (<2 nM) and 3 mM
ribozyme were heated at 90 ºC for 2 min, allowed to cool to room temperature, and then
incubated at 37 ºC for 10 min in 5 mM Tris-HCl (pH 7.5) and 0.1 M NaCl. The renatured
RNA was then diluted in a reaction buffer to a final concentration of 25 mM MgCl2, 0.5
mM spermidine, and 0.4 M imidazole (pH 7.0), as per earlier studies on C75Δ.10 Aliquots
were removed at regular intervals and quenched with an equal volume of a high EDTA
quench of 90% formamide/50 mM EDTA, and placed immediately on powdered dry ice.
Control reactions on the C75Δ ribozyme carried out in the absence of imidazole showed
no reaction. Reactions in the absence of divalent metal ions were performed as
previously described.26
For all reactions, the 5’-end labeled cleavage product was separated on 16%
acrylamide/ 7 M urea gels, and the fraction of the substrate cleaved versus time was
quantitated using a Typhoon PhosphoroImager (Molecular Dynamics). Data from the
oxo and SP substrate were fit to the single-exponential equation:
𝑓!"#$%#& = A + B𝑒 !!!"# ∗!

(2.1)
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where fcleaved is the fraction of substrate cleaved, kobs is the observed first-order rate
constant, A is the fraction of the ribozyme cleaved at completion, –B is the amplitude of
the observable phase, 1–A is the unreactive fraction, and A+B is the amplitude of the
burst fraction, which was ~0 herein.
Data from the RP substrate were fitted to a double exponential equation,
𝑓!"#$%#& = A + Be!!! ! + Ce!!! !

(2.2)

where k1 and k2 are the observed first-order rate constants for the fast and slow phases,
respectively, A is the fraction of the ribozyme cleaved at completion, –B and –C are the
amplitudes of the observable phases, 1–A is the unreactive fraction, and A+B+C is the
amplitude of the burst fraction which was ~0 herein. Error is reported as the standard
deviation of two or more repeats.
For slower reactions, time courses were followed for up to several days; control
experiments in which the enzyme was omitted showed that the cleaved product obtained
was not from substrate degradation. In particular, at time points of 60 h in 1 M NaCl/100
mM EDTA and 20 h in C75Δ/25 mM Mg2+, the oxo and RP substrates showed only ~5%
and ~2% degradation, respectively. In contrast the actual reaction typically had ~15-20
% reaction at these time points.

2.3.4 Calculations of Thio Effect and Metal Ion Rescue
Substitution of the non-bridging oxygen by sulfur alters the observed ribozyme
kinetics by a factor noted as the ‘thio effect’, which is defined as follows:33,34
Thio effect =

!!
!! !"

!!

(2.3)
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where ‘kO’ is kobs for the oxo-substrate and ‘kS’ is kobs for the phosphorothioate substrate.
Because the thio effect is defined in the absence of thiophilic metal ion but presence of
Mg2+, we add a superscript Mg2+ to the above equation. A normal thio effect is defined
as a thio effect greater than unity, while an inverse thio effect is defined as one less than
unity.
Rescue of a thio effect greater than unity by a thiophilic metal ion (denoted as
‘M2+’) is defined as ‘metal ion rescue’. In general, addition of a thiophilic metal ion,
typically in a background of Mg2+ to aid native ribozyme folding, may affect the rate of
the wild-type reaction too, for example by competing with Mg2+ for an ion site or through
an allosteric effect. To account for this possibility, metal ion rescue is generally defined
as the ratio of kS in the presence of M2+ to kS in the presence of Mg2+-only, normalized to
this ratio for the all-oxo substrate (kO) (Eq.2.4):35
Metal Ion Rescue =

!! !

!!

!! !"

!!

!! !

!!

!! !"

!!

=

!!
!! !"

!!
!! !

!!

!!

(2.4)

A mathematically equivalent ratio of ratios is provided on the right-hand end of Eq.2.4,
which considers the thio effect,
2+

presence of M ,

!!
!! !

!!

!!
!! !"

!!

, divided by the ameliorated thio effect in the

. Error was propagated from relative error by standard means.36

Because Eq.2.4 involves four rate constants, error was larger, but still tolerable, for metal
ion rescue.

2.3.5 Calculation of Cd2+ Inhibition Constant
The competition between Cd2+ and Mg2+ was evaluated by a Dixon plot37 in
which the reciprocal of kobs was plotted versus concentration of Cd2+, parametric in Mg2+
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concentration. Intersection of these lines in the second quadrant is consistent with
competitive interaction between the two ions, and the negative of the abscissa,
corresponding to their point of intersection, provides an apparent Ki for Cd2+ binding.

2.3.6 Molecular Dynamics Simulations
The MD simulations were performed using the DESMOND program38,39 with the
AMBER99 force field.40,41 Starting from the crystal coordinates, the pro- RP sulfur and
pro-SP sulfur starting structures were obtained by mutating the corresponding oxygen
atoms in the WT to sulfur in silico. C75 and C41 were kept in their active protonated
state during all simulations. Details regarding the building of the simulation box and the
equilibration procedure have been discussed previously.42 In this study, two independent
25 ns long trajectories were run for both the RP and SP cases.

2.3.7 Quantum Mechanical/ Molecular Mechanical (QM/MM) Calculations
The QM/MM calculations in this study are based on the pre-cleaved HDV
ribozyme coordinates (PDB ID 3NKB).5 Hydrogen atoms were added to the entire
ribozyme using Accelrys Discover Studio Visualizer 2.0. Residues C41 and C75 were
kept protonated at N3 during all calculations to provide structural stability and prepare
C75 in its general acid functional form.14,43 All 11 crystallographically resolved Mg2+
ions were included, and the ribozyme was immersed in rigid TIP3P water in a
periodically replicated orthorhombic box. Counterions were added to neutralize the
system, and 0.15 M NaCl was added to replicate physiological ionic strength.
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Starting configurations for the QM/MM calculations were obtained after
molecular dynamics (MD) equilibration of solvent and ions, the protocol of which has
been detailed elsewhere.44 The MD simulations were performed with the Desmond
program45 using the AMBER99 force field.40 The QM/MM calculations were performed
using the Qsite program.46 The QM region considered in this study is similar to that used
in our previous study and included the sulfur and Cd atoms.27 The QM region was treated
with density functional theory at the B3LYP/6-31G**47 level of theory using an ultrafine
grid. The LACVP*48,49 pseudopotential was used for the Cd2+ metal ion, and the
hydrogen-capping method was used for the residues at the QM region boundary to define
the QM region. The MM region was described using the OPLS200550 force field, and the
residue-based nonbonded cutoff was set to 100 Å. All atoms lying outside a radius of 20
Å from the scissile phosphate were held fixed throughout the QM/MM calculations. Each
non-bridging oxygen of the scissile phosphate was replaced in-silico by sulfur to obtain
the corresponding RP or SP phosphorothioate diastereomer.
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2.4

Results

2.4.1 Phosphorothioate Substitution Reveals a Thio Effect for the RP Substrate
We began by examining the effects of sulfur substitution at each of the
diastereotopic non-bridging oxygens of the scissile phosphate. These experiments were
conducted with a fast-reacting variant of the genomic HDV ribozyme, which has
chemistry as the rate-limiting step.13,18,21,24,26 Single-turnover kinetic profiles with the
oxo substrate in the presence of 10 mM Mg2+ were monophasic and went nearly to
completion (Figure 2.2.A).
The RP substrate, in contrast, reacted with a biphasic kinetic profile, with each
phase showing a thio effect (Figure 2.2.A). The rate for the fast phase of the RP substrate
increased with pH followed by a plateau, and gave a pKa of 5.1 ± 0.1 (Figure 2.2.B).
This value for the pKa is somewhat smaller than that observed with oxo and SP substrates
suggesting that the RP sulfur substitution results in a smaller pKa shift for C75.
Nonetheless, similarity in the shapes and pKa values of these three rate-pH profiles
suggests that chemistry remains rate limiting for these three substrates. The rate of the
slow phase of the RP substrate, on the other hand, did not show a dependence on pH
(Figure 2.2.C). This observation suggests that the rate of chemistry has slowed to the
point where another step in the mechanism has become rate limiting (see Discussion).
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Figure 2.2. The RP substrate has substantial thio effects and a perturbed pKa. (A)
Fraction cleaved versus time (min) plots of oxo (blue circles), SP (red squares), and RP
fast phase (dark green diamonds) and RP slow phase (light green triangles) at pH 5.6
(same colors and shapes used in all graphs). Traces were fit to Eq.2.1 for oxo and SP
substrate and to Eq.2.2 for RP substrate. The oxo and SP substrates react monophasically
and close to completion, with kobs of 4.1 ± 0.2 and 4.4 ± 0.2 min-1, respectively. The RP
substrate, on the other hand, reacts biphasically, and both phases react slower than the
oxo substrate, which constitutes thio effects. The fast and slow RP phases react ~3- (kobs=
1.5 ± 0.8 min-1) and ~1000-fold (kobs=0.004 ± 0.001 min-1) slower than the oxo substrate.
(B) pH-rate profile of oxo, SP, and RP fast-reacting substrate. The pKa of C75 when the
substrate is oxo or SP was found to be ~5.5 ± 0.1 while the pKa of C75 when the substrate
is RP fast substrate was 5.1 ± 0.08. (C) The pH-rate profile of the oxo substrate is shown
in comparison to that of the slow-reacting RP substrate, which is independent of pH over
this range. All data are in the background of 10 mM Mg2+.
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We then investigated the slow reacting RP phase. The slow-reacting phase showed
pH-independence and a large inhibition of rate compared to the oxo substrate. The large
thio effect observed could be a result of a large conformational change, which led us to
hypothesize that the slow-reacting phase may be a result of C75 being displaced from the
position observed in the WT ribozyme in this population due to the steric clash from the
bulky sulfur atom at the scissile phosphate. To test this hypothesis, we carried out both
biochemical and theoretical experiments.
We attempted an imidazole (0.4 M) rescue in the presence and absence of Cd2+
(data not shown) for both the RP and oxo substrates, with an expectation of a rescue for
the RP substrate akin to the one observed for the oxo substrate with the C75U and C75Δ
mutants.8,15 However, addition of imidazole had no effect on the reactivity of the oxo or
RP substrates, similar to previously reported for the oxo substrate (data not shown).8 We
next carried out in-line probing of the enzyme strand in the presence of 20 mM Mg2+ at
37 °C (Figure A.3), with the idea that if C75 is displaced within the active site, the
conformation of the enzyme would be changed in some way. In contrast, the enzyme
strand did not exhibit any detectable change in cleavage pattern in the presence of the RP
substrate as compared to the oxo or SP substrate.
In addition to biochemical studies, we carried out molecular dynamic simulations
on the RP and SP substrates bound to the HDV enzyme, which were performed in a similar
fashion to our previous study on the oxo substrate (Figure A.4).42 We found that the
active site remains stable and that the various hydrogen bonds involving C75 also remain
stable throughout the 25 ns MD trajectories for both the RP and SP substrates (Figure A.4;
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red, pink, and blue); the only noticeable difference between the two substrates is a small
lengthening of the bond between the RP sulfur atom and the metal ion in the RP substrate
(Figure A.4.A, gold) as expected. Thus, two experimental studies and one
computational study provide no indication for displacement of C75 in the slowly reacting
population of the RP substrate.

2.4.2 Cd2+ Rescues the Thio Effect of the RP Substrate
Loss of activity upon sulfur substitution at the pro-RP position could be due to
disruption of an interaction between a metal ion and this ligand. To test this possibility,
thiophilic metal ions were added to the reaction mixture and activity was re-measured, as
previously described.33,35,51–53 We studied effects of two thiophilic metal ions on the
reaction kinetics, namely Mn2+ and Cd2+. Addition of Mn2+ did not promote metal ion
rescue. As shown in Table 2.1 and Figure A.5, addition of Mn2+ to 2 mM, in a
background of 10 mM Mg2+ to promote native RNA folding, had no significant effect on
kobs for the oxo and SP substrates, and gave modest decreases in the rate of the RP fast and
slow phases by 2- and 4-fold, respectively. This led to 1.7- and 3.3-fold inverse metal ion
rescues for RP fast and slow phases, which provides no support for a direct metal-pro-RP
oxygen interaction. Absence of rescue by Mn2+ is consistent with the earlier studies of
Nishikawa and co-workers1 on the genomic HDV ribozyme.21

1

These studies did not see the decrease in RP rate with Mn2+, but they used more Mn2+, without Mg2+, and employed a
slower reacting ribozyme. Nonetheless, there is overall agreement in the inability of Mn2+ to rescue the reaction.
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Figure 2.3. Dependence of kobs and the thio effect on Cd2+ concentration. (A) and (B)
Histogram representing kobs for the oxo (blue), SP (red), RP fast phase (dark green) and RP
slow phase (light green) substrates as a function of Cd2+ concentration at (A) pH 5.6 and
(B) pH 8.0. (C) and (D) kO/kS for the SP (red squares), RP fast phase (green diamonds),
and RP slow phase (light green triangles) substrates as a function of Cd2+ concentration at
(C) pH 5.6 and (D) pH 8.0. Note that there is only a single phase (light green triangles)
for the RP substrate at Cd2+ concentrations above 2 mM. Note that data for the SP
substrate were not collected at 0.025 and 0.05 mM Cd2+. All data are in the background
of 10 mM Mg2+.
Absence of rescue by Mn2+ does not, however, constitute absence of direct metal
ion-nonbridging oxygen interaction. There have been several reports wherein Mn2+ is
unable to rescue loss in reactivity upon sulfur substitution. For example, in the
Tetrahymena group I intron the double sulfur substitution of pro-SP oxygen and 3’O
could not be rescued by Mn2+, but Cd2+ was able to rescue the activity.51 We therefore
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measured kobs in the presence of Cd2+, as the concentration of Cd2+ was increased from
0.01 mM to 10 mM for pH 5.6, or from 0.01 mM to 0.5 mM for pH 8.0, all in the
background of 10 mM Mg2+ to promote native RNA folding (Figure 2.3).2
Increasing the concentration of Cd2+ decreased kobs for both the oxo and SP
substrates at both low and high pH (Figure 2.3.A, B). This Cd2+-induced inhibition of
the reactivity of the oxo and SP substrates is further revealed in plots of (kO/kS)Cd2+ versus
Cd2+ concentration for SP at low and high pH, which are essentially flat (Figure 2.3.C,
D). In contrast to the oxo and SP substrates, Cd2+ had essentially no effect on kobs for the
RP substrate fast or slow phases (Figure 2.3.A, B). This suggests that Cd2+ enhances the
reactivity of the RP substrate, thereby canceling the inhibitory effect of Cd2+ that is
observed with the oxo and SP substrates. Thus, plots of (kO/kS)Cd2+ versus Cd2+
concentration for the RP fast and slow phases decrease with Cd2+ concentration at low and
high pH (Figure 2.3.C, D). This trend indicates that the impediment to ribozyme
catalysis caused by the RP sulfur substitution is assuaged to some extent by the thiophilic
metal ion.
Next we consider the magnitudes for metal ion rescue upon addition of Cd2+.
Metal ion rescue is calculated as (kO/kS)Mg2+ over (kO/kS)Cd2+ in order to correct for
background effects of inhibition on the oxo substrate (Eq.2.4). No rescue is observed for
the SP substrate with increasing concentrations of Cd2+ at either pH 5.6 or 8.0; indeed,
metal ion rescue values stay at or slightly below unity (Figure 2.4). Absence of rescue
by Cd2+ for the SP substrate supports absence of interaction between a metal ion and the
pro-SP oxygen. In contrast, metal ion rescue occurs for the RP substrate at both low and
2

KSp(Cd(OH)2)= 5.9 * 10-15 at 37 ˚C; At pH 8.0; [OH-] ~ 2.5*10-6 M, using Kw ~ 2.5*10-14 at 37 ˚C. For Cd(OH)2 to
be soluble at pH 8.0, Q = [Cd2+][OH-]2 < 5.9*10-15. Thus [Cd2+] was kept less than 1 mM at pH 8.0
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high pH and increases with Cd2+ concentration (Figure 2.4). For the slow phase,
maximal Cd2+ rescues values of 330±100 (pH 5.6) and 31±9 (pH 8.0) are observed, while
for the fast phase maximal Cd2+ rescues of 7.5±4 (pH 5.6) and 10±3 (pH 8.0) are
observed (Table 2.1). These values are significant when compared to typical literature
values for rescue by Cd2+ of 10-100-fold.34 Overall, observation of significant metal ion
rescue for the RP fast and slow phases provides support for a metal-pro-RP oxygen
interaction as suggested by the recent crystal structure.

Figure 2.4. Metal ion rescue experiments for the SP and RP substrates by Cd2+ions.
Metal ion rescue for the SP (red squares), RP fast phase (dark green diamonds), and RP
slow phase (light green triangles) substrates as a function of Cd2+ concentration at (A) pH
5.6 and (B) pH 8.0. Note that there was only a single phase for the RP substrate at Cd2+
concentrations above 2 mM. Data were fit to the following version of Eq.2.4 for
Metal Ion Rescue =

!!
!! !"

!!
!! !"

!!

!!
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Table 2.1. Thio effect and metal ion rescue for HDV ribozymea in the presence of 10
mM Mg2+ at pH 5.6 and 8.0a
pH 5.6 Conditions

Ionic
Conditions

Substrate

kobs (min-1)b

kO/kSc

4.1 ± 0.2

End
Point
%
90 ± 1

10 mM Mg2+

Oxo
SP

4.4 ± 0.2

81 ± 2

0.93 ± 0.07

RP fast

1.5 ± 0.8

28 ±

2.8 ± 1.4

RP slow

0.004 ± 0.001

10

(1.0 ± 0.25) x 103

N/A

Metal Ion Rescued
N/A

43 ±
10
10 mM Mg2+/
2 mM Cd2+

10 mM Mg2+/
10 mM Cd2+

10 mM Mg2+/
2 mM Mn2+

Oxo

0.17 ± 0.07

84 ± 4

N/A

N/A

SP

0.09 ± 0.02

79 ± 4

2 ± 0.9

0.5 ± 0.2

RP fast

0.4 ± 0.2

11 ± 4

0.4 ± 0.2

7.5 ± 4.3

RP slow

0.003 ± 0.0007

39 ± 1

57 ± 27

18 ± 9.6

Oxo

0.006 ± 0.0001

74 ± 1

N/A

N/A

SP

0.004 ± 0.0001

50 ± 4

1.5 ± 0.06

0.5 ± 0.1

RP slowe

0.002

42

3.0 ± 0.05

(3.33 ± 1.0) x 102

Oxo

3.7 ± 0.1

73 ± 1

N/A

N/A

SP

4.0 ± 0.5

70 ± 2

0.92 ± 0.12

1.0 ± 0.15

RP fast

0.78

6

4.77 ± 0.15

0.6 ± 0.15

RP slow

0.001

43

(3.70 ± 0.15) x 103

0.3 ± 0.02

(continued on next page)
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Table 2.1 (cont.):
pH 8.0 Conditions
Ionic
Conditions
10 mM Mg2+

10 mM Mg2+/
0.5 mM Cd2+

Substrate

kobs (min-1)

Oxo

kO/kS

Metal Ion Rescue

7.0 ± 0.5

End Point
%
81 ± 1

N/A

N/A

SP

8.0 ± 1.6

70 ± 10

0.87 ± 0.2

RP fast

1.45 ± 0.45

18 ± 1

4.8 ± 1.5

RP slow

0.009 ± 0.001

32 ± 12

(7.7± 1.0) x 102

Oxo

0.1 ± 0.001

68 ± 15

N/A

N/A

SP

0.03

65

3.0 ± 0.3

0.3 ± 0.07

RP fast

0.20±0.01

9±1

0.50 ± 0.06

10 ± 3.2

RP slow

0.004±0.001

48 ± 1

25 ± 6.5

31 ± 8.9

a

kobs measured in the background of 10 mM Mg2+ at 37º C at pH 5.6 (50 mM NaMES) or pH 8.0
(NaHEPES).
b
Error in kobs is from the standard deviation of two or more experimental observations.
c
Thio effect is the ratio kO/kS at 10 mM Mg2+, in the absence of thiophilic metal ions (Eq.2.3). Error is
propagated from the relative errors.36
d
The metal ion rescue for each substrate is calculated as described in Eq.2.4.
e
At 10 mM Cd2+, the RP substrate did not exhibit a biphasic behavior. We designated this RP substrate as ‘RP
slow phase’ because the observed rates for this substrate are close to the RP slow phase. Also with
increasing concentrations of Cd2+, the amplitude of the RP fast phase decreases.

The above results suggest that Cd2+ has at least two binding sites, one that is
inhibitory, as revealed in decreasing kobs versus Cd2+ concentration plots for the oxo and
SP substrates (Figure 2.3.A, B, blue and red bars), and one that is stimulatory, as
revealed by lack of inhibition in the presence of the RP substrate (Figure 2.3.A, B, dark
and light green bars). (Note that if there were just a single site, then kobs for the RP
substrate should increase with Cd2+.) Presence of inhibitory sites for Cd2+ with the oxo
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substrate is consistent with reports that Cd2+ inhibits reactivity of a full length genomic
HDV ribozyme construct.18
We next investigated the nature of the inhibition in the oxo and SP substrates upon
Cd2+ addition using two different approaches. The first was an attempt to identify the
binding site of the inhibitory Cd2+ ion. Previous Raman spectroscopic studies at pH 5.0
and 7.5 revealed a peak corresponding to a hydrated Mg2+ ion with at least one non-water
ligand exclusively found at pH 7.5.54 The loss of the spectral peak at low pH
corresponded to the protonation of C75, since the pKa of C75 lies within the pH range of
the study, indicating that the metal ion probably lies at the active site or close to it. An
inflection corresponding to a perturbation of a guanine base was also found to occur with
the loss of the hydrated Mg2+ peak. The closest guanine residue to the active site, G1, was
investigated biochemically by mutation to 7-deazaguanosine, which neither affected the
Mg2+ requirement nor the observed rates of the reaction but did result in the loss of the
spectral peak corresponding to the hydrated metal ion. Thus, this metal ion was labeled
as a non-catalytic diffuse ion.55 We investigated two mutants previously studied in the
cis-acting ribozyme for their possible influence on Cd2+ inhibition.56 The first mutant
converts the standard G1•U37 wobble to a Watson-Crick AU base pair, while the second
converts it to a G1C37 base pair. The A1U37 mutant was found herein to induce
nonspecific cleavage of the two-piece system (data not shown) and was not explored
further. In case of the G1C37 mutant we observed reactivity, and found only a 3-fold
decrease in the WT oxo substrate cleavage rate between 0 and 1 mM Cd2+ (Figure A.6).
This inhibition by Cd2+ was less as compared to the WT reaction (6-fold decrease),
suggesting that the G1C37 mutation led to partial recovery of the inhibition by Cd2+.
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However, the RP substrate reaction was biphasic and showed thio effects that could be
rescued by Cd2+ but the rescue was again not a normal rescue. Since the G1C37 mutation
did not get rid of the inhibition completely, the lack of a normal rescue could be due to
the presence of more than one inhibitory Cd2+ binding sites.
In the second approach, values of kobs were determined as a function of Cd2+
concentration at various Mg2+ concentrations. This was done at pH 5.6 because a wider
range of Cd2+ concentrations could be explored without precipitation of Cd(OH)2, and
because C75 is protonated in a significant fraction of molecules under these conditions,
which leads the active site to be more stable and less dynamic.42 Plotting these data in
the form of a Dixon plot revealed lines that intersect in the second quadrant (Figure A.7).
This graphical form is consistent with inhibition by Cd2+ being competitive with respect
to Mg2+. Moreover, a value of 137±73 mM for the apparent inhibition constant of Cd2+,
Ki,, is obtained from these plots, which is significantly tighter than the apparent Kd of
16 mM observed for Mg2+ at pH 5.5 in the wild-type ribozyme.11 Observation that the
apparent Ki is much tighter than the apparent Kd is consistent with our recent study on the
A25C20 double mutant version of the ribozyme, wherein the catalytic metal ion appears
to bind tighter than the apparent Kd for Mg2+.6 It thus appears that the inhibitory Cd2+
competes with the Mg2+ ions.
Next, we investigated the Cd2+-concentration-dependence of rescue of the RP
substituted substrate. Interestingly, metal ion rescue by Cd2+ at pH 5.6 begins to assume
values significantly greater than unity when the concentration of Cd2+ is between 1 and 2
mM (see rounding point Figure 2.4.A). This value is smaller than the apparent Kd of 16
mM for Mg2+ binding to the oxo substrate at pH 5.5.11 We attempted to achieve

45

saturation of the ribozyme with Cd2+, however at Cd2+ concentrations higher than 10 mM
degradation of the RNA became problematic over the timescale of ribozyme cleavage
(data not shown).
At pH 8.0 the metal ion rescue assumes values greater than unity when the
concentration of Cd2+ is between 0.2 and 0.6 mM (see rounding point in Figure 2.4.B).
We are unable to saturate the reaction with Cd2+ ion at pH 8.0 owing to formation of
cadmium hydroxide. Nonetheless, rescue at lower Cd2+ concentrations in pH 8.0
experiments strongly suggests that the binding of Cd2+ is tighter at higher pH; these
trends parallel the observed pH dependence of Mg2+ affinity for the unsubstituted
ribozyme.11 Observation that the Kd for Cd2+, like that of the active site Mg2+,11,14
decreases with increasing pH further supports that this Cd2+ ion binding site is within the
active site.

2.4.3 Role of the pro-RP Oxygen in Positioning C75
The non-bridging pro-RP oxygen at the scissile phosphate is positioned to interact
with both the catalytic metal ion and the exocyclic amine of C75. According to the
crystal structure,5 the metal ion is only 2.6 Å from the pro-RP oxygen but 3.6 Å from the
amine of C75, although MD studies in the presence of Mg2+ and protonated C75 indicate
that this distance decreases to ~3.0 Å on average. 5,42 The above phosphorothioate
substitutions and subsequent metal ion rescues monitor interaction of the non-bridging
pro-RP oxygen with the catalytic metal ion but do not probe its interaction with C75. In
an effort to evaluate interaction between the pro-RP oxygen and C75, we measured thio
effects in three variant backgrounds, summarized in Table 2.2. In 1M NaCl/ 100 mM
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EDTA, which removes all divalent ions, 2) In a G25•U20 to A25•C20 double mutant that
interferes with active site Mg2+ binding, and 3) In a C75D mutant in which activity was
rescued by imidazole. The latter two sets of experiments were conducted in the presence
of Mg2+ ion.
We first explored whether the thio effect observed with the RP substrate was still
observable when the reaction was conducted in the absence of divalent metal ions. There
are no divalent Mg2+ ions in the active site of the ribozyme under these conditions,
however the thio modification might still be predicted to interfere with any hydrogen
bonding between the exocyclic amine of C75 and the scissile phosphate. The ribozyme is
known to react, albeit with a reduced rate, in the absence of divalent metal ions when
high concentrations of NaCl are present.20 We employed 1 M NaCl, along with 100 mM
EDTA to ensure no divalent metal ion contamination. (High concentrations of EDTA are
especially important because of screening from Na+ and at low pH where EDTA binds
contaminating trace divalent ions less tightly.) The RP substrate was found to react 2.5fold more slowly than the oxo substrate, providing a small normal thio effect (Table 2.2).
The SP substrate, on the other hand, reacted 3.4-fold faster than the oxo substrate,
providing an inverse thio effect. Overall, these data provide no strong support for the proRP oxygen interacting directly with C75, or any other functionality.
Next, we investigated the effect of phosphorothioate substitution on reaction with
the A25•C20 double mutant. The reverse G•U wobble found at the active site contributes
to the electronegative pocket for the divalent metal ion.5,6,44 Mutating this reverse wobble
to an isosteric A•C reverse wobble replaces the keto oxygen of guanosine with the amine
of the adenosine. This A25•C20 double mutant results in a bell-shaped rate-pH profile
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for the ribozyme in the presence of added divalent metal ions, with pKa values of 5.4±0.3
and 6.2±0.2.6 This rate-pH profile is largely an inverse of the trend observed in the WT
ribozyme and suggests that any contribution of the catalytic metal ion to the reaction with
the A•C reverse wobble occurs only at low pH. According to the crystal structure of the
ribozyme with a reverse G•U wobble, the pro-RP oxygen interacts directly with the
catalytic metal ion and with the exocyclic amine on C75. In the absence of any
contribution from the catalytic metal ion, as anticipated for the A25•C20 double mutant
at neutral pH, we expected to exclusively interrogate the interaction of the pro-RP oxygen
with the exocyclic amine on C75.
When we analyzed the reaction of this double mutant with the thio substrates, no
thio effect was observed for the RP substrate at neutral pH in 10 or 50 mM Mg2+ (thio
effects of 1.5±0.3 and 1.4±0.3, respectively, Table 2.2), consistent with absence of strong
metal binding in the active site of the A25•C20 double mutant at biological pH as
previously concluded.6 Importantly, these data further provide no direct support for the
pro-RP oxygen interacting with C75, as a thio effect should have been observed in the
absence of divalent metal ion if this were the case. It is possible, however, that this
interaction is present but that it is redundant with other interactions at the active site (see
Discussion).
At the lower pH of 5.6, no thio effect was observed for RP substrate in the A•C
double mutant in 10 mM Mg2+ (Table 2.2), again providing no support for the pro-RP
oxygen interacting with C75. Surprisingly, at pH 5.6 and the elevated Mg2+
concentration of 50 mM, a 4.2±0.8-fold thio effect was observed for the RP substrate
(Table 2.2). This effect was stereospecific in that it was absent with the SP substrate,
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which gave just a 1.3±0.03-fold effect (Table 2.2). These data suggest that only at the
lowest pH, where C75 is protonated and the active site is aligned42 and at the highest
Mg2+ concentrations can the A•C double mutant support the direct metal ion interaction
at the active site. Consistent with this notion, we observed a partial rescue of this thio
effect by Cd2+ (Table 2.2, footnote). These data support direct pro-RP oxygen-Mg2+
interaction at the active site and are also consistent with the upward arm observed in the
rate-pH profile for the A•C double mutant between pH 5 and 5.5 at 50 mM Mg2+ in our
recent study.6
Lastly, we measure the effect of phosphorothioate substitution in the C75D
background. These experiments were done in the presence of 25 mM Mg2+ and 0.4 M
imidazole, which are optimal for folding and C75 rescue, respectively, under these
conditions.10 First, we note that all three substrates were cleaved in the presence of the
C75D enzyme. A 3.2±0.08-fold thio effect was observed for the RP substrate that was
absent with the SP substrate, which exhibited a 0.7±0.03-fold effect (Table 2.2). These
data support the importance of interaction between the pro-RP oxygen and the catalytic
metal ion, even in the absence of the amine of C75. This indicates that any interaction
between the pro-RP oxygen and C75 is relatively unimportant for pro-RP oxygen function
with metal ion. In sum, the thio effects observed in 1 M NaCl/100 mM EDTA, the A•C
double mutant, and C75D support the direct pro-RP oxygen-Mg2+ interaction but provide
no support for direct interaction between the pro-RP oxygen and the N4 of C75 or any
other functionality in the reaction.
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Table 2.2. Thio effect in absence of divalent metal ion, AC double mutant, and C75Δ
mutant
Variant

pH

WT no Mg2+

6.0

AC DM

5.6

Ionic
Conditions
1M NaCl/
100 mM
EDTA

10 mM Mg2+

50 mM Mg2+

7.0

10 mM Mg2+

50 mM Mg2+

C75Δ

7.0

Substrate kobs (min-1)a

kO/kS a

Oxo

(0.5 ± 0.1) x 10-4

N/A

SP

(1.7 ± 0.1) x 10-4

0.3 ± 0.2

RP

(0.20 ± 0.04) x 10-4

2.5 ± 0.3

Oxo

0.06 ± 0.01

N/A

RP

0.05 ± 0.01

1.1 ± 0.3

Oxo

0.72 ± 0.01

N/A

SP

0.57 ± 0.01

1.3 ± 0.03

RP

0.16 ± 0.03

4.2 ± 0.8b

Oxo

0.032 ± 0.005

N/A

RP

0.022 ± 0.002

1.5 ± 0.3

Oxo

0.026 ± 0.001

N/A

RP

0.018 ± 0.003

1.4 ± 0.3

(1.5 ± 0.01) x 10-4

N/A

(2.1 ± 0.1) x 10-4

0.7 ± 0.03

(0.44 ± 0.01) x 10-4

3.2 ± 0.08

25 mM Mg2+/ Oxo
400 mM
SP
imidazole
RP

a

Errors in kobs and ratio of rate constants were determined as in Table 2.1. bThe observed
thio effect was partially (~2-fold) rescuable in the presence of 0.5 mM Cd2+.
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2.4.4 QM/MM Study of the Thio Effect at the Scissile Phosphate
In order to investigate the effect of phosphorothioate substitution at the scissile
phosphate theoretically, we performed geometry optimizations on the phosphorothioatesubstituted RP and SP substrates in the presence of the catalytic Mg2+ ion. The optimized
reactant structure of the RP substrate exhibited significant active site distortion (Figure
2.5.A) compared to the optimized reactant structure of the oxo species. The most
prominent effect was the increase in the C75(N3) and G1(O5’) distance by ~0.7 Å.
These two atoms serve as the donor and acceptor for the proton transfer reaction that is a
key step in the self-cleavage reaction of the ribozyme.27 Moreover, the distance between
the catalytic ion and the pro-RP sulfur increased by ~0.5 Å compared to that distance in
the oxo species. These two distortions are consistent with the significantly slower rates of
the RP substrate observed experimentally in the presence of Mg2+. In contrast, no such
distortions were observed in the optimized reactant state of the SP substrate (Figure
2.5.B).
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Figure 2.5. Overlay of the cleavage site of the QM/MM-optimized reactant states for
the WT oxo with SP and RP substrates with Mg2+ ion at the catalytic site. (A)
Overlay of oxo and RP substrate, and (B) overlay of oxo and SP substrates. The
phosphorothioate-containing structures are depicted in cyan and atom-specific colors
with the catalytic Mg2+ ion purple. The WT structure and its catalytic Mg2+ ion are
depicted entirely in blue. In all three structures, the N3 of C75 is protonated.

For the RP substrate, we identified a transition state (TS) using the quasisynchronous transit method and performed frequency calculations to confirm that the
resulting stationary point has a single imaginary frequency (Figure 2.6). This transition
state has a similar structure to that of the reactant structure, except for the position of the
proton (H3) on N3(C75), which has partially transferred to O5’(G1). Starting from this
TS structure, we calculated the mass-weighted minimum energy path (MEP) back to the
reactant and product structures following the intrinsic reaction coordinate (IRC) (Figure
2.6.A, B). When we followed this path in the product direction, we obtained a minimum
corresponding to an intermediate in which the proton has fully transferred to G1(O5’)
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(Figure 2.6.C). The calculated energy barriers along this pathway are 37 and 5 kcal/mol
in the forward and reverse directions, respectively. While these energies cannot be used
to calculate reaction rate constants because they do not include entropic effects and only
represent one possible reaction pathway, they can still be used to gain qualitative insight
into the mechanism. This reaction path suggests that the reaction mechanism is
sequential, with the proton transferring prior to phosphorous-oxygen bond formation and
cleavage. In contrast, prior analogous QM/MM calculations on the oxo species suggested
a concerted mechanism with a phosphorane-like transition state when a divalent ion is
bound at the catalytic site. 27 Moreover, the calculated energy barrier from the reactant to
the TS is 12 kcal/mol higher for the RP substrate than for the oxo substrate, although the
energetics are not reliable due to incomplete sampling of conformational space.27 We
emphasize that the search for transition states was not fully comprehensive, and other
transition states with different character may also exist.
Although this sequential reaction pathway with initial proton transfer does not
seem probable based on the high energy barrier, we propose a possible explanation as to
why it may be followed by the RP substrate. The pro-RP oxygen of the scissile phosphate
interacts with both the catalytic metal ion and the exocyclic amine of C75. Replacing this
oxygen by sulfur weakens both of these interactions. The weakening of the pro-RPN4(C75) interaction causes C75 to move away from G1, thus increasing the proton
donor-acceptor distance from 3.01 Å in WT to 3.72 Å in the RP substrate for the
optimized reactant state. Note that the proton donor-acceptor distance decreases to 2.75 Å
at the transition state of the first step depicted in Figure 2.6 for the RP substrate to enable
proton transfer. An explanation as to why the proton may transfer in the first step of a
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sequential mechanism for the RP substrate is that the weakening of the pro-RP-metal ion
interaction may strengthen the metal ion-O2’(U-1) interaction, thereby hindering the
attack of the O2’ nucleophile on the scissile phosphate.

Figure 2.6. Minimum energy path (MEP) obtained from the QM/MM calculations
for the initial proton transfer step of the self-cleavage reaction catalyzed by the RP
substrate with Mg2+ ion at the catalytic site. This step corresponds to proton transfer
from N3(C75) to O5’(G1) and would be followed by a step comprised of phosphorousoxygen bond formation and cleavage. (A) Energy and (B) relevant distances shown along
the intrinsic reaction coordinate. (C) Scissile phosphate region of the intermediate
corresponding to a proton transferred from N3(C75) to O5’(G1), which is the product of
the MEP for the step shown in panels A and B. Colors on arrows are coordinated with
colors in panel B.
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2.4.5 QM/MM Study of the Metal Ion Rescue by Cd2+at the Scissile Phosphate
To understand the role of Cd2+ ion in rescuing the catalytic reaction, we
performed QM/MM calculations after replacing the catalytic Mg2+ ion by a Cd2+ ion. For
both the oxo and SP substrates in the presence of Cd2+, we were unable to identify a
transition state or intermediate associated with either a concerted or a sequential
mechanism. Several constrained optimization techniques were utilized to search for both
a phosphorane intermediate and an intermediate corresponding to initial proton transfer.
Although these searches were not comprehensive, the calculations suggest that the oxo
and SP substrate species behave similarly (i.e., with no stable intermediates) when Cd2+ is
bound at the active site.
For the RP substrate in the presence of Cd2+, we tried to locate an intermediate
similar to the one observed for the RP substrate with a Mg2+ ion at the catalytic site (i.e.,
with the proton transferred to the O5’(G1)) using several constrained optimization
techniques but were unsuccessful. However, we were able to locate a phosphorane
intermediate as a minimum on the potential energy surface (Figure 2.7). Formation of a
phosphorane intermediate species has been shown to be involved in similar ribozyme
catalyzed reactions.57 Moreover, in our previous study,27 we reported a phosphorane
intermediate for the oxo case with a monovalent ion ( Li+, Na+, K+, Cs+) at the catalytic
site, in contrast to the concerted reaction pathway observed with a divalent ion at the
catalytic site (Mg2+, Ca2+). The absence of an intermediate arising from initial proton
transfer for the RP substrate in the presence of Cd2+ can be attributed to the strengthening
of the Cd2+-pro-RP sulfur interaction and the weakening of the Cd2+-O2’ (U-1)
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interaction, thereby allowing the O2’ nucleophile to attack the scissile phosphate to form
the phosphorane intermediate structure.

Figure 2.7. Cleavage site of the phosphorane intermediate structure obtained from
the QM/MM calculations for the RP substrate with Cd2+ ion at the catalytic site.

For the RP substrate, the type of intermediate observed depends on the particular
metal ion at the active site. In terms of energetics, the intermediate corresponding to
proton transfer identified in the presence of Mg2+ was 33 kcal/mol higher than the
optimized reactant, whereas the phosphorane intermediate identified in the presence of
Cd2+ was only 10 kcal/mol higher than the optimized reactant. Although these values are
not quantitatively meaningful, the large difference is consistent with the experimental
observation that the overall reaction of the RP substrate is more facile in the presence of
Cd2+.
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2.5

Discussion
The importance of nucleobase and metal ions in ribozyme mechanism has been

established, but the extent of cooperation between them remains unclear. A recent crystal
structure of the HDV ribozyme indicated interaction between the catalytic metal ion and
the pro-RP oxygen of the scissile phosphate,5 but previous functional studies did not
provide evidence in support of this interaction.21 Herein, we utilized experimental and
theoretical methods to assess the functional importance of the pro-RP oxygen at the active
site. The RP sulfur substitution at the scissile phosphate resulted in biphasic kinetics with
a thio effect as large as ~1000 that was rescuable with the thiophilic metal ion Cd2+.
These data, in contrast to previously reported results, implicate the pro-RP oxygen of the
scissile phosphate as a catalytically important metal ion ligand. Furthermore, QM/MM
calculations support the importance of the pro-RP oxygen and help explain the
experimentally observed thio effects for the RP substrate. Interaction between the pro-RP
oxygen and C75 was also investigated by experiments conducted in the absence of bound
divalent metal ion. These studies provided no normal thio effect and thus no evidence for
catalytically important interaction between the exocyclic amine of C75 and the pro-RP
oxygen, although the absence of thio effect cannot be equated to an absence of
interaction.

2.5.1 Comparison to Other Studies of the HDV Ribozyme Using Phosphorothioate
Substitutions
The pro-RP oxygen on the scissile phosphate of the HDV ribozyme has received
some study in both the genomic and antigenomic versions of the HDV ribozyme. At

57

present, crystal structures are available only for the genomic ribozyme, in both cleaved
and precleavage states.3,5,58 The previous study of phosphorothioate modifications on the
genomic version of the ribozyme was conducted in the presence of 10 mM Mg2+ by
Nishikawa and co-workers.21 These authors reported nearly identical behavior for the SP
and oxo substrates, similar to our findings (Table 2.1). They also reported that the RP
substrate reacted to only ~10-20% completion and that this phase had no thio effect. This
is similar, although not identical to our findings: we too found that ~30% RP substrate
reacted in a fast phase, although this phase has a modest thio effect of ~5-fold at pH 8.0,
see below. These differences can perhaps be attributed to our construct being rate-limited
by chemistry and therefore faster reacting. We note that those authors did not include
time points longer than 30 min; the slow phase in our reaction has t1/2’s of ~175 and ~75
min at pH 5.6 and 8.0, respectively (Table 2.1)—long enough that the previous study
may have missed this phase in their slower reacting constructs. Moreover, the previous
experiments attempted rescue in 10 mM Mn2+—a mildly thiophilic metal ion33—and did
not find any rescue,21 an observation similar to that herein in 10 mM Mg2+/2 mM Mn2+,
although we see slight inverse metal ion rescues (Table 2.1).
In the antigenomic version of the ribozyme, phosphorothioate substitution of the
pro-RP oxygen led to a significant 25-fold thio effect that was partially (4-fold) rescued
by either 1 mM Cd2+ or 1 mM Mn2+, both in the background of 9 mM Mg2+.59 The
authors thus concluded that the pro-RP oxygen participates in a metal ion interaction.
These data support a direct interaction of the catalytic metal with the pro-RP oxygen in
the antigenomic ribozyme, similar to that found herein for the genomic ribozyme.
Although no crystal structure currently exists for the antigenomic ribozyme, this result is
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encouraging as the two ribozyme are closely related and their active site nucleotides are
strongly conserved across evolution.60,61 Also, the thio effect for the RP substrate of ~25fold in the antigenomic and ~5-fold (fast phase) in the genomic ribozymes, respectively,
are significant but relatively small (see last section of Discussion), consistent with our
previous study which concluded that divalent metal ion contributes only ~25-fold to
catalysis.12 The large thio effect of ~1,000-fold for the slow phase of the RP substrate may
be due to a change to a different reaction pathway, as supported by flattening of the ratepH profile.
In the study of phosphorothioate effects in the antigenomic HDV ribozyme,
several mutations near the active site were also examined for thio effects and metal ion
rescue. These led to reduced thio effects and small or inverse metal ion rescues. These
mutants largely reacted slower than the wild-type with the natural oxo substrate. This
illustrates that slowly-reacting ribozymes can lead to loss of thio effects, most likely
when the rate limiting step is not chemistry. This may account for why Nishikawa and
co-workers did not observe a thio effect on the RP substrate for the genomic
ribozyme.21,59

2.5.2 Support for a Metal Ion Interacting Directly with the Scissile Phosphate
The observation of a large stereospecific thio effect indicates the importance of
the pro-RP oxygen for the reaction, but does not itself establish direct interaction between
the metal ion and the pro-RP oxygen. For this purpose, metal ion rescue with a thiophilic
metal ion such as Cd2+ was conducted. Metal ion rescue generally supports direct metal
ion-ligand interaction and is defined mathematically as
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Typically, in the presence of Cd2+, kS increases while kO does not change. However, in
the present studies, kS did not change while kO decreased. In other words, the metal ion
rescue observed herein is unconventional in that it is complicated by an inhibitory effect
of Cd2+ on the WT oxo substrate (Figure A.7) and a lack of stimulation of the RP
substrate (Figure 2.3.A).
The above observation can be ascribed to one of several limiting scenarios. In
scenario 1, a single Cd2+ ion interacts with the SP and oxo substrates at the active site but
not the RP substrate. In this case the Cd2+ would inhibit the SP and oxo substrates but
somehow be displaced by the pro-RP sulfur atom. Although this scenario cannot be ruled
out, it seems unlikely for two reasons. First, we analyzed all of the known metal ion
binding sites in the precleaved crystal structure. For those sites near the active site, none
has interaction with an N7 as would be expected for a transition metal binding site.
Second, all Cd2+ experiments were performed in a background of 10 mM Mg2+. Since
the active site is characterized with extensive presence of phosphate non-bridging
oxygens, the Mg2+ is expected to interact with these much more strongly than the Cd2+.
In scenario 2, which we favor, a single Cd2+ ion interacts with and inhibits the SP,
oxo, and RP substrates but not at the scissile phosphate; at the same time, a second Cd2+
ion interacts specifically with the RP substrate at the scissile phosphate and stimulates the
reaction. The model of a common inhibitory site is supported by the mutational data at
the cleavage site base pair: interaction of metal ion with the N7 of G1 was suggested by
prior comparison of divalent and monovalent ions from theoretical and experimental
methods42 as well as analysis of the known metal ion binding sites. Indeed, Cd2+
inhibited the G1C37 mutant less than the wild-type (Figure A.6; 3- and 6-fold
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inhibition, respectively) suggesting that at least a portion of the Cd2+ inhibition comes
from this site. In further support of scenario 2, inspection of the structure suggests
several other distal sites that could contribute to inhibition. Moreover, Nishikawa and coworkers found that Cd2+ fully inhibits the wild-type genomic ribozyme, but only partially
inhibits a version in which the last 5 base pairs and the loop of P4 were replaced with
UUU, which supports Cd2+ inhibition originating, at least in part, from the genomicspecific P4 region of the ribozyme.18
Lastly, we note that the affinities of the inhibitory and stimulatory Cd2+ ions for
their respective sites should be similar otherwise the rate of the RP substrate should be
faster (or slower) for Cd2+ concentrations between the two dissociation constants and a
bell-shaped curve would result, which was not observed (Figure 2.3.A). Observation of
a rounding point near 1 mM for the dependence of metal ion rescue on Cd2+
concentration (Figure 2.4.A) is consistent with studies of Ward and DeRose, who
measured a K1/2 for Cd2+ binding to the RP substrate in the hammerhead ribozyme of 900
mM in 15 mM Ca2+ and 100 mM Na+,62 a somewhat similar ionic strength background to
10 mM Mg2+ and 50 mM Na+ used herein.
Theoretical calculations revealed different mechanisms for the oxo and RP
substrates in the presence of Mg2+ as well as the RP substrate in the presence of Cd2+. The
mechanism previously identified for the oxo species in the presence of Mg2+ is concerted
with a phosphorane-like transition state,27 while the mechanism identified for the RP
substrate in the presence of Mg2+ has an intermediate arising from proton transfer with a
very high energy barrier (Figure 2.6). The observation of a high-energy intermediate for
the RP substrate in the QM/MM calculations is consistent with the thio effect observed
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experimentally. The calculations suggested yet another mechanism for the RP substrate in
the presence of Cd2+, namely a sequential mechanism with a phosphorane intermediate.
For the RP substrate, the energy of the optimized intermediate relative to the optimized
reactant is ~23 kcal/mol lower in the presence of Cd2+ than in the presence of Mg2+. This
observation is consistent with the experimentally observed thiophilic metal ion rescue.
The inhibitory effect observed in the case of oxo and SP substrate in the presence of Cd2+
could not be explained by the theoretical model. The lack of knowledge about the various
possible metal binding sites for the metal ion render it difficult to address this issue
through theoretical calculations.

2.5.3 The pro-RP Oxygen is Not Necessary for Positioning C75
Experiments conducted in 1 M NaCl/100 mM EDTA showed either a small
normal thio effect, with the RP substrate, or a small inverse thio effect, with the SP
substrate. In an effort to understand the inverse thio effect, we considered the charge
distribution on the nonbridging O and S atoms from experimental and theoretical
viewpoints. Frey and Sammons discussed that crystals of thiophosphate diester
monoanions display similar bond orders for the P-S and P-O bonds, and thus have likely
similar charge distribution on the nonbridging O and S.63 We calculated Mulliken
charges64 with the sulfur atom at the non-bridging position, and also found that negative
charge was approximately evenly distributed between the nonbridging O and S atoms
(data not shown). In addition, theoretical calculations on phosphate diesters from York
and co-workers indicated that although sulfur may be more polarizable and thus capable
of inducing charge localization, the large sulfur atom tends to be less well solvated again
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leading to nearly even charge distribution on the two nonbridging atoms.65,66 Thus, the
inverse thio effect does not appear to be due to uneven charge distribution between the
nonbridging O and S atoms.
It is interesting to note that an inverse thio effect in monovalent ions has been
previously observed for both the genomic and antigenomic ribozymes.20 In the presence
of NaCl, the genomic ribozyme gave rise to a 3.3-fold inverse thio effect for the SP
substrate3, identical to that seen herein (Table 2.2), while in the presence of NH4Cl, very
large inverse thio effects of 18- and 34-fold were observed for the genomic and
antigenomic ribozymes for the SP substrate. These authors pointed to a possible change
in the active site geometry with the thiophosphate. As such, the origin of the inverse thio
effect remains unclear. Nonetheless, these experiments provide no support for a direct
interaction between the exocyclic amine on C75 and pro-RP oxygen atom, although they
do not rule it out either (see below).
Experiments in the A•C double mutant showed lack of a thio effect in all but the
low pH, high metal ion conditions. These observations strongly support the conclusion
that the pro-RP oxygen is not necessary for positioning C75. Lastly, experiments with
C75D indicated that any interaction between the pro-RP oxygen and C75 is not critical for
pro-RP-metal ion interaction.
These observations raise the question as to what interactions are important for
positioning C75 for proton transfer to the leaving group. In the crystal structure, the proRP oxygen of C22 forms a 3.0 Å hydrogen bond with C75N4, and MD studies in the
presence of Mg2+ and protonated C75 indicate an average distance of ~2.8 Å.5,42 This
3

The diastereomers were left as a mixture in that study, but the authors provided evidence that the more reactive
portion comes from the Sp substrate.
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distance is somewhat shorter than the distance between C75N4 and the pro-RP oxygen at
the scissile phosphate both in the crystal structure and MD, suggesting that the phosphate
of C22 might be relatively more important in positioning of C75. In addition, C75 is
positioned by a hydrogen bond between the O5’ of G1 and C75N3 found both in the
crystal structure and in MD (Figure 2.1.B), and C75 forms a strong stacking interaction
with A77. This multitude of interactions involving C75 may make any one contact
redundant to its positioning. Such principles have been applied to nonadditivity in
enzymology.67 Indeed, we have argued for low cooperativity of RNA folding in a
tetraloop hairpin, where the multitude of stacking, hydrogen bonding, and hydration
interactions provides an extensive and overdetermined network of interactions that make
any single interaction nonessential.68,69 Thus, the relative unimportance of the scissile
phosphate pro-RP oxygen in interacting with C75 does not mean that these two species do
not interact.

2.5.4 The RP Substrate has Biphasic Kinetics
The studies herein used a two-piece ribozyme construct, which facilitated
introduction of the phosphorothioate at the cleavage site and separation of the
diastereomers. We studied the oxo, SP, and RP substrates with the same enzyme strand.
The oxo and SP substrates gave simple, single exponential kinetic behavior, as reflected in
the traces in Figure 2.2. The RP substrate, however, gave double exponential kinetics
under most conditions despite using the same enzyme strand as for the other substrates.
The origin of the biphasic behavior is not entirely clear, although simple results with the
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oxo and SP substrates suggest that it is unlikely due to problems with heterogeneity in the
ribozyme strand, which has beset other ribozymes.70
The fast and slow phases of the RP substrate have quite different behavior. The
thio effects are only up to ~5-fold for the fast phase, but are up to ~1000-fold for the slow
phase. Observation of thio effects is consistent with the theoretical studies in which the
RP substrate was observed to follow a reaction pathway with a high energy proton
transfer intermediate (Figure 2.6). However, the present QM/MM calculations cannot
speak to the biphasic nature of the RP substrate kinetics. Moreover, metal ion rescue is
7.5-fold and 330-fold for the fast and slow phases, respectively. Thus, in general larger
thio effects and metal ion rescues are found for the slower phase. In addition, the fast
phase showed a typical rate-pH profile, albeit with a slightly lower pKa (Figure 2.2.B),
while the slow phase did not show a dependence on pH (Figure 2.2.C). This large thio
effect does not appear to be due to displacement of C75 on the basis of absence of
imidazole rescue of the RP substrate, absence of significant refolding as per in-line
cleavage assays, and lack of C75 extrusion in MD trajectories (see Results). Thus, this
large thio effect may be due to a change in the reaction pathway, and further studies will
be needed to elucidate it.

2.5.5 Comparison to Studies of Other Ribozymes Using Phosphorothioate
Substitutions
In the opening section of the Discussion, we compared our present results with
previous studies on the HDV genomic and antigenomic ribozymes that used
phosphorothioate substitutions. Having identified similarities and differences between
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amongst these studies, we provide here a brief comparison between phosphorothioate
studies on the HDV ribozymes and several other ribozymes. We compare thio effects,
metal ion specificity, and then metal ion rescues.
Metal ion rescue studies have been employed extensively on the Tetrahymena
group I33,34,51,71 and hammerhead62,72–74 ribozyme to investigate the nature and the extent
of interactions between their catalytic metal ions and their potential ligands. The
Tetrahymena ribozyme is a metalloenzyme that uses two or three metal ions in its
catalytic mechanism.71,75 It is a well-understood and absolutely divalent metal iondependent ribozyme. Magnitudes of thio effects in the Tetrahymena ribozyme, which
occur for both pro-RP and pro-SP oxygens, range from several-fold to 1,200-fold. These
values span a similar range as the thio effects we observe for the pro-RP oxygen herein:
up to 5-fold for the fast phase and 1,000-fold for the slow phase.
The identity of the metal used in metal ion rescue experiments is critical in the
Tetrahymena ribozyme. Metal ion rescues for the Tetrahymena ribozyme were often
specific to one particular thiophilic metal ion, such as Mn2+, Zn2+, or Cd2+, and depended
on the ion-ligand pair studied.34,53,71 This likely arises because metal-ligand interactions
can be exquisitely sensitive to the ligand geometry. In the HDV ribozyme, we also
observe that metal ion rescues are specific to particular thiophilic metal ions; for instance,
Cd2+ but not Mn2+ rescues in the genomic ribozyme. Also, the magnitude of the metal
ion rescues in the HDV ribozyme are similar to those in the group I ribozyme, with
values for the RP substrate of 7.5- fold for the fast phase and 330-fold for the slow phase,
similar to the 5- to 330-fold found for the group I ribozyme.
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Earlier phosphorothioate rescue experiments on the hammerhead ribozyme
focused on the minimal ribozyme, which lacks key tertiary contacts as compared to the
full-length ribozyme.76 Thio effects on the order of a >10,000-fold were found specific to
the RP substrate.72 Interestingly, thio effects on the full-length hammerhead ribozyme are
only ~100-fold for the RP substrate.62 The lack of extensive tertiary contacts in the
minimal ribozyme may result in a larger conformational change upon the introduction of
the bulky sulfur atom at the scissile phosphate leading to larger thio effects. In addition,
the smaller thio effect in the full-length hammerhead ribozyme is consistent with the
small ~25-fold contribution of metal ions to catalysis, qualitatively similar to the studies
herein.77,78 Metal ion rescue for the RP substrate of the full-length hammerhead ribozyme
is ~9-fold, similar to the rescue observed for the fast phase in the studies herein. Overall,
observation that thio effects and metal ion rescues for the HDV ribozyme have
quantitative and qualitative similarities to the Tetrahymena and the hammerhead
ribozymes supports a critical role for metal ions in the active site of the HDV ribozyme .
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Appendix A
Thio Effects and an Unconventional Metal Ion Rescue in the Genomic HDV
Ribozyme

[Published as the supporting information for paper entitled “Thio Effects and an
Unconventional Metal Ion Rescue in the Genomic HDV Ribozyme” by Pallavi Thaplyal,
Abir Ganguly, Barbara L. Golden, Sharon Hammes-Schiffer, and Philip C. Bevilacqua in
Biochemistry 2013 52: 6499-6514.]

A.1

Supporting Figures
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Figure A.1. Separation of RP and SP diastereomers using reverse phase HPLC. (A)
Absorbance versus time (min) for a mixture of RP and SP diastereomers containing 300
pmoles of oligonucleotide. The RP diastereomer elutes first followed by the SP
diastereomer as deteremined by snake venom phosphodiesterase cleavage (see main text).
(B) Re-injection of the purified RP diastereomer after several weeks of storage at -20 oC
in sterile water. Oxo elutes at ~43 min (not shown) and there was not an appreciable
peak at that point. (C) As per panel B, except for re-injection of the purified SP
diastereomer. Note no detectable contamination of RP diastereomer.
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Figure A.2. Iodine cleavage of oxo, SP and RP substrates. Samples were treated with 1
mM I2 at 90 oC for 2 min after any enzyme reaction. In the absence of enzyme (last three
lanes, top and bottom panels), oxo substrate shows minimal cleavage (~3%) upon
treatment with I2, whereas both SP and RP substrates show ~7% cleavage for the same
treatment. In the presence of enzyme, differential cleavage (+I2 minus –I2) is noted: oxo
substrate still shows minimal cleavage (-4 to 2% differential cleavage) whereas both SP
and RP substrates again show higher cleavage in the presence of iodine (5 to 10%
differential cleavage). Note that the low extent of backbone cleavage overall for both of
the phosphorothioate substrates is intrinsic to the I2 reaction and is due to the majority of
the I2-specific reaction proceeding by another channel, as described by Eckstein.1,2
Nonetheless, it is clear that the SP and RP substrates are equally reactive with I2, and that
the contribution of I2 to overall cleavage of the substrate does not change appreciably
after the ribozyme is introduced. (The low differential cleavage for SP substrate at 1 h is
because the reaction has already proceeded nearly to completion before I2 treatment.)
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Figure A.3. In-line probing of the enzyme strand of the HDV ribozyme. Conditions
were pH 8.3, 20 mM Mg2+, 100 mM K+, 37 °C at 0, 20, and 40 h, similar to typical inline probing conditions.2 The enzyme strand is 5’-end labeled with 32P with unlabeled
oxo, SP and Rp substrates present in saturating amounts. A.) Denaturing 8%
polyacrylamide gel. ‘OH–’ is a denaturing alkaline cleavage treatment, which reveals
position of all residues, and ‘T1’ is a denaturing RNase T1 treatment, which reveals
positions of all G residues. The oxo, SP and RP lanes exhibit similar structural changes in
the enzyme strand during the course of 40 h, suggesting no major conformational
differences. The ‘No Substrate’ lane has very different reactivity than the other three
conditions, supporting that the enzyme is saturated with substrate in the other conditions.
B) Secondary structure mapping of the in-line probing gel. Most of the nucleotides
undergoing in-line probing attack are in non-base paired regions or near the end of a
helix. The intensity of the bands has been denoted by different colors, with strong and
weak intensity bands colored black and grey, respectively.
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Figure A.4. Molecular dynamics simulation of the phosphorothioate substrates. The
key active site hydrogen bonding distances for A) RP and B) SP substrates bound to the
HDV ribozyme. The active site remained stable throughout the course of the 25 ns
trajectory for both substrates. The key hydrogen bonds involving C75 remained intact
throughout the course of the trajectory, showing that C75 was not being ejected out from
the active site for either substrate. Two independent trajectories were carried out for both
SP and RP substrates, both of which gave similar results.
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Figure A.5 Absence of metal ion rescue in the presence of Mn2+. Plot of fcleaved versus
time (min) of oxo, SP and RP substrates in the presence of 2 mM Mn2+ at pH 5.6. No
rescue is observed with Mn2+ (Table 2.1).
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Figure A.6 Reduced inhibition by Cd2+ in the presence of a GC base pair at the
cleavage site. Histogram representing the inhibition in the presence of Cd2+. All
reactions were in the presence of 10 mM Mg2+ and pH 5.6. The rate constants were as
follows, GC Watson-Crick: 1.29, 0.40, and 0.13 min-1 in 0, 1, and 2 mM Cd2+, and G•U
wobble pair: 4.1, 0.60, and 0.17 min-1 in 0, 1, and 2 mM Cd2+, respectively. Thus, the
inhibition by Cd2+ for the GC Watson-Crick base pair at the active site was reduced
relative to wild-type.
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Figure A.7 Competitive inhibition by Cd2+ A.) Dixon plot for the inhibition of the
reaction rate with increasing concentration of Cd2+ for the oxo substrate at pH 5.6. The
lines corresponding to the three different Mg2+ concentrations intersect in the second
quadrant, suggesting that Cd2+ acts as a competitive inhibitor, with Ki of 136 ± 73 µM.
Note that these data were globally fit forcing them to converge at a single point using the
program gnuplot. B.) Inhibition of the reaction rate in the presence of 10 mM Mg2+
including data to 2 mM Cd2+. The linear trend of the inhibition of reaction rate by Cd2+
shown in panel A (the exact same line is plotted in both panels) is maintained even at
these higher concentrations of Cd2+ where the inhibitor Cd2+ is in large excess of the
inhibitor enzyme complex. This panel provides evidence that the free concentrations of
Cd2+ equals the total concentrations of Cd2+ even at lower concentrations of Cd2+, owing
to the linear extrapolation; apparently the concentration of free Cd2+ is not affected
appreciably by binding diffusely to the ribozyme, perhaps because diffuse sites are filled
by the excess divalent species, which is Mg2+. Increasing error bars with increasing Cd2+
concentration are due to the ordinate being a reciprocal axis, not to the percentage error
systematically increasing
A.2
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Chapter 3
Quantum Mechanical/Molecular Mechanical Free Energy Simulations of the SelfCleavage Reaction in the Hepatitis Delta Virus Ribozyme
[Published as a paper entitled “Quantum Mechanical/Molecular Mechanical Free Energy
Simulations of the Self-Cleavage Reaction in the Hepatitis Delta Virus Ribozyme” by
Abir Ganguly, Pallavi Thaplyal, Edina Rosta, Philip C. Bevilacqua, and Sharon HammesSchiffer in J. Amer. Chem. Soc 2014 136: 1483-1496. All the QM/MM and MD
calculations described in the chapter were performed by Abir Ganguly (University of
Illinois, Urbana-Champaign)]
3.1

Abstract
The hepatitis delta virus (HDV) ribozyme catalyzes a self-cleavage reaction using

a combination of nucleobase and metal ion catalysis. Both divalent and monovalent ions
can catalyze this reaction, although the rate is slower with monovalent ions alone.
Herein, we use quantum mechanical/molecular mechanical (QM/MM) free energy
simulations to investigate the mechanism of this ribozyme and to elucidate the roles of
the catalytic metal ion. With Mg2+ at the catalytic site, the self-cleavage mechanism is
observed to be concerted with a phosphorane-like transition state and a free energy
barrier of ~13 kcal/mol, consistent with free energy barrier values extrapolated from
experimental studies. With Na+ at the catalytic site, the mechanism is observed to be
sequential, passing through a phosphorane intermediate, with free energy barriers of 2−4
kcal/mol for both steps; moreover, proton transfer from the exocyclic amine of
protonated C75 to the nonbridging oxygen of the scissile phosphate occurred to stabilize
the phosphorane intermediate in the sequential mechanism. To explain the slower rate
observed experimentally with monovalent ions, we hypothesize that the activation of the
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O2′ nucleophile by deprotonation and orientation is less favorable with Na+ than with
Mg2+ ions. To explore this hypothesis, we experimentally measure the pKa of O2′ by
kinetic and NMR methods and find it to be lower in the presence of divalent rather than
only monovalent ions. The combined theoretical and experimental results indicate that
the catalytic Mg2+ ion may play three key roles: assisting in the activation of the O2′
nucleophile, acidifying the general acid C75, and stabilizing the nonbridging oxygen to
prevent proton transfer to it.
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3.2

Introduction
The hepatitis delta virus (HDV) ribozyme belongs to a family of five distinct

small ribozymes known as the nucleolytic ribozymes.1,2 These ribozymes perform sitespecific cleavage and ligation reactions in RNA and can utilize nucleobases in
catalysis.1,3,4 The HDV ribozyme is found in closely related genomic and antigenomic
forms,5 as well as an extended family of HDV-like ribozymes.6-8 The pKa’s of specific
functional groups in ribozymes can be shifted toward neutrality to aid in general acidbase catalysis.9-14 An active site cytosine, referred to as ‘C75’ in the genomic HDV
ribozyme, has a pKa shifted toward neutrality and has been shown to be critical for its
self-cleavage reaction, acting as the general acid by donating a proton to the O5′
oxyanion of the leaving group.15,16 A role for C75 in proton transfer in the cleavage
reaction of the genomic HDV ribozyme has been further supported by molecular
dynamics

(MD)

and

quantum

mechanical/molecular

mechanical

(QM/MM)

calculations.17-20 In addition to nucleobase catalysis, the HDV ribozyme uses a metal ion
in its cleavage reaction,16,21,22 a strategy characteristic of the large ribozymes.23,24 The
catalytic divalent ion binds to a groove of extreme negative potential, where it interacts
with a reverse G•U wobble25 and the proRP oxygen of the scissile phosphate.22 In the
case of the HDV ribozyme, both divalent and monovalent ions can catalyze the reaction,
although the rate is ~25-fold slower in the case of monovalent ions alone.21 The use of
both metal ion and nucleobase catalysis in a single ribozyme is unusual26 and thus has
generated significant interest in understanding the mechanistic details.
In a previous study, QM/MM calculations on the HDV ribozyme were performed
by Abir Ganguly (UIUC).19 The active site of the HDV ribozyme and several possible
mechanisms are depicted in Figure 3.1. Those calculations indicated that the mechanism
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of the self-cleavage reaction is concerted with a phosphorane-like transition state (TS)
when a divalent metal ion, such as Mg2+ or Ca2+, is bound at the catalytic site (Figure
3.1.A). In contrast, the self-cleavage reaction was found to be sequential with a
phosphorane intermediate (PI) when a monovalent ion, such as Na+, is at this site (Figure
3.1.C with a Na+ rather than Mg2+ at the catalytic site).

Electrostatic potential

calculations suggested that the divalent metal ion at the active site lowers the pKa of
protonated C75, aiding its proton donation and thus facilitating the concerted mechanism,
in which the proton is partially transferred to the leaving group in the phosphorane-like
TS. These observations are supported by several experimental studies, including
measurements of the pKa in different Mg2+ and Na+ concentrations and proton inventories
in the presence of Mg2+ or Na+ alone.10,25,27 In this previous study, however, the results
were only qualitatively meaningful because of the limitations of the methodology.
Specifically, the structures for the minima and transition states were minimized and the
minimum energy path (MEP) was calculated without including entropic contributions or
conformational sampling.

The potential energy surface for such large systems is

expected to be complex, with numerous stationary points, and the reactant, product, and
transition states identified by this methodology may be biased toward the starting
configuration. Moreover, the inclusion of entropic contributions is essential for obtaining
free energy barriers that are related to experimentally measured rate constants.
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Figure 3.1. Plausible reaction pathways explored in this study. (A) The concerted
mechanism, in which the reaction passes through a phosphorane-like TS, which is
depicted as the middle structure. The minimum energy pathway obtained in our previous
study19 corresponds to this pathway. (B) A sequential pathway that passes through a
bridging O5′ proton-transferred intermediate, which is depicted as the middle structure.
(C) A sequential pathway that passes through a non-protonated phosphorane
intermediate, which is depicted as the middle structure. Note that all of the pathways are
reversible but are shown only in one direction for clarity.
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An alternative approach that avoids these limitations is to combine QM/MM
calculations with free energy simulations to generate the underlying free energy surface
for the reaction.28-35 Exploring the entire free energy surface of the system is typically
computationally prohibitive, however, because of the multidimensionality of these types
of complex systems and the expense of the QM/MM calculations. A variety of methods
have been developed to sample only the relevant portions of the free energy surface,
thereby providing a computationally tractable approach for generating the minimum free
energy path (MFEP).

For example, Hummer and coworkers combined the finite

temperature string method36 with umbrella sampling simulations37 to investigate the
catalytic reaction in the ribonuclease H enzyme.33 The key strategy of this method is to
start with an initial guess reaction path described by an initial string in the
multidimensional phase space and to repeatedly update the string based on umbrella
sampling simulations for points along the string.

In this manner, the regions of phase

space relevant to the reaction are sampled, and the string evolves toward the MFEP.
In the present study, Abir Ganguly (UIUC) used this finite temperature string
umbrella sampling approach to investigate the mechanism of the HDV ribozyme selfcleavage reaction. Three possible reaction mechanisms for the self-cleavage reaction with
a Mg2+ ion bound at the catalytic site were explored. As described below, all three initial
reaction paths, which correspond to three different mechanisms, evolve toward the same
MFEP, thereby illustrating the robustness of the approach in identifying the
thermodynamically favorable mechanism. In addition, Na+ ion rather than a Mg2+ ion at
the catalytic site was also investigated to illustrate that the mechanism is different in the
presence of monovalent versus divalent ions. In contrast to previous calculations, these
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QM/MM free energy calculations provide estimates of the free energy barriers for
comparison to experimental data and lead to different mechanistic predictions, such as an
additional proton transfer reaction occurring to stabilize the phosphorane intermediate
when Na+ is at the catalytic site.

Furthermore, these calculations lead to several

hypotheses regarding the role of the catalytic metal ion. To test one of the hypotheses
generated by these calculations, I performed kinetic and NMR experimental
measurements to determine the pKa of the attacking O2′ in the presence of divalent or
monovalent cations. The combined theoretical and experimental results provide a number
of new key insights into the mechanism of the HDV ribozyme and, in particular, the roles
of the catalytic metal ion.
3.3

Methods

3.3.1 QM/MM Free Energy Simulations
All the QM/MM simulations were performed by Abir Ganguly from the HammeSchiffer group at the University of Illinois at Urbana Champaign. The simulations were
based on the precleaved crystal structure (PDB ID 3NKB)16 solved with wild-type
sequences and a Mg2+ ion bound at the catalytic site, as in our previous QM/MM
calculations.19 The initial modeling performed on the crystal structure, particularly on the
scissile phosphate and the upstream nucleotide, is discussed in our previous studies.19,20,38
Several recent studies support the positioning of the active site nucleotides and metal ions
in this model.22,25 The nucleotides at positions 1 and 2 were modified from their deoxy
form, which were present to prevent degradation during crystallography, by addition of
2′-hydroxyls with ideal bond lengths and bond angles. The residues C75 and C41 were
kept protonated at their N3 positions to reflect the active form of the ribozyme, as
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discussed elsewhere.39,40 The Accelrys Discover Studio Visualizer 2.0 program was used
to add the hydrogen atoms. The ribozyme, along with its 10 crystallographically resolved
Mg2+ ions, was immersed in an orthorhombic box containing rigid TIP3P waters,41 and
Na+ ions were added to neutralize the system. Additional Na+ and Cl– ions were added to
provide a physiological ionic strength of 0.15 M. The starting structures along the initial
guess pathways for the QM/MM free energy simulations were obtained after classical
molecular dynamics (MD) equilibration of the solvent and the monovalent Na+ and Cl–
ions, followed by deletion of all solvent molecules and ions further than 20 Å from the
ribozyme. The MD simulations were performed using the DESMOND program42 in
conjunction with the AMBER99 forcefield,43 periodic boundary conditions, and the
Ewald treatment44 of long-range electrostatics. The details of these classical MD
simulations are provided in Ref. 20,38.
The QM/MM interface between Q-Chem45 and CHARMM46 was used to perform
the QM/MM free energy simulations. The QM region consists of 87 atoms, as used in a
previous study19 and depicted in Figure 3.2. The O2′ of the U-1 residue remained
deprotonated throughout all of our simulations to drive the nucleophilic attack on the
scissile phosphate. The deprotonation of the U-1 2′OH was assumed to occur prior to the
nucleophilic attack and was not considered explicitly in this study because the identity of
the general base is unknown, although it may be a hydroxide anion ligated to the Mg2+
ion. The QM atoms were treated with density functional theory (DFT) using the 631G** basis set and the B3LYP functional. The MM region was described by the
AMBER99 forcefield,43 and link atoms were utilized to treat the QM-MM boundary. The
simulations were performed using Langevin dynamics with a 1 fs time step. During the
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simulations, all atoms lying outside a sphere of radius 20 Å centered at the phosphorus
atom of the scissile phosphate remained fixed.
The multidimensional free energy surface and the minimum free energy path
(MFEP) were determined by combining umbrella sampling simulations with a finite
temperature string method.33 In this method, an M-dimensional curve corresponding to

(

)

the initial string, s0 (! ) = f01 (! ), ..., f0M (! ) , is constructed along an initial guess reaction
pathway from the reactant to the product state. Here M is the number of reaction
coordinates, ! is the reduced length along the curve, 0 ! ! ! 1, and each function f0i (! )
represents the value of the ith reaction coordinate at ! . The reactant and product states
correspond to f0i ( 0 ) and f0i (1) , respectively, for i = 1 to M. The initial string along ! is
then divided equally into N images at positions ξ j with j = 1 to N, where each image
corresponds to certain values of the M reaction coordinates. Umbrella sampling is
performed for each image, with harmonic restraints centered at s0 (ξ j ) for each of the M
reaction coordinates. After 100 fs of MD, the string is updated by fitting the average
reaction coordinates of each image along ! to a new curve. The N images are
redistributed along this updated string with equal spacings to obtain the new centers of
the restraining potentials, s1 (ξ j ) , j = 1 to N, for the umbrella sampling. This process of
updating the string based on umbrella sampling simulations is repeated until the string is
converged. The string was considered to converge when the root-mean-squared deviation
(RMSD) of all coordinates of the latest string from the mean value of the previous ten
iterations, summed over all images, fell below a threshold of 0.1 Å. Finally, the results
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are unbiased using the multidimensional weighted histogram analysis method (WHAM)47
with a convergence threshold of 0.001 kcal/mol.
This method was used to explore the possibility of three different reaction
mechanisms of the HDV ribozyme self-cleavage reaction. Independent sets of
simulations were performed for each case, starting with an initial guess string associated
with each proposed reaction mechanism. The following three mechanisms were
investigated: (A) a concerted mechanism, in which the reaction passes through a single
phosphorane-like transition state (Figure 3.1.A), (B) a sequential mechanism, in which
the reaction passes through a bridging O5′ proton-transferred intermediate (Figure
3.1.B), and (C) another sequential mechanism, in which the reaction passes through a
phosphorane intermediate (Figure 3.1.C). The initial string in simulation set A was
constructed from configurations along the minimum energy path obtained in our previous
QM/MM calculations.19 The initial strings for simulation sets B and C were generated
from interpolation between representative structures along the respective pathways. For
these three simulation sets, A, B, and C, a Mg2+ ion was bound at the catalytic site, as in
the crystal structure. The impact of the valency of the catalytic metal ion on the reaction
mechanism by replacing the Mg2+ ion at the catalytic site with a Na+ ion in certain
calculations was also investigated.

On the basis of previous QM/MM calculations

performed by Abir Ganguly,19 the initial string for this simulation set, denoted D, was
chosen to be similar to that for simulation set C, passing through a phosphorane
intermediate.
For each of these four sets, A, B, C, and D, independent simulations were
performed using the finite temperature string method with umbrella sampling described
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above. Twelve atom-to-atom active site distances were used as reaction coordinates, as
illustrated in Figure 3.2. Note that many of these distances did not change significantly
along the initial strings but were included in case they were found to be important during
the finite temperature string calculations. The inclusion of reaction coordinates that do
not change substantially during the reaction does not increase the computational cost
significantly. Restraining potentials with a force constant of 100 kcal/mol were used for
the umbrella sampling simulations. For set A, initially 15 images were used along the
reaction pathway, and later the number of images was increased to 30 to ensure better
resolution of the MFEP. In all other sets, 21 images were used along the reaction
pathway.

To obtain the starting configurations for the production simulations, the

configurations representing the images along the initial strings for each of the sets were
subjected to 150 fs of QM/MM equilibration with harmonic restraints applied to the
reaction coordinates. The total simulation times for sets A, B, C, and D were 52 ps, 66 ps,
37 ps, and 56 ps, respectively. A limitation of this approach is that such relatively short
simulation times do not enable comprehensive sampling of conformational space. As
will be shown below, however, the qualitatively different initial strings for simulation
sets A, B, and C resulted in similar MFEPs and overall mechanisms, providing a degree
of validation for the convergence of these simulations in terms of the qualitative
behavior. Set D corresponds to a different ion at the catalytic site (i.e., Na+ instead of
Mg2+) and results in a different MFEP and mechanism, illustrating the flexibility of the
approach in terms of identifying different mechanisms.
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Figure 3.2. Schematic illustration of the active site of the genomic HDV ribozyme
and the reaction coordinates included in the string calculations. The QM region for
the QM/MM calculations consists of the 87 atoms shown in red, including the U-1 base
and sugar, the G1 phosphate (the scissile phosphate) and sugar, the protonated C75 base,
the U23 phosphate, the sugar of C22, the active site Mg2+ ion, and the three
crystallographic waters coordinating to the Mg2+ ion. The reaction coordinates included
in the string calculations are indicated by the blue double-headed arrows. In total, 12
active site distances were considered, although r1, r2, r3, and r4 were found to be the
most important. The reaction paths are typically projected onto collective coordinates,
the difference of r1 and r2 (r1 – r2) and r3 and r4 (r3 – r4).
3.3.2 Measurements of O2′ pKa
The pKa of O2′ was determined using two different experimental methods
performed by me. The first method measured the dependence of cleavage rate of a
chimeric oligonucleotide with a single ribose linkage on pH using kinetic assays, and the
second method measured the dependence of the 1H chemical shift of 3′ adenosine
monophosphate (3’AMP) on pH using proton NMR.
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In the first method, the chimeric DNA/RNA was obtained from IDT (Coralville,
IA), with the same sequence 5’ d(CGACTCACTAT)rU*d(GGAAGAGATG), as used in
a previous study.48 The “*”denotes the site of the only RNA linkage in the chimeric
oligonucleotide. The sequence U*G was chosen for the ribose linkage in order to
correspond with the −1 and +1 nucleotides at the cleavage site of the HDV ribozyme. The
chimeric oligonucleotide was 5′

32

P-labeled using T4 polynucleotide kinase (New

England Biolabs) and [γ-32P] ATP, and subsequently purified on 10% polyacrylamide-7
M urea gels before being used for the kinetic assays.
The cleavage assays in the presence of Na+ and K+ were performed similarly to
those previously described.48 Reactions were conducted at 23 °C in the presence of 3.16
M monovalent ion. The reaction was maintained at a particular pH by using the
appropriate concentration of the corresponding metal hydroxides (KOH or NaOH). The
total M+ ion concentration was maintained at 3.16 M at various pH values by addition of
appropriate amounts of the corresponding metal chloride (KCl or NaCl).
Cleavage assays in the presence of Ca2+ were performed under an inert argon
atmosphere to avoid the precipitation of Ca2+ as calcium carbonate. Solid Ca(OH)2 and
CaCl2 (Sigma Aldrich, 99.99% purity) were used to make stock solutions of 10 mM and
20 mM, respectively, using degassed water under an argon atmosphere. The solutions
were made fresh for each new set of experiments and stored under argon. For each pH
tested, the total Ca2+ concentration was maintained at 10 mM, which is relevant to typical
HDV ribozyme experiments.10,49 Higher Ca2+ concentrations were not attempted due to
the precipitation of Ca(OH)2.
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In each metal ion, the reaction was initiated by the addition of a premixed solution
of metal hydroxide and metal chloride to the 5′32P-labeled chimeric substrate.
Subsequently, 3 uL aliquots were removed at regular intervals and neutralized by
addition to an equal volume of 100 mM Tris-HCl buffer (pH 7.0). The solution was then
diluted with an equal volume of 20 mM EDTA and 90% formamide and placed on dry
ice to prevent further reaction. The reactant and product were fractionated on a 10%
polyacrylamide-7 M urea gel, and the fraction of the cleaved substrate with respect to
time was quantified using a Typhoon PhosphorImager (Molecular Dynamics). Data from
cleavage of the chimeric substrate were fit to a single exponential equation:

(

f cleaved = A 1 − e− kobst

)

(3.1)

where f cleaved is the fraction of substrate cleaved at time t, kobs is the observed first-order
rate constant, and A is the fraction of the substrate cleaved at completion. For reactions at
lower pH, which had slower observable rates (< 10-3 min-1), early time points
corresponding to the initial reaction rate were taken and fitted to a linearized form of Eq.
3.1:
f cleaved = Akobst

(3.2)

where A is the amplitude of the reaction, as in Equation 1, and Akobs is the slope of the
line. For reactions in the presence of monovalent ions, the reactions went to completion
leading to A~1. In the presence of Ca2+, the reaction showed complete cleavage of
substrate (A ~ 1) at high pH (pH ≥ 11.5) in an Ar atmosphere. Reactions carried out at
the same pH but in the presence of atmospheric CO2 showed similar rates, but gave only
partial cleavage of substrate (amplitude~0.5-0.6). Thus, CO2 present in air was found to
affect the amplitude but not the rate of the reaction. Reaction performed under argon
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atmosphere at pH 11.0 in the presence of Ca2+ went to 70% completion and so a value of
0.7 was used for A in eq (2) for slow reactions (pH < 11.0).
The rate-pH profiles obtained were fitted to the following equation:
kobs =

kmax
n pKa − pH )

1 + 10 (

(3.3)

where kmax is the maximal observed rate constant, n is the Hill coefficient, and the pKa
corresponds to the value of pH at which kobs is equal to kmax / 2 . Fits were with non-linear
least squares using a Marquadt algorithm Kaleidagraph (Synergy Software).
To test whether the pKa measured from the kinetic method was associated, at least
in part, with the deprotonation of a calcium-bound water, we directly measured the pKa of
the 2′OH of 3′AMP using NMR. We chose to use 3′AMP because a ribose linkage such
as that in the above chimeric oligonucleotide would be cleaved at high pH during the
NMR experiment.

Similar studies on 3′AMP have been carried out previously by

Chattopadhyaya and co-workers50 but under different ionic conditions. NMR data were
collected on a Bruker AV-3-600 spectrophotometer at 25° C. Even though it required
water suppression, we chose to determine pKa’s in 90% H2O solutions rather than 100%
D2O because pure D2O solutions generally shift pKa values of N-linked protons higher by
~0.4-0.6 units.10,51 The 3′AMP was from Sigma Aldrich (St. Louis, MO). Solutions of
3′AMP (~1-2 mM) were prepared in 10% D2O and contained 4,4-dimethyl-4-silapentane1-sulfonic acid (DSS) as an internal standard. Water suppression was achieved through
presaturation using the noesygppr1d pulse sequence. Each NMR-detected pH titration
consisted of 12-15 points, each of which was prepared independently. Appropriate
volumes of sodium or calcium hydroxide were used to bring the solution to the required
pH in a total volume of 500 µL. Throughout the titration, the total final concentration of
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sodium ions was kept constant at 0.5 M and that of calcium ions was kept constant at 10
mM by adding appropriate volumes of sodium chloride and calcium chloride. Sodium ion
concentrations higher than 0.5 M, corresponding to pH 13.7, were avoided due to NMR
tuning issues associated with high ionic strength solutions, while pH was limited to 12.2
in the presence of calcium ions to avoid precipitation of calcium hydroxide. The calcium
hydroxide-containing samples were degassed under inert argon to avoid precipitation of
calcium carbonate. Degassing by bubbling argon into the NMR tube or degassing the
buffers-only gave similar results. The pH of each solution was measured after each NMR
spectrum was acquired and was found to agree with calculated values. All solutions were
prepared freshly on the day that the NMR experiments were performed. The chemical
shift of the H1′ peak was monitored as a function of pH because this peak is relatively
well isolated from the water peak.
Plots of observed chemical shift versus pH were used to determine the pKa
according to the following equation

dobs = dA +

dAH ‐ dA
1+ 10(pH‐ pKa )

(3.4)

where δA is the chemical shift at high pH, δAH is the chemical shift at low pH, and δobs is
the observed chemical shift at a given pH. As stated above, the highest pH attainable in
the presence of 0.5 M Na+ was 13.7, and that in the presence of 10 mM Ca2+ was 12.2.
Due to incomplete ionization of the 2’OH of AMP at these pH values, the high pH
baseline was not well defined for either Na+ or Ca2+ experiments. To determine the value
of δA, we used a linearized form of Eq. 3.4 as previously described50

dobs = dA + (dAH ‐ dobs )(a H+ Ka )

(3.5)
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where aH+ is the activity of the proton and Ka is the acid dissociation constant. A plot of
δobs versus (δAH-δobs)*aH+ gives a straight line with a y-intercept of δA. This value of δA
was then used in Eq. 3.4 to obtain the pKa.
To compare the change in protonation as a function of pH for sodium and calcium
ions on the same scale, the fraction of protonated species was plotted as a function of pH
according to the following equation:

f AH =

dobs ‐ dA
dAH ‐ dA

(3.6)

where fAH is the fraction of protonated species and the other parameters were determined
from Eq 3.4.

3.4

Results and Discussion
As discussed in the Introduction, the previous QM/MM calculations19 implicated

a concerted reaction pathway for the HDV ribozyme when a Mg2+ ion is at the catalytic
site. Figure 3.3 depicts the initial (dashed) and final (solid) strings from the three sets of
simulations with Mg2+ at the catalytic site: A (green), B (purple), and C (red). The strings
are projected in the two-dimensional (2D) space of the collective reaction coordinates
(r1−r2) and (r3−r4). As shown in Figure 3.2, (r1−r2) is associated with proton transfer
from N3(C75) to O5′(G1), and (r3−r4) is associated with the P(G1)-O2′(U-1)/P(G1)O5′(G1) bond forming/breaking. Figure 3.3 indicates that the strings from all three sets
converged to a similar reaction pathway, corresponding to a concerted mechanism (i.e., a
predominantly straight line along the diagonal in the 2D space of these two collective
reaction coordinates). The initial string for set B (dashed purple curve) is in a very
different region of configurational space than the initial strings for sets A and C (dashed
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green and red curves) because the mechanism associated with the initial string for set B
has an intermediate with the proton transferred to the 5′-bridging oxygen. In contrast, the
mechanisms associated with the initial strings for sets A and C have a phosphorane-like
TS and phosphorane intermediate, respectively, which are located in similar regions of
configurational space. The converged strings for sets A and C (solid green and red
curves) are nearly indistinguishable. To conserve computational resources, the string
calculations for set B were terminated after the reaction pathway, indicated by the latest
string (solid purple curve), was determined to be qualitatively similar to that obtained
from sets A and C and continuing to evolve in that direction.

Figure 3.3. The strings from simulations with Mg2+ at the catalytic site. The initial
(dashed lines) and final (solid lines) strings from the three sets of simulations with Mg2+
bound at the catalytic site: A (green, initial path is concerted mechanism), B (purple,
initial path is sequential with proton transferred intermediate), and C (red, initial path is
sequential with phosphorane intermediate). The three initial paths are depicted in Figure
1, but the final paths all correspond qualitatively to pathway A in Figure 1. The strings
are projected in the space of the collective coordinates (r1−r2) and (r3−r4), corresponding
to the proton transfer reaction to the O5′ and the oxygen-phosphorus bond
breaking/forming, respectively. The strings from sets A and C have converged to a
similar path. The string from set B is still evolving, as described in the text, but is already
close to the converged strings from A and C.
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The 2D free energy profile of the self-cleavage reaction obtained from set A is
depicted in Figure 3.4.A. The 2D surface is constructed by projecting the free energy
along the (r1−r2) and (r3−r4) collective reaction coordinates. The black dashed and solid
lines indicate the initial and converged strings, respectively. The free energy surface
implicates a concerted mechanism for the reaction without stable intermediates.
Specifically, the MFEP (solid black line) is a predominantly straight line along the
diagonal with a single maximum in free energy. The 1D free energy profile along the
converged string, which corresponds to the MFEP, is depicted in Figure 3.4.B. The free
energy barrier along this string is ~13 kcal/mol. This barrier is consistent with the
experimental observation that the intrinsic rate constant of the HDV ribozyme catalytic
reaction is 102−104 s-1 when the general base is extrapolated to the fully functional
deprotonated O2′ form as used in the reactant state for the calculations.10 This range of
experimental rate constants corresponds to a free energy barrier of 11−14 kcal/mol using
transition state theory (TST), assuming a prefactor of ~1 ps-1 in the TST rate constant
expression. In this qualitative analysis, we are neglecting the corrections associated with
dynamical recrossings and Jacobian factors related to the choice of reaction coordinates,
but these effects are not expected to significantly alter the qualitative rate constant. The
free energy profiles along the converged strings for sets B and C are similar and are
provided in the SI.
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Figure 3.4. Free energy surface obtained from string calculations in the presence of
Mg2+. (A) The 2D free energy surface obtained from set A, where Mg2+ is bound at the
catalytic site, projected in the (r1−r2) and (r3−r4) space. The initial string (dashed black
line) corresponds to the MEP obtained in our previous study.19 The converged string
(solid black line) corresponds to the MFEP obtained from set A. Both the MEP and
MFEP correspond to a concerted mechanism with a phosphorane-like TS, but the MFEP
is more synchronous than the previously obtained MEP. Each circle corresponds to an
image along the string. The color scale denotes free energy in units of kcal/mol. (B) The
1D free energy profile along the MFEP obtained from set A, where Mg2+ is bound at the
catalytic site. (C) Values of the most important reaction coordinates, r1, r2, r3, and r4,
along the MFEP. Each circle corresponds to an image along the string.
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Figure 3.4.C depicts the changes in the most important reaction coordinates
involved in the self-cleavage reaction along the MFEP. The reaction coordinates shown
here are as follows: r1 (the N3-H3 distance), r2 (the O5′-H3 distance), r3 (the P-O5′
distance), and r4 (the P-O2′ distance), as depicted in Figure 3.2. The other eight reaction
coordinates do not change significantly along the MFEP, as depicted in Figure B.1. The
mechanism of the reaction is further illustrated in terms of representative structures along
the MFEP in Figure 3.5. According to Figure 3.4.B, the cleavage reaction in the HDV
ribozyme is concerted, evolving from the reactant state to the product state through a
single TS. Furthermore, Figures 3.4.C and 3.5 provide detailed mechanistic information
along the MFEP. In the early stages of the reaction (i.e., over the first three points in
Figure 3.4.C), the r2 coordinate (blue curve in Figure 3.4.C) decreases, mainly due to a
decrease in the proton donor-acceptor distance (i.e., decrease of the distance between O5′
and N3). Simultaneously, the r4 coordinate decreases as the O2′ begins to attack the
scissile phosphate. In Figures 3.4 and 3.4.A, these two movements are manifested as an
initial increase in (r1−r2), as well as an increase in (r3−r4), in the early stages of the
MFEP to prime the system prior to the overall concerted mechanism. Following this
initial preparation, the O2′ continues to move toward the phosphorus, as indicated by the
further decrease of the r4 coordinate in Figure 3.4.C.

This attack, as depicted in

structure 2 of Figure 3.5, primes the local geometry for the subsequent proton transfer
from N3(C75) to O5′(G1). Subsequently, movements along (r3−r4) and (r2−r1) are
concerted, as manifested by the diagonal, nearly linear MFEP with slope of ~1 between
−0.5 and +0.5 Å for the two collective coordinates (Figure 3.4.A, solid line). Moreover,
the scissile phosphate evolves into a phosphorane-like geometry in the TS region, as
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depicted in structure 3 of Figure 3.5. In the TS region, r4 ≈ r3, suggesting that the P-O2′
and P-O5′ bonds are half formed and half broken, and r1 ≈ r2, suggesting that the proton
H3 is midway between the donor N3(C75) and the acceptor O5′(G1). In other words, the
two collective reaction coordinates, (r1−r2) and (r3−r4), are both ≈ 0 in the TS region.
Finally, the proton fully transfers to the O5′ of G1, as shown in structure 4 of Figure 3.5,
and subsequently the P-O2′ and P-O5′ bonds are completely formed and broken,
respectively, as shown in structure 5 of Figure 3.5. We emphasize that the structures in
Figure 3.5 do not represent stable intermediates along the reaction pathway but rather
represent selected structures along a concerted pathway comprised of a single TS
between two stable minima.
The MFEP described above is consistent with the results from a previous
theoretical study19 with Mg2+ bound at the catalytic site. In that study, QM/MM methods
were used to generate a minimum energy path (MEP) for the HDV ribozyme selfcleavage reaction with a Mg2+ ion at the catalytic site. The MEP was generated by
identifying a TS (i.e., a first-order saddle point) on the potential energy surface and
following the paths of steepest descent to the reactant and product minima. When Mg2+
was bound at the catalytic site, the mechanism was found to be concerted with a
phosphorane-like TS. One key limitation associated with this previous study was the lack
of conformational sampling and hence the neglect of entropic contributions. In the
present study, the MFEP was also determined to correspond to a concerted mechanism
with a phosphorane-like TS.
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Figure 3.5. Representative structures obtained along the MFEP obtained from set A,
where Mg2+ is bound at the catalytic site. The structures are numbered according to the
locations along the MFEP identified in Figure 4B. The MFEP passes through a single
transition state, which is phosphorane-like, as depicted in the reaction pathway in Figure
1A and represented here in structure (3). Note that these structures do not represent stable
intermediates along the reaction pathway but rather represent selected structures along a
concerted pathway.
Although both the MEP and the MFEP correspond to an overall concerted
mechanism, we observed certain differences in the specific pathways followed. The most
important difference is that the previously determined MEP (dashed black line in Figure
3.4.A) was characterized as concerted but asynchronous. Specifically, the proton transfer
coordinate in the MEP remained nearly constant during the initial O2′ attack on the
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scissile phosphate, which was followed by proton movement with a nearly constant
P(G1)-O2′(U-1) distance to generate a phosphorane-like TS with the proton partially
transferred. This reaction pathway was still considered to be concerted, however, because
there was a single TS. In contrast, the MFEP is more synchronous, as indicated by the
solid black line in Figure 3.4.A and by Figures 3.4.C and 3.5. Specifically, in the TS
region of Figure 3.4.A, the MFEP (solid line) is nearly linear with a slope of ~1, whereas
the MEP (dashed line) is nearly linear with a slope of ~0. Moreover, the distance
between the proton donor, C75(N3), and the proton acceptor, G1(O5′), decreases from
~3.0 Å in structure 1 to ~2.7 Å in structure 2 of Figure 3.5. The previous MEP
calculations did not exhibit this decrease in the proton donor-acceptor distance during the
initial O2′ attack on the scissile phosphate. This decrease in the proton donor-acceptor
distance is likely to facilitate the proton transfer, leading to earlier proton motion and a
more synchronous mechanism.
Furthermore, the MFEP indicates that the reaction is modestly exergonic, whereas
the previously determined MEP indicated that the reaction is highly endothermic.
Although a direct comparison of free energy and potential energy profiles is not
meaningful, the entropic differences between the reactant and product states are unlikely
to be large enough to account for this difference. The procedure used to generate the
MEP probably resulted in a local minimum for the product state, whereas the finite
temperature string umbrella sampling method used to generate the MFEP included
conformational sampling and therefore was able to identify a more stable product
structure, as shown in Figures 3.4.A and 3.4.B. Note that these calculations do not
include the separation of the U-1 product fragment from the rest of the ribozyme
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following self-cleavage, which would further impact the entropic contributions to the
overall process.
In contrast to the concerted mechanism observed when a Mg2+ ion is bound at the
catalytic site, the previous QM/MM MEP calculations indicated that the mechanism is
sequential with a phosphorane intermediate when a monovalent ion is at the catalytic site.
The free energy simulations from set D are consistent with this hypothesis but, as
discussed below, differ from the previous MEP calculations in the protonation state of the
intermediate. The initial string for set D (Na+ ion at the catalytic site) corresponded to a
sequential mechanism with a phosphorane intermediate, similar to the initial string used
for set C (Mg2+ ion at the catalytic site). Figure 3.6 compares the initial string (dashed
lines) and the converged string (solid lines) from set D in the presence of Na+ (blue lines)
to those from set C in the presence of Mg2+ (red lines). Again the strings are projected in
the 2D space of the collective coordinates (r1−r2) and (r3−r4). Although the initial strings
are similar for set C (Mg2+ ion at the catalytic site) and set D (Na+ ion at the catalytic
site), the converged MFEP for set C corresponds to a concerted mechanism with a
phosphorane-like TS, as discussed above, whereas the converged MFEP for set D
corresponds to a sequential mechanism with a phosphorane intermediate indicated by an
additional minimum on the free energy surface, as discussed below. In Figure 3.6, the
red and blue circles indicate the positions of the phosphorane-like TS structure and the
phosphorane intermediate structure, respectively.
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Figure 3.6. The strings from simulations with Na+ at the catalytic site. The initial
(dashed lines) and final (solid lines) strings from sets C (red, Mg2+ at catalytic site), and
D (blue, Na+ at catalytic site). Set C, both solid and dashed red lines, is reproduced from
Figure 3. The strings are projected in the space of the collective coordinates (r1−r2) and
(r3−r4). The converged string from set D is distinct from the converged string from set C.
The red circle indicates the position of the phosphorane-like transition state structure
(free energy maximum for the concerted mechanism with Mg2+), while the blue circle
indicates the position of the phosphorane intermediate structure (free energy minimum
for the sequential mechanism with Na+).
The 2D free energy surface obtained from set D is depicted in Figure 3.7.A. The
black dashed and solid lines indicate the initial and converged strings, respectively. In
this case, the free energy surface exhibits a minimum corresponding to a phosphorane
intermediate structure. Figure 3.7.B depicts the 1D free energy profile along the MFEP
and also illustrates that the self-cleavage reaction in the presence of a Na+ ion at the
catalytic site occurs by a sequential mechanism with a phosphorane intermediate. The
first and second free energy barriers obtained from this free energy profile are ~3.5
kcal/mol and ~2 kcal/mol, respectively.
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Figure 3.7. Free energy surface obtained from string calculations in the presence of
Na+. (A) The 2D free energy surface obtained from simulation set D, where a Na+ ion is
at the catalytic site, projected in the (r1−r2) and (r3−r4) space. The initial and converged
strings are illustrated on the surface as the black dotted and solid lines, respectively. In
this case, the MFEP (solid black line) is sequential, passing through a phosphorane
intermediate. Each circle corresponds to an image along the string. The color scale
denotes free energy in units of kcal/mol. (B) The 1D free energy profile along the MFEP
obtained from set D, where a Na+ ion is at the catalytic site. (C) Values of the most
important reaction coordinates, r1, r2, r3, and r4, along the MFEP. Each circle
corresponds to an image along the string.

107

The detailed mechanism of the self-cleavage reaction with a Na+ ion at the
catalytic site is depicted in Figures 3.7.C and 3.8. Initially the O2′ attacks the scissile
phosphate to form a geometry in which the P-O2′ and P-O5′ bonds are half formed and
half broken, respectively, as indicated by the decrease of the r4 coordinate (i.e., the P-O2′
distance) at the beginning of the MFEP in Figure 3.7.C. Structure 2 of Figure 3.8
corresponds approximately to the TS for the first step. This part of the mechanism is
similar to that observed in the MFEP obtained with a Mg2+ ion at the catalytic site. Next
the P-O2′ distance decreases further, and a proton is transferred from the exocyclic amine
of C75 (N4 in Figure 3.8) to the nonbridging oxygen of the scissile phosphate, denoted
the proRP oxygen (O1P in Figure 3.8), to make a stable penta-coordinated monoanionic
phosphorane structure (structure 3 of Figure 3.8). This structure corresponds to the
intermediate minimum observed in the free energy profiles shown in Figures 3.7.A and
3.7.B. This part of the mechanism is different from that observed with a Mg2+ ion at the
active site and is also different from that observed in our previous MEP calculations with
a Na+ ion at the active site. Following this step, the P-O2′ distance decreases a bit further
and the P-O5′ distance increases substantially, leading to the transfer of the proton from
the proRP oxygen (O1P) back to N4 of C75, as well as initiating the proton transfer from
N3(C75) to O5′(G1). Structure 4 of Figure 3.8 corresponds approximately to the TS for
the second step (i.e., the proton transfer reaction from N3(C75) to O5′(G1). Finally, once
the proton (H3) is transferred to O5′(G1), the P-O2′ and P-O5′ bonds are completely
formed and broken, respectively.
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Figure 3.8. Representative structures obtained along the MFEP obtained from
simulation set D, where Na+ is at the catalytic site. The structures are numbered
according to the locations along the MFEP identified in Figure 7B. The MFEP passes
through a phosphorane intermediate, as represented here in structure (3), which is similar
to the intermediate depicted in Figure 1C but with protonation at the proRP oxygen (O1P)
rather than at N4 of C75. Note that these structures do not represent stable intermediates
along the reaction pathway but rather simply represent selected structures along a
sequential pathway.

These free energy calculations indicate that the mechanism is concerted when
Mg2+ is at the catalytic site and sequential when Na+ is at the catalytic site. An
explanation for these different mechanisms is that the proton H3 of C75+ is less acidic
with a monovalent ion than with a divalent ion at the catalytic site. Indeed, solution and
crystallographic experiments have measured lower pKa’s for C75 in the presence of Mg2+
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ions than in the presence of Na+ ions.10,11,27 In particular, kinetics experiment indicate that
the pKa value of C75 decreases from 7.25 to 5.9 upon the binding of a Mg2+ ion at the
catalytic site10,52 and to be ~7.5 in the presence of up to 1M Na+ concentration without
Mg2+.27 As a result, the proton H3 of C75+ is more difficult to transfer from N3(C75) to
O5′(G1) when Na+ is at the catalytic site, and a protonated phosphorane monoanion
intermediate is formed prior to this proton transfer reaction.
A new aspect of the mechanism illustrated by these free energy calculations is the
transfer of a proton from the exocyclic amine of C75 to the pro-RP oxygen to generate a
protonated phosphorane monoanion intermediate. There is experimental support for such
proton transfer occurring to generate a monoanionic phosphorane in the monovalent ion
mechanism of the genomic HDV ribozyme. While proton inventory measurements on
this ribozyme in the presence of Mg2+ gave an inventory of 2, consistent with a concerted
reaction mechanism,53 those in the presence of 1 M Na+ gave an inventory of 1,27
supporting a stepwise pathway such as that shown in Figure 3.7.
As discussed in Chapter 2, we observed a normal thio effect at the pro-RP oxygen
in the presence of 1 M Na+, where a thio effect is the ratio of rate constants with oxo and
thio at this oxygen, kO/kS.22 Observation of a thio effect supports the importance of the
role of the pro-RP oxygen in the mechanism in the absence of divalent ion coordination
and thus is consistent with the stepwise mechanism. We also note that studies by Anslyn
and Breslow on dinucleotide cleavage in the presence of imidazole buffer and no divalent
ions support a similar stepwise mechanism with a protonated, monoanionic phosphorane
intermediate.54 These observations suggest that divalent ions, in addition to acidifying
the general acid, interact with the pro-RP oxygen and stabilize charge development at the
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scissile phosphate, preventing proton transfer to a non-bridging oxygen in the HDV
ribozyme mechanism. This idea is supported by retal ion rescue experiments discussed in
Chapter 2 that establish an interaction between the pro-RP oxygen and divalent metal ion
in the transition state.22 Moreover, it is notable that the Mg2+ remains within 2.1 Å of the
pro-RP oxygen throughout the MFEP.
The proton transfer from C75 N4 to the pro-RP oxygen (O1P) observed during
formation of the monoanionic phosphorane intermediate with Na+ at the catalytic site is
reasonable on the basis of energetic considerations. According to high level gas phase
quantum calculations,55,56 the neutral imino tautomer of cytosine shown in structure 3 of
Figure 3.8 has been estimated to be only slightly higher in energy (0.8 kcal/mol) than the
standard amino tautomer of cytosine, suggesting that this species is energetically
accessible. Secondly, the pKa of the amino group (N4) of cytosine is significantly
acidified, from a pKa of 18 to 9, upon protonation at the imino nitrogen (N3) as
determined by proton exchange NMR measurements.57-59 Estimates of the pKa of the
nonbridging oxygens of the dianionic phosphorane species are near 14.60,61 Thus,
protonation at the N3 of C75 could acidify the N4 enough to allow proton transfer to the
pro-RP oxygen, which is basic in the phosphorane intermediate. Protonation at one atom
facilitating transfer at another could be a general catalytic strategy for enhancing
ribozyme mechanism.62
The rate of the HDV ribozyme catalytic reaction has been experimentally
measured to be ~25-fold higher in the presence of Mg2+ ions than in the presence of only
Na+ ions.21 However, the QM/MM free energy simulations indicate that the free energy
barrier for the self-cleavage reaction is significantly higher with a Mg2+ ion at the
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catalytic site than with a Na+ ion at the catalytic site. These free energy barriers are only
qualitatively meaningful, but nevertheless this substantial difference in free energy
barriers suggests that the rate constant for self-cleavage should be smaller in the presence
of Mg2+ ions. This result from the simulations can be reconciled with the experimental
data by considering the initial deprotonation of the 2′OH nucleophile.

On the basis of

simple electrostatic arguments concerning stabilization of the negatively charged O2′, the
initial deprotonation of 2′OH is expected to be more thermodynamically favorable with
Mg2+ than with Na+.
To test this hypothesis, I measured the pKa of the O2′ in the presence of
monovalent and divalent ions using kinetic and NMR methods. First, I used the kinetic
method of Li and Breaker,48 in which we utilized a chimeric 22mer with a single internal
ribose linkage. This oligonucleotide was 5′-end labeled and its self-cleavage monitored
as a function of pH in the presence of various monovalent and divalent ions. Li and
Breaker reported pKa values in the presence of 0.5 to 3.16 M K+ but not in the presence of
Mg2+ owing to precipitation of magnesium hydroxide above pH~9. Their studies were
first repeated in 3.16 M K+ and then measured the pKa in 3.16 M Na+, which is the
monovalent ion we used in prior HDV ribozyme experiments. Then, measurements were
conducted in the presence of Ca2+ as the divalent ion, as its hydroxide has a higher Ksp
than magnesium hydroxide, allowing studies up to a pH of 12.3 equivalent to 10.0 mM
Ca(OH)2. We previously observed that HDV ribozyme kinetics are similar in Mg2+ and
Ca2+, with nearly indistinguishable rate-pH profiles and slightly faster rates in the
presence of identical concentrations of Ca2+, suggesting that this is a reasonable
approach.10,49 Molar amounts of monovalent ion and millimolar amounts of divalent ion
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correspond to the concentrations of these ions used in our HDV ribozyme
experiments.10,21
Sample PAGE gels and kinetic traces in the presence of Na+ and Ca2+ are
provided in Figure B.2, and rate-pH profiles are provided in Figure 3.9. Cleavage
experiments yielded a single product by PAGE analysis and reactions went to completion
(Figure B.2). As shown in Figure 3.9.A, a plot of rate versus pH in the presence of 3.16
M K+ has a sigmoidal shape. Fitting of this plot to a standard rate-pH profile equation
(Eq. 3.3) yielded a pKa of 13.3 in 3.16 M K+, in good agreement with Li and Breaker,48
and measurements in the presence of 3.16 M Na+ provided a pKa of 13.6, indicating little
dependence of the pKa of the O2′ on monovalent ion identity as expected.

Our

experiments and simulations focus on Na+. Extrapolation of the pKa value in Na+ from
3.16 to 1 M monovalent ion conditions,48 which were used in our earlier experiments on
the genomic HDV ribozyme,10,21 leads to a pKa for the O2′ ~0.5 units higher at ~14.1.
The rate versus pH profiles in the presence of Ca2+ yielded a much lower pKa of 11.4
(Figure 3.9). Thus, using kinetic measurements we found that the pKa of the O2′ is
shifted ~2.7 units lower in the presence of millimolar amounts of divalent ions as
compared to molar amounts of sodium ions.
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Figure 3.9. Determination of the pKa of the 2′OH by the kinetic method. A) Plot of
kobs as a function of pH in the presence of 3.16 M Na+ (filled diamonds), 3.16 M K+ (open
diamonds), and 10 mM Ca2+ (filled squares), B) Plot of log (krel) as a function of pH
using the same symbols as in panel A. krel was obtained by normalizing the data of panel
A to the kmax value from the fit. The pKa values were determined from fitting the rate
versus pH plots in panel A to Eq. 3.3 and were found to be 13.6, 13.3, and 11.4 in the
presence of 3.16 M Na+, 3.16 M K+, and 10 mM Ca2+, respectively. (Note that for panel
A, the pKa is the pH where kobs is ½ kmax, while for panel B the pKa is the pH near the flex
point.) The Hill coefficients determined from the fit of the data in panel A to Eq. 3.3
were found to be 0.8, 1.1, and 1.9 for Na+, K+, and Ca2+, respectively. These Hill
coefficients are apparent in the relative slopes in panel B. The value of kmax is ~3-fold
higher in monovalent than divalent ions, as revealed in panel A, but pKa values are
unaffected by kmax differences as they are determined entirely from the shape of the
curves. The origin of the kmax difference is unclear, but could reflect different interactions
of divalent and monovalent ions with this 22mer.
The above kinetic method is not necessarily specific to the pKa of O2′ because
deprotonation of a calcium-bound water that could act as a general base might also be
detected. We thus utilized the approach used by Chattopadhyaya and co-workers50 to
directly measure the pKa of the O2' in 3′AMP using 1H NMR. Although we used similar
methods to theirs, we conducted our experiments in 90% H2O rather than 100% D2O,
kept ionic strength constant throughout the titration, and explored different cations and
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cation concentrations (see Materials and Methods). We first conducted the experiments
in the presence of 0.5 M sodium ions. As reported previously,50 the chemical shift versus
pH profile did not yield a sigmoidal curve owing to incomplete ionization of the 2′OH at
the highest pH attainable (Figure B.3.A). We used Eq. 3.5 to estimate the chemical shift
at high pH (Figure B.3.C) and then fit the data in Figure B.3.A to Eq. 3.4. This method
yielded a pKa of 13.2 in the presence of 0.5 M Na+, which is similar to that previously
reported for 3′AMP in Na+ by 1H NMR , pKa 13.3850.
Subsequently, we carried out NMR experiments in the presence of calcium ions.
As in our kinetic assays, we kept the concentration of Ca2+ constant at 10 mM throughout
the titration. As in the presence of Na+, the chemical shift value at high pH was estimated
from Eq. 3.5 (Figure B.3.D). In the presence of Ca2+, the pKa was found to be shifted to
11.9 (Figure B.3.B), which is in good agreement with the value of 11.4 from our kinetic
assay under identical divalent ion conditions. Thus, using NMR we found that the pKa of
the O2′ is shifted ~1.3 units lower in the presence of millimolar amounts of divalent ions
as compared to molar amounts of sodium ions. This result is clearly visualized in the
difference in the flex points of the NMR species plots provided in Figure 3.10.
Additionally, the difference in pKa values in the presence of Ca2+ and Na+ determined by
NMR is in reasonable agreement with the difference obtained by kinetics, especially
considering that lower baselines had to be estimated for the NMR method. Both methods
clearly show that deprotonation of the 2′OH is considerably more favored in Ca2+ than
Na+. Lastly, we note that the pKa in the presence of Ca2+ ions measured using the kinetic
method may be a result of convolution due to the deprotonation of the 2′OH and a
calcium-bound water both having similar pKa values. Indeed, the Hill coefficient from the
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fit of the kinetic data is close to 2 (Figure 3.9), suggesting that more than one
deprotonation event is being measured, as opposed to the NMR experiment, which is
specific to the nucleotide.

Figure 3.10. Determination of the pKa of the 2′OH by the NMR method. Fraction of
protonated species as a function of pH in the presence of 0.5 M Na+ (filled diamonds) and
10 mM Ca2+ (filled squares) as determined by the NMR methods. The fraction of
protonated species at a given pH was generated by Eq. 3.6. The pKa values were
determined from fitting δobs versus pH plots to Eq. 3.4, as shown in Figure B.3, and were
found to be 13.2 and 11.9 in the presence of 0.5 M Na+ and 10 mM Ca2+, respectively.
Overall, the experimental results are consistent with the hypothesis generated by
the simulations, namely that 2′OH deprotonation is less favorable in the presence of only
monovalent ions than when a divalent ion is bound at the catalytic site. For both types of
ions, the shapes of the rate-pH profiles of the HDV ribozyme reaction reflect
participation of C75 in the rate-limiting step; thus 2′OH deprotonation does not appear to
be rate-limiting in either case, but rather is in rapid equilibrium. Thus, we can estimate
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the observed rate constant, kobs , as the product of an equilibrium constant, K eq ,
associated with O2′ activation and the rate constant, kcleavage , associated with selfcleavage: kobs = K eq kcleavage . We can use the following three observations to qualitatively
estimate the impact of this pre-equilibrium on the observed rate constant: (1) the
experimental observation of a ~25-fold slower overall rate in the case of monovalent ions
alone;21 (2) the experimentally measured O2′ pKa that is ~1.3-2.7 units lower for divalent
ions than for sodium ions under typical reaction concentrations; and (3) the calculated
free energy barriers for the self-cleavage reaction with Mg2+ or Na+ at the catalytic site.
Given the calculated free energy barriers for the self-cleavage reaction (~13 kcal/mol and
~3.5 kcal/mol for divalent and monovalent ions, respectively), in conjunction with the
pKa differences that favor deprotonation in the presence of Mg2+ by ~1.8-3.8 kcal/mol,
the 2′OH activation in the presence of Na+ is expected to be disfavored by an additional
~8-10 kcal/mol to render the observed rate ~25-fold slower with Na+. Such an effect
could arise from an inability of Na+ to effectively orient the O2′ for attack on the adjacent
phosphorus. In contrast, Mg2+ at the active site appears to act as a Lewis acid and
directly coordinate the nucleophilic O2′ of U-1, which may provide not only enhanced
acidity of the O2′, as indicated in the experiments herein, but also proper orientation for
attack.16,19 Along these lines, we note that the monovalent and divalent ions are within
2.3 and 2.1 Å respectively, of the deprotonated O2′ throughout the MFEPs, indicating
closer approach of the divalent ion and greater stabilization throughout. Moreover, these
distances represent direct interactions of the Na+ and Mg2+ with the O2' (i.e., without a
water bridge); thus the differential energetics for dehydrating these ions and the O2′
within the active site may also influence the pre-equilibrium process.
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3.5

Conclusions
QM/MM free energy simulations to investigate the mechanism of the self-

cleavage reaction in the HDV ribozyme were carried out by our collaborators at
University of Illinois at Urbana Champaign. Three different reaction mechanisms with a
Mg2+ ion bound at the catalytic site were explored. The simulations indicated that the
self-cleavage reaction for this case is concerted with a phosphorane-like TS. The free
energy barrier of the reaction along the concerted pathway is ~13 kcal/mol, which is
consistent with values extrapolated from experimental studies. In contrast to our previous
MEP calculations, the inclusion of conformational sampling and entropic effects resulted
in a modestly exergonic reaction and a concerted mechanism that is synchronous, with
the proton transfer and oxygen-phosphorus bond breaking/forming occurring
simultaneously. Furthermore, although these free energy simulations were initiated with
the O2′ already deprotonated, separate QM/MM molecular dynamics trajectories
beginning with a protonated O2′ provided evidence that a Mg2+-bound hydroxide ion
could potentially activate the O2′ via deprotonation, thereby suggesting a Brønsted base
as well as a Lewis acid role for the catalytic partially hydraged Mg2+.
The reaction with a Na+ ion instead of a Mg2+ ion at the catalytic site was also
investigated that indicated that the self-cleavage reaction is sequential in this case,
passing through a phosphorane intermediate. The free energy barriers along this
sequential path are much lower, ~3.5 kcal/mol and 2 kcal/mol for the first and second
steps, respectively. In contrast to the previous MEP calculations, a proton transfer from
the N4-exocyclic amine of N3-protonated C75 to the nonbridging pro-RP oxygen of the
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scissile phosphate to stabilize the phosphorane intermediate was observed. This new
observation is consistent with previous experimental data.
To explain the experimental observation that the rate is ~25-fold slower with Na+
than with Mg2+, we hypothesized that the activation of the O2′ nucleophile of the U-1
nucleobase by deprotonation and orientation is more disfavored when Na+ is at the
catalytic site than when Mg2+ is bound at the catalytic site. In addition to providing
greater electrostatic stabilization of the negatively charged O2′, Mg2+ directly coordinates
to the O2′ as a Lewis acid, thereby increasing its acidity and potentially facilitating an inline attack. This hypothesis is supported by my experimental measurements of the pKa of
the O2′ nucleophile in the presence of monovalent and divalent ions ions. In particular,
the pKa of the O2′ was measured to be ~1.3-2.7 units lower in the presence of divalent
rather than monovalent ions. In addition, analysis of the metal ion distribution functions
in the active site region for classical MD simulations indicates that Na+ populates the site
near the O2′ much less frequently than does Mg2+. Overall, the combined theoretical and
experimental data suggest that the initial 2′OH deprotonation step is in rapid equilibrium,
with a significantly lower equilibrium constant in the presence of monovalent ions
compared to divalent ions.
Thus, the catalytic partially hydrated Mg2+ ion may play multiple key roles in the
mechanism: assisting in the activation of the O2′ nucleophile of the U-1 nucleobase by
Lewis acid and Brønsted base catalysis, acidifying the general acid C75, and stabilizing
the nonbridging oxygen so as to prevent proton transfer to it. The studies herein indicate
that the proton may transfer to a nonbridging oxygen in the phosphorane intermediate in
the absence of divalent ions, most likely because the above roles are altered without
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divalent ions present. Further experiments relating rates to specific atomic substitutions at
active site residues will be performed to examine the significance of these functional
roles.
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Appendix B
Supporting Information: Chapter 3
[Published as Supplementary Information for the paper entitled “Quantum
Mechanical/Molecular Mechanical Free Energy Simulations of the Self-Cleavage
Reaction in the Hepatitis Delta Virus Ribozyme” by Abir Ganguly, Pallavi Thaplyal,
Edina Rosta and Philip C. Bevilacqua, and Sharon Hammes-Schiffer in J. Amer. Chem.
Soc 2014 136: 1483-1496.]
B.1

Supporting Methods

B.1.1 String Convergence
Description of string convergence criterion
The string in a given simulation set was considered to be converged when the root-meansquared deviation (RMSD) of all coordinates of the latest string in that particular set from
the mean value of the previous ten iterations, summed over all images, fell below a given
threshold, which was chosen to be 0.1 Å. Mathematically, the RMSD of the reaction
coordinate k for the jth string update is calculated according to the equation
RMSD j ,k =

1 N
f jk (ξi ) − f jk (ξi )
∑
N i

(

2

)

B.1

where
1 j −1 k
f (ξi ) =
∑ f j′ (ξi ).
10 j ′= j −10
k
j

B.2

Here N is the number of images considered along the string, and a specific image is represented by the index i.

String convergence is plotted for several sets in the figures S3-S6.
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B.2

Supporting Figures

Figure B.1. Average values of all reaction coordinates considered in the string
simulations for the final iteration of simulation set A (Panel A), set B (Panel B), set
C (Panel C), and set D (Panel D). The figure illustrates that in each of the simulation
sets, the most important reaction coordinates are r1, r2, r3, and r4 because these
coordinates change significantly along the MFEP.
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Figure B.2. Cleavage of the chimeric oligonucleotide in Na+ and Ca2+.
Autoradiograms of the chimeric substrate (upper row) and plots of fraction cleaved
versus time (lower row) in the presence of A) 3.16 M Na+ at pH 13.5, and B) 10 mM Ca2+
at pH 12.3. The chimeric substrate undergoes complete cleavage yielding a single product
under both of these conditions.
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Figure B.3. Determination of the pKa of the 2′OH of 3′AMP by 1H NMR. A) B)NMR
titration monitoring H1′ chemical shift as a function of pH in the presence of A) 0.5 M
Na+ and B) 10 mM Ca2+. The data were fit to Eq. 4. C) D) The value of δA used in Eq 4
was first determined by linearizing the sloping portion of the panel A and B data using
Eq. 5 as shown in C) 0.5 M Na+ and D) 10 mM Ca2+. The pKa values were determined
from fitting to panels A and B and found to be 13.2 and 11.9 in the presence of 0.5 M
Na+ and 10 mM Ca2+, respectively.
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Chapter 4
Effect of Metal Ion Identity on Thio Effects in the HDV Ribozyme

[The theoretical parts of the studies described in this chapter were carried out by Abir
Ganguly from the lab of Sharon Hammes-Schiffer, at University of Illinois, UrbanaChampaign]

4.1

Abstract
Metal ions are known to play an important role in the catalytic mechanism of the

HDV ribozyme. Previous experimental and theoretical studies have found that the
mechanism of the HDV ribozyme depends upon the identity of the metal ion; the reaction
mechanism is concerted in the presence of Mg2+, and sequential in the presence of Na+.
Thio effect studies conducted on the ribozyme found that in the presence of Na+, the SP
diastereomers showed an inverse thio effect of ~3-fold. In this study, we combine
theoretical calculations and experimental assays to understand the origin of the inverse
thio effect. Detailed thio effect studies were carried out in the presence of metal cations
from Groups IA and IIA of the periodic table. We found that the RP thio substrate showed
a large normal thio effect in the presence of all monovalent metal ions (~150-fold in Li+
and ~150-fold in Na+) tested. In addition, we found a correlation between the inverse thio
effect in the presence of the SP substrate and the size of the cation, with larger, more
diffuse cations showing a greater inverse thio effect (Na+: 7-fold; K+: 6-fold; NH4+: 15fold; Ba2+: 3-fold). The smaller monovalent and divalent cations showed no inverse thio
effect (Li+, Mg2+, Ca2+ and Sr2+: ~1-fold). To investigate the molecular origin of the
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inverse thio effect, we carried out Molecular Dynamics (MD) simulations on the oxo, RP,
and SP substrates in the presence of monovalent and divalent ions. An inhibitory
hydrogen bonding interaction between the nucleophilic 2’OH and the pro-SP oxygen
atom of the scissile phosphate was investigated in the presence of Na+ and Mg2+. This
inhibitory interaction will be hindered in the presence of sulfur atoms on the pro-SP
position (SP substrate), which could account for the inverse thio effect in Na+. In an effort
to correlate the inverse thio effect with the sequential mechanism, we utilized a cleavage
assay using imidazole buffer that is known to undergo cleavage via a sequential
mechanism. We used a model oligonucleotide for the assay, and found that for the thiosubstituted oligonucleotide, there was a small inverse thio effect (~2-fold) in imidazole
suggesting that the inverse thio effect could be associated with a sequential mechanism.
We also performed kinetic experiments to calculate rate-pH profiles, and proton
inventories in the presence of Li+, Ba2+ and NH4+ to understand the relation between the
inverse thio effect observed and the reaction mechanism. In addition, we also carried out
QM/MM calculations on both RP and SP substrates, in the presence of Mg2+ and Na+. The
mechanism was found to go via a concerted and a sequential pathway for both the
diastereomers in the presence of Mg2+ and Na+, respectively. In the presence of Mg2+,
the theoretical studies corroborated previous experimental results. In the presence of Na+
for the SP substrate, the subtle inverse thio effects of 3-7-fold could not be distinguished
by the QM/MM calculations. Taken together the results indicate that there may be a link
between the ionic radii of the metal ion and the inverse thio effect. The inverse thio effect
could result from the inhibitory interaction between the 2’OH and the pro-SP oxygen
atom, or it could result from favoring proton release from the protonated phosphorane
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monoanion in the sequential reaction. We plan to carry out further studies to ascertain the
possible link between the inverse thio effect and the sequential mechanism, and to test the
inhibitory interaction using biochemical assays.
4.2

Introduction
The role of metal ions in RNA catalysis extends beyond electrostatic stabilization

to catalytic and thermodynamic contributions. Divalent metal ions are known to provide
optimal folding conditions for RNA cleavage (and in some cases a hydrated metal ion
may serve as the general base), although some ribozymes are found to be active in the
presence of high concentrations (~M) of monovalent metal ions alone. The hairpin
ribozyme, for instance, is catalytically active in high concentrations of monovalent metal
ions alone as well as in the presence of Mg2+ ion’s structural mimic, [Co(NH3)6]+3, which
differs from Mg2+ in that it cannot form inner-sphere interactions.1–3 In case of the HDV
ribozyme, high concentrations of monovalent metal ions can facilitate cleavage in the
absence of divalent metal ions, but the rate of the reaction is reduced by several orders of
magnitude (1000-fold).4,5 The major contribution of divalent metal ions is toward
folding of the ribozyme, whereas the catalytic contribution is ~25-fold.6 The differential
rates of reaction in different metal ions indicate a unique contribution of divalent metal
ion in catalysis, and also the possibility of unique reaction pathways based on the identity
of the metal ion present.
Further evidence for distinct reaction pathways of HDV ribozyme in the presence
of different metal ions was provided by rate-pH profiles and proton inventory studies.5,7,8
The rate-pH profile in the presence of monovalent metal ions alone is inverted to that
observed in the presence of divalent metal ions.5,9 In addition, monovalent ion catalysis is
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found to have a proton inventory of 1 implicating a stepwise reaction, whereas divalent
metal ion catalysis is found to have a proton inventory of 2 implicating a concerted
reaction pathway.7 Recent QM/MM calculations (as described in Chapter 3) utilizing
minimum free energy simulations also indicated unique pathways in the presence of Mg2+
and Na+. The calculations with a Mg2+ ion at the active site + show that the reaction
undergoes a concerted mechanism with a dianionic transition state, in contrast to a
sequential mechanism with a phosphorane intermediate in the presence of a Na+ ion at the
active site, consistent with the proton inventory experiments.10 The different reaction
pathways can be visualized as presented in Scheme 4.1, wherein in the presence of Mg2+
the reaction goes via a single-step mechanism with a phosphorane-like transition state
(Mechanism I) , whereas in the presence of Na+ the reaction goes via a two-step
mechanism with a phosphorane intermediate (Mechanism II). The two reaction pathways
can also be denoted as metal ion-stabilized and proton transfer-stabilized, respectively
(Scheme 4.1).
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Scheme 4.1. Unique reaction pathways in the presence of divalent and monovalent metal
ions. The pro-RP and pro-SP oxygen atoms are shown in green and red, respectively.
As described in Chapter 3, QM/MM free energy simulations were utilized to
characterize the multidimensional free energy surface of the HDV ribozyme cleavage
reaction. In the presence of Na+, C75+ was found to play a dual role: that of stabilizing
both the 5’ leaving group and the dianionic phosphorane intermediate by transferring a
proton to the pro-RP oxygen (Figure 3.8).10 Interestingly, previous phosphorothioate
studies (Chapter 2) showed unique stereospecific inverse thio effects in the presence of
Na+ for the SP substrate (Table 2.2).11 Thus, we began to investigate whether a
correlation exists between inverse thio effect and the sequential mechanism of the
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ribozyme; if so, it might provide a diagnostic of the cleavage mechanism for ribozymes
in general.
Early investigations of the effect of monovalent metal ions on the
phosphorothioate-substituted HDV ribozyme have been conducted.4 The studies
performed by Perrotta et al. were performed in different monovalent metal ions (Li+, Na+,
K+, NH4+ and its derivatives) to obtain their effect on thio effects in both the genomic and
antigenomic forms of the ribozyme.4 The study found an inverse thio effect (~3-fold) for
the mixture of diastereomers in the presence of 4 M NaCl, consistent with the
stereospecific inverse thio effect found in our previous study for the SP substrate (in the
presence of 1M Na+; Table 2.2).4,11 In addition, the inverse thio effect in the presence of
NH4+ was found to be ~18-fold, a much higher effect than any other monovalent metal
ion. The authors indicated that the large inverse thio effect in the case of NH4+ might be
due to a favorable geometry adopted by NH4+ in the phosphorothioate-substituted
substrate, although herein we consider mass-to-charge considerations.4

Here, we describe a systematic study of the stereospecific thio effects in the
presence of various monovalent and divalent metal ions in the HDV ribozyme. The study
utilizes the same two-piece ribozyme construct as used in the crystal structure of the precleaved HDV ribozyme,12 which is fast-reacting and has a reduced propensity to
misfold.13 In addition, we relate the metal ion’s position in the periodic table to the extent
of the SP substrate thio effect. The novel role of C75+ in proton transfer from the
exocyclic amine to pro-RP oxygen10 is also discussed, in addition to the influence of a
possible interaction between the 2’hydroxyl and the scissile phosphate.
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In an attempt to distinguish between the two possible mechanisms shown in
Scheme 4.1, we searched the literature for model reaction systems undergoing known
pathways. Previous studies have shown that UpU dinucleotide undergoes an SN2-type
reaction cleavage in the presence of imidazole as the buffer.14,15 Using reverse phase
HPLC the authors were able to detect isomerization of the 3’5’- to the 2’5-linked
substrate, elucidating the mechanistic pathway to be going via a phosphorane
intermediate.15 The results from this study led us to hypothesize that if the inverse thio
effect we observe in the HDV ribozyme is unique to a phosphorane intermediate then the
cleavage rate constants of thio-substituted model oligonucleotide should also exhibit an
inverse thio effect. Thus, in addition to thio effects on the HDV ribozyme, a complete set
of thio effect studies were performed on a model oligonucleotide system in an attempt to
elucidate the details of the sequential mechanism.
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4.3

Materials and Methods

4.3.1

RNA Oligonucleotides and Constructs
The HDV ribozyme was prepared in two pieces, as described earlier (Chapter

2).12 The first piece, the enzyme strand, is 64 nucleotides long and spans P1.1, P2, P3, P4,
and a portion of P1 (Figure 2.1). The enzyme strand was transcribed using T7 RNA
polymerase from a hemi-duplex consisting of the top strand with the sequence 5’ TAA
TAC GAC TCA CTA TA, and the bottom strand containing the sequence 5’GGT CCG
CAT TCG CCA TTA CCT TTC GGA ATG TTG CCC AGC TTG CGC CGC GAG
GAG GCT GCG GAC CTA TAG TGA GTC GTA TTA. The C75Δ mutant of the
ribozyme was also prepared the same way except the bottom strand sequence used was
GGT CCG CAT TCC CAT TAC CTT TCG GAA TGT TGC CCA GCT TGC GCC
GCG AGG AGG CTG CGG ACC TAT AGT GAG TCG TAT TA. The transcribed RNA
was purified on an 8% polyacrylamide/ 7 M urea gel, visualized using UV shadowing,
and excised from the gel. The RNA was eluted overnight at 4 °C into a 1 mL solution of
10 mM Tris-HCl, 0.1 mM EDTA, and 250 mM NaCl, precipitated with 3 volumes of
ethanol, re-suspended in double distilled water, and stored at -20 ºC.
The second piece, the substrate strand, is 11 nucleotides long and is partially
complementary to the enzyme strand in the P1 region. The substrate strand was obtained
from IDT with the sequence 5’UAU*GGC UUG CA, where the “*” indicates both the
site of cleavage and the phosphorothioate substitution. The single phosphorothioate
substituted oligonucleotide was synthesized using solid-state synthesis, and was separated
in to RP and SP diastereomers using reverse phase HPLC, as described in Chapter 2.11
Specifically, HPLC was carried out using a C18 column with starting buffer A (0.1 M

	
  

137	
  

NH4OAc in 100% H2O) and employing a linear gradient of 0 to 15 % of buffer B (buffer
A in 50% CH3CN and 50% H2O) over the course of 45 minutes. Purified diastereomers
were dried, re-suspended in double distilled water, and stored at -20 °C.
For the reaction in the presence of the model oligonucleotide, the substrate
(22mer) used had the same sequence as previously used and described in Chapter 3,10,16
5’d(CGACTCACTAT)rU*d(GGAAGAGATG), and was obtained from IDT. The “*”
denotes the single ribose linkage and also the position of the thio substitution.
The separated diastereomers, the oxo substrate, and the model chimeric
oligonucleotide were 5’-end radiolabeled for kinetic assays by treating with T4
polynucleotide kinase (New England Biolabs) and γ-32P ATP. The 11mer substrates were
purified on a 16% polyacrylamide/7M urea gel, whereas the 22mer chimeric
oligonucleotides (oxo and thio) were purified on a 10% polyacrylamide/7M urea gel.
4.3.2

Buffer Preparation
The following stock solutions were prepared: 2X ME (50 mM MES/0.2 M

Na2EDTA) and 1.2X MEM (25 mM MES/0.1 M Na2EDTA/1.2 X MCl). The final metal
chloride solutions’ concentrations (1X) were variable from 250 mM to 4M. A detailed
description of the preparation of the buffers is described earlier.7,17 The “1.2 X” is used to
denote 1.2 times the final ion concentration of the salt of interest MCl (MCl denotes:
LiCl, NaCl, KCl, or NH4Cl). The buffers were brought to the appropriate pH by using
HCl or the hydroxide of the salt used (NaOH, KOH, LiOH, or NH4OH). For the reactions
of the chimeric oligonucleotide, stock imidazole buffers were prepared with the following
concentrations: 1.2X IEM (1.2 M Imidazole/0.1 M Na2EDTA/1.2 X MCl), and were
brought to the appropriate pH.
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4.3.3

Kinetic Assays
The reactions in the presence of monovalent metal ions were performed under

similar conditions as described for the 1-piece ribozyme construct.7 1µL substrate (~1
nM) and 4 µL enzyme (~1 µM) were annealed at 55 °C for 10 min, then cooled at room
temperature for 10 min. 4 µL of 2X ME of appropriate pH was added, followed by
incubation of the reaction mixture at 37 °C for 2 min. The reaction was initiated by
addition of 42 µL of pre-warmed 1.2 X MEM buffer. The total reaction volume was 50
µL (The volume contribution of the substrate was ignored). The final reaction mixture
contains: 25 mM MES, 100 mM Na2EDTA, and 1X MCl. For the reaction in the presence
of NaCl, the final metal chloride solution is (1X + 0.2 M) Na+, where the 0.1 M
Na2EDTA (final concentration) contributed to the extra 0.2 M Na+. At regular intervals 3
µL time points were taken, and quenched in 27 µL formamide loading buffer, to dilute
the high salt concentration in preparation for the polyacrylamide gels. The addition of
100 mM EDTA ensured that any contaminating divalent metal ion was chelated, and did
not affect the cleavage rates. High concentrations of monovalent metal ions were used in
order to natively fold the ribozyme in the absence of divalent metal ions.
For the reaction in the presence of divalent metal ions, the same procedure as
previously described was used.11 1 µL of substrate (~1 nM) and 10 µL of enzyme (3 µM)
were annealed at 90 °C, and then cooled at room temperature for 10 min. 5 µL of 250
mM NaMES/NaHEPES (50 mM final) buffer and 24 µl of double distilled water was
added, followed by incubation of the reaction mixture at 37 °C. The reaction was initiated
by addition of 10 µL of pre-incubated metal ion solution (10 mM final). The total
reaction volume was 50 µL. 3 µL time points were taken at regular intervals and
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quenched in 3 µL formamide loading buffer (20 mM EDTA) and immediately placed on
dry ice. The cleaved product was fractionated on a 16% polyacrylamide/ 7 M urea gel,
dried, and visualized using PhosphorImager (Molecular Dynamics).
Plots of fraction cleaved as a function of time were constructed and fitted to a
single-exponential equation:
𝑓!"#$%#& = A + B𝑒 !!!"# !

(4.1)

where fcleaved is the fraction of the cleaved product. -B is the amplitude of the reaction,
A+B is the burst phase (A+B ~0 for the reactions described herein), and kobs is the
observed rate for the reaction. For slow reacting reaction systems (Oxo substrate in the
presence of Na+, K+, and NH4+; RP substrate in the presence of Li+, Na+, and NH4+; and SP
substrate in the presence of 0.5 and 1 M Na+ and NH4+, and K+), the fraction cleaved
versus time profiles were fitted to a linear equation:
𝑓!"#$%#& =    (A + B) − B𝑘!"# t

(4.2)

where the fraction cleaved versus time profiles describe the initial linear phase of the
reaction. “A+B” is the intercept and corresponds to the burst phase (A+B ~ 0 in all cases,
signifying the lack of a burst phase). The slope of the line corresponds to Bkobs. To obtain
kobs, the slope of the line was divided by B (the value of B was considered as 1 in all the
cases described herein); in other words, the slope was set to kobs. The parameters were
obtained by non-linear least square fitting of the reaction profiles using KaliedaGraph
(Synergy Software).
Rate-pH profiles were plotted for Li+, NH4+ and Ba2+. In the case of 1 M Li+ and
10 mM Ba2+, the calculated rates were plotted as function of pH, and fit to the following
equation to obtain the pKa:
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𝑘!"# = !!!"(!"
! !!")

(4.3)

where kobs is the observed rate at a particular pH, kmax is the maximal observed rate.
In the case of 3 M NH4+, the calculated rates were fit to the following equation to
obtain the two pKa’s - pKa1 and pKa2:
  !

!"#
𝑘!"# = !!!" !"!!!!" !!" !"!!"
!! !   !" !"!! !!"!!   

(4.4)

For all the reactions, control reactions were setup with the enzyme omitted, to
account for non-specific RNA cleavage. The oxo and SP substrate did not undergo
significant non-specific cleavage (< 5% over 48 h) compared to the amplitude of the
reaction (between 25-90%), whereas the RP substrate showed some non-specific cleavage
at longer time points (~7-10% in the presence of NH4Cl) as compared to the amplitude of
the reaction (~20%). The non-specific cleavage of the RP substrate is discussed in the
Results section.
4.3.4

Proton Inventory Experiments
Proton inventory experiments were performed in the presence of 1 M Li+, 10 mM

Ba2+, and 3 M NH4+ at pL= 5.4, as described previously. 5,7,11,18 All the buffers, metal ion
mix, and RNA were prepared in 100% D2O in addition to 100% H2O. The pD was
calculated using the following equation:
𝑝𝐷 = 𝑝𝐻(𝑚𝑒𝑡𝑒𝑟  𝑟𝑒𝑎𝑑𝑖𝑛𝑔) + 0.4  

(4.5)

The protocol for the experiments was similar to as described earlier under Section
4.3.3. The proton inventory experiments were performed in the plateau region of the ratepH profile for Li+ and Ba2+ (pL~5.4) and the peak of the bell-shaped rate-pH profile for
NH4+ (pL~5.4). The required volumes of RNA, substrate and buffers in H2O or D2O
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were mixed to obtain the required mole fraction (n) of D2O. The mole fraction was varied
from 0 to ~1 with approximately 8-10 data points in between, with each experiment
repeated twice at least. The calculations of the mole fraction took in to account the
difference in the density of the two solvents, as described in earlier published works from
our lab.17–19
The proton inventory plot was fitted to a standard Gross-Butler equation for a
single proton transfer, wherein the transition state fraction factor is assumed to be
equal.18–20
!!
!!

= (1 − 𝑛 + 𝑛𝜙)!

(4.6)

where n is the mole fraction of D2O , kn is the observed rate at the mole fraction n, k0 is
the observed rate in 100% H2O (n=0), m = 2 for 2 proton transfers and m = 1 for 1 proton
transfer, and Φ is the fractionation factor.
For a single proton transfer, the equation simplifies to a linear equation wherein
the plot of kn/k0 versus n will yield a slope of Φ-1 and an intercept of 1. For a two proton
transfer, the shape of the kn/k0 versus n plot is concave or bowl-shaped, whereas the plot
of (kn/k0)1/2 versus n will yield the same slope and intercept as above.
4.3.5

Calculation of Thio Effects
To account for the effect a phosphorothioate substitution has on the WT oxo

substrate, thio effect21 can be calculated, which is defined as follows:
Thio  effect =

!!
!!

(4.7)

where ‘kO’ is the observed reaction rate for the oxo substrate and ‘kS’ is the observed
reaction rate for the stereospecific phosphorothioate substrate. As we had discussed in the
earlier chapter, thio effect can be characterized into three type depending on its value:
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normal thio effect (>1; thio substrate reacts slower than the oxo substrate), no thio effect
(~1; thio and oxo substrates react at similar rates), and an inverse thio effect (<1; thio
substrate reacts faster than the oxo substrate).11
4.3.6

Theoretical Calculations
The QM/MM free energy simulations were based on a modified

precleaved crystal structure (PDB ID 3NKB),22 as in our previous MD and QM/MM
simulations.9,23–26 The details of the initial modifications that include modeling of the U-1
residue and the scissile phosphate are described elsewhere and in Chapters 2 and
3.9,10,25,26 The pro-RP and pro-SP sulfur starting structures were generated after mutating
the appropriate non-bridging oxygen at the scissile phosphate to sulfur in silico. The
Accelrys Discover Studio Visualizer (version 2.0) software was used to add the hydrogen
atoms. Residues C41 and C75 were kept protonated to maintain critical H-bonding
interactions and allow C75 to function as a general acid, respectively.23,27 The simulation
box was prepared by immersing the ribozyme, along with its crystallographically
resolved Mg2+ ions and water molecules, in an orthorhombic box containing rigid TIP3P
water molecules. Appropriate quantities of Na+ and Cl- ions were added, first to
neutralize the box and then to achieve a physiological salt concentration of 0.15 M.
The procedure of obtaining the initial pathways for the QM/MM simulations has
been detailed in Chapter 3.28 After an initial equilibration of only the solvent and
monovalent ions, all waters and ions lying outside a distance of 20 Å from the ribozyme
are deleted to reduce the size of the system and increase computational efficiency. The
DESMOND program29 was used to perform the MD simulations using the AMBER99

	
  

143	
  

forcefield,30 periodic boundary conditions, and the Ewald treatment of long-range
electrostatics.
The Q-Chem31 and CHARMM32 QM/MM interface was used to perform the
QM/MM simulations. The QM/MM description of the system employed in the current
simulations is similar to that in our previous studies.10,26 The QM region, depicted in
Figure 3.1, consisted of 87 atoms and was treated with the density functional theory
(DFT) using the 6-31G** basis set and the B3LYP functional, while the MM region was
described by the AMBER99 force field.30 The QM/MM boundary was treated using the
standard link atom technique. The QM/MM trajectories were propagated using Langevin
dynamics with 1fs time step. During the simulations, all atoms lying outside a residuebased cutoff of 20 Å from the phosphorus atom of the scissile phosphate remained fixed.
The O2’ of the U-1 residue was kept deprotonated to drive its nucleophilic attack on the
scissile phosphate.
The QM/MM free energy simulations were performed using a method that
combines umbrella sampling simulations with a finite temperature string method,33 as in
our previous study.10 In this method, the reaction pathway is approximated as a curve (or
a ‘string’) in the multidimensional space of only the relevant reaction coordinates. The
string is thereafter divided into a series of images, where each image corresponds to
certain values of the reaction coordinates, and 100 fs of umbrella sampling is performed
on each image with restraining potentials acting on the chosen reaction coordinates. The
average values of the reaction coordinates are calculated from the MD trajectories, and
the string is updated by fitting the average reaction coordinates to a new curve. This
process of updating the string based on restrained MD is continued until the string is
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converged, that is the overall root-mean-square deviation (RMSD) of all coordinates from
the mean value of the previous 10 iterations fall below a threshold of 0.1 A. The biased
trajectories for all the images from all the iterations are then jointly unbiased using the
multidimensional weighted histogram analysis method (WHAM) to generate the
multidimensional free energy surface of the reaction, and the converged string
corresponds to the minimum free energy pathway (MFEP) of the reaction on that
multidimensional free energy surface. The convergence threshold considered for the
WHAM iterations is 0.001 kcal/mol.
We utilized this method to investigate the cleavage mechanism of the pro-RP and
pro-SP phosphorothioate substrates in presence of either a Mg2+ ion or a Na+ ion at the
catalytic position. In total, we performed four independent sets of string simulations to
study the following four scenarios: (A) pro-RP substrate with a Mg2+ ion at the catalytic
site, (B) pro-SP substrate with a Mg2+ ion at the catalytic site, (C) pro-RP substrate with a
Na+ ion at the catalytic site, and (D) pro-SP substrate with a Na+ ion at the catalytic site.
The initial string in each case corresponded to a sequential mechanism, in which the
reaction passes through a phosphorane intermediate (Figure 1C in ref. 7), and was
constructed from interpolation between representative structures along the pathway.
Twelve atom-to-atom active site distances were chosen as reaction coordinates, as
depicted in Figure 3.1, and restraining potentials with a force constant of 100 kcal mol-1
A-2 were used for the umbrella sampling simulations. In each case, 21 images were
considered along the reaction pathway, and string iteration was preceded by 150 fs of
QM/MM equilibration with harmonic restraints acting on all the reaction coordinates.
The total simulation times for sets A, B, and D was 45 ps, and for set C was 56 ps.
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4.4

Results and Discussion

4.4.1

A Periodic Trend of Thio Effect in Monovalent Metal Ions
We began by investigating the effect of different monovalent metal ions

alone (in the absence of divalent metal ions) on the each of the diastereomers with respect
to the WT oxo substrate. The presence of a high concentration of EDTA (100 mM)
ensured no divalent metal ion contamination.
The increased mass-to-charge ratio on descending the Group IA of the periodic
table from Li+ to K+ appeared to affect only the SP diastereomer substantially (Figure
4.1). For the RP substrate, similar highest normal thio effects of ~150-fold and ~110-fold
were observed in the presence of 4 M Li+ and 4 M Na+, respectively (Table 4.1, Figure
4.1.A). On the other hand for the SP substrate, a normal thio effect of ~5-fold was
observed in the presence of 4 M Li+, but an inverse thio effect of ~7-fold and ~6-fold was
observed in the presence of 2 M Na+ and 0.25 M K+, respectively (Table 4.1, Figure
4.1.B). In addition to group IA metal ions, ammonium ion was also used a monovalent
cation in the thio effect studies. For the RP substrate, a normal thio effect ranging between
5-8-fold was observed in concentrations ranging from 0.5 to 4 M NH4Cl (Figure 4.1.A,
green circles; Table 4.1). On the other hand for the SP substrate, an inverse thio effect of
~10-20-fold was observed for the same concentration range of 0.5 to 4 M NH4Cl (Figure
4.1.B, green diamonds; Table 4.1).
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Table 4.1. Thio effect and metal ion rescue for HDV ribozyme in the presence of
different monovalent metal ion

MCl

kO/kSc

6.9
52.3
68.6
125.8
154.5

SP substrate
kobs *105
(min-1)
24±7.5
112±16
217±5.8
630±141
925±50

0.2
0.16
0.21
0.27

NA
5.3
39.3
55.6
107.4

1.63±0.04
5.20±3.60
44±6.8
62±3.6
66±2.1

1/4
1/5
1/7
1/5
1/2

0.14
0.37
0.26

NA
NA
NA

NA
NA
NA

0.80
0.38
0.29

1/6
~1
~1

1.62±0.18
7.6±1.1
15.2± 1.5
16.5± 1.4
15.0± 2.6

NA
0.90
3.1± 0.8
2.0± 0.3
3.2± 1.0

NA
8.4
4.9
8.2
4.7

13.8±0.80
130±28
242±14
348±31
255±22

1/8
1/17
1/15
1/21
1/17

Ionic
Conditions
(M)
0.5
1
2
3
4

Oxo
kobsa *105
(min-1)
60±11
793±125
1350±50
2767±152
4250±212

RP substrate
kobs *105
(min-1)
8.65±3.3
15.0±2.8
19.7±2.1
22.0
27.5±2.1

0.5
1
2
3
4

0.37±0.03
1.1±0.07
6.2±1.1
11.7±1.5
29.0±7.2

KCle
pH 5.5

0.25
0.5
1

NH4Cl

0.5
1
2
3
4

LiCl

NaCld

kO/kSc

2.5
7.1
6.2
4.4
4.6

a

kobs measured at 37º C at pH 6.5 (25 mM MES) or pH 5.5 (25 mM MES) for KCl.
Error in kobs is from the standard deviation of three or more experimental observations. The experiments
where no error is reported for the kobs, were only done once.
c
Thio effect is the ratio kO/kS as defined in Eq 4.3. Error is propagated from the relative errors.34
d
The final concentration of Na+ is (1X +0.2 M)
d
Higher concentration of KCl could not be attempted due to inhibition of reaction.
b

We consider thio effects of each substrate in detail. The RP substrate shows a
normal thio effect in the presence of all monovalent metal ions attempted (~150-fold in 4
M Li+, 110-fold in 4 M Na+, and 8-fold in 1 M NH4+). The RP substrate showed no
substantial cleavage above background in the presence of K+, and hence the thio effect
could not be reported. Increasing concentration of metal ions increased the magnitude of
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the normal thio effect of the RP substrate in group IA metal ions. For instance for the RP
substrate, the thio effect increased by ~30-fold and by ~20-fold in Li+ and Na+,
respectively on increasing the concentration from 1 M to 4 M (Figure 4.1.A; blue and
red circles). This increase in thio effect is a result of the minimal to no effect on the rate
of the RP substrate with increasing ionic concentration. More specifically, with
increasing ionic concentration from 0.5 M to 4 M Li+, the rate of the oxo substrate
increased by ~70-fold, but for the same increase in concentration the rate of the RP
substrate increased only by ~3-fold. With increasing ionic concentration from 1 M to 4
M Na+, the rate of the oxo substrate increased by ~80-fold, but for the same increase in
concentration the rate of the RP substrate increased only by ~ 1.5-fold. As discussed in
Chapter 2,25 the pro-RP oxygen atom plays an important role at the active site of the
ribozyme. The replacement of the pro-RP oxygen with a sulfur results in deleterious
effects that may not be rescued even at 4 M ionic concentration of monovalent metal
ions, resulting in an increase of thio effect with increasing ionic concentrations.
In the presence of 1 to 4 M NH4Cl, the slow reacting RP substrate consistently
showed background cleavage of ~5-7% at longer time points in control reactions (no
enzyme strand, only buffer and metal salt) with a non-background cleaved percentage of
~ 20% at longest time points. The background cleavage was not subtracted, which would
mean that RP substrate reacted more slowly than shown in the plots (Figure 4.1.A, green
circles) and hence the “true” thio effect would be a larger value than 5-8-fold shown in
the presence of 1 to 4 M NH4Cl.
The RP substrate would be expected to exhibit a normal thio effect based on either
mechanism described in Scheme 1. In particular, in the concerted mechanism (Scheme 1,
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top panel: Mechanism I) a large thio effect is expected, as the metal ion interaction
(Mg2+ shown in purple) with pro-RP oxygen (shown in green) is lost in the case of the
sulfur substitution at the RP position.25 In a sequential mechanism (Scheme 1, bottom
panel: Mechanism II), the RP sulfur (shown in green) is expected to hinder the putative
proton transfer from the exocyclic amine to the RP position, thereby resulting in a large
normal thio effect. The normal thio effects observed thus support either mechanism, and
the magnitude or the observance of the normal thio effect cannot be used to distinguish
between the two mechanisms.
Among all the Group IA metal ions the rate of reaction is fastest in the presence
of Li+ (in 4M Li+: 0.0425 min-1 for oxo substrate), though slower than observed in the
presence of Mg2+ (in 10 mM Mg2+: 4.1 min-1). As reported in Chapter 2, the SP substrate
exhibits no thio effect in the presence of Mg2+ ion (Figure 2.2).25,35 In the presence of
Li+, the SP substrate shows small normal thio effects of >7-fold (Figure 4.1.B, dark blue
diamonds), which agrees well with our assumptions. The similarity between the thio
effects in the presence of Li+ and Mg2+ of >7-fold and ~1-fold is consistent with the
diagonal relationship between the two ions. Li+ (ionic radii: 90 pm) and Mg2+ (ionic radii:
72 pm) have similar ionic radii and are expected to show similar thio effects.
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Figure 4.1. Dependence of thio effect on the monovalent metal ions (Li+: blue; Na+:
red; NH4+: green; K+: pink; 10 mM Mg2+: black). Thio effects for the A) RP and B) SP
substrate. The RP substrate exhibits a normal thio effect in the presence of all metal ions,
which can be explained by either mechanism described in Scheme 1. The SP substrate
shows a stereospecific inverse thio effect. The inverse thio effect appears to be increasing
with the size (or size to charge ratio) of the metal ion. The largest inverse thio effect is
found in the presence of NH4Cl. Note: The thio effects in the presence of 10 mM Mg2+
(0.97 for SP substrate and 1000 for RP slow substrate) are from earlier studies11 and are
same as shown in Table 2.1. No rates could be obtained for the RP substrate in the
presence of KCl, since the extent of cleavage for the reaction was same as the
background cleavage (~3-7 %).
Next, we looked at the effect of Na+ on the SP substrate. High concentration (> 0.5
M) of Na+ was used to measure the rates to compensate for the absence of divalent metal
ions and help the ribozyme fold.4,5 An inverse thio effect is observed with Na+ for the SP
substrate, with the SP substrate showing a 5-fold increase in rate in the presence of 0.5 M
NaCl (Figure 4.1.B, red diamonds; Table 4.1). As described in Chapter 3, QM/MM
calculations in the presence of a Na+ at the active site suggested a reaction pathway that
went via a proton transfer stabilized phosphorane intermediate (Figure 3.8; Scheme 1,
Mechanism II) where the proton transfer is between the exocyclic amine on C75 and the
pro-RP oxygen. In the case of the RP substrate, the sulfur will hinder this proton transfer,
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hence destabilizing the intermediate and in turn exhibiting a large normal thio effect as
observed. Previous studies comparing adenosine 5’monophosphate (AMP) to adenosine
5’-O-thiomonophosphate (AMPS) found that the pKa of AMPS is lowered by 1.5 pKa
units as compared to AMP.36 In addition, thiophosphates are found to be more acidic than
their phosphate counterpart by ~1 pKa unit.37 So in the case of the SP substrate, the
presence of sulfur on the SP position could promote the release of the proton back to the
exocyclic amine, and thus aid the reaction pathway to form the cleaved products.
Next, we examined the effect of the change in monovalent ion concentrations on
the thio effects. Remarkably, with increasing Na+ the inverse thio effect for the SP
substrate approaches unity (Figure 4.1.B, red diamonds). The inverse thio effect is ~ 4-,
5-, 7-, 5-, and 2-fold in the presence of 0.5, 1, 2, 3, and 4 M Na+. An inverse thio effect of
~2-fold for the SP substrate in 4 M Na+, seems to approach a similar result of ~1-fold
normal thio effect in the case of 10 mM Mg2+.11 Thus, with increasing monovalent metal
ion concentration it is possible that there is a switch of mechanism from the proton
stabilized intermediate to that where metal ion is able to stabilize the transition state.
We also investigated the thio effect in larger more diffuse metal ions in Group
1A. In case of K+, the reaction rates for all substrates proceeded at rates 6- to10-fold
slower than in the presence of NaCl (Table 4.1). Previous studies on the 2-piece HDV
ribozyme have also found that the reaction is highly inhibited in the presence of KCl with
cleavage rates comparable to non-specific RNA cleavage rates.4 For the RP substrate the
cleavage rate could not be calculated, as the fraction of substrate cleaved was comparable
to the control background cleavage reactions. The SP and oxo substrates, however, did
undergo cleavage at a determinable albeit slow rate in the presence of 0.25 to 1 M KCl.
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The SP substrate was found to show an inverse thio effect of ~6-fold at 0.25 M KCl
(Figure 4.1. B, pink diamonds) that was found to diminish with increasing KCl
concentration (~1-fold at 0.5 and 1 M KCl; Figure 4.1.B, pink diamonds). The loss of
inverse thio effect in KCl with increasing monovalent metal ion concentration is similar
to that observed with increasing NaCl (Figure 4.1.B, compare red to pink diamonds)
supporting the possibility of a switch between the two mechanisms, described in Scheme
4.1, from A to B a high metal ion concentrations depending on the ionic conditions.
In addition to the monovalent metal ions from the Group 1A in the periodic table,
NH4+ was also utilized as a monovalent ion in the reaction mechanism. As mentioned
previously, in the presence of NH4Cl, RP substrate exhibited small normal thio effect
(Figure 4.1.A, green circles; Table 4.1). In contrast, the SP substrate exhibits large
inverse thio effects which appear to be independent of concentration above 1M NH4Cl.
The high magnitude of inverse thio effect may be a result of NH4+ possible role in one of
the proton transfer involving C75. It is possible the NH4+ ion is involved in a more
efficient proton transfer to the pro-RP oxygen thereby enabling a stabilization of the
intermediate, and hence increasing the rate of cleavage. The rate of the reaction is
enhanced in the SP substrate for maybe the same reason as that applicable to Na+. The
sulfur on SP position leads to the acidification of the RP position, thereby enabling the
proton transfer, and hence the stabilization of the phosphorane intermediate. The
possibility of the proton transfer between the pro-RP oxygen and the exocyclic amine (or
NH4+) was explored experimentally using a C75Δ mutant, and is discussed in detail in
Section 4.4.3.
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In addition, a plot of the inverse thio effect with the increasing ionic radius
(Figure 4.2.A) shows a linear trend, with larger more diffuse ion like Na+, K+, and NH4+
showing a larger inverse thio effect of ~4-, 6-, and 9- fold, respectively. A similar trend is
also observed between mass to charge radius (Q/r) ratio and inverse thio effect (Figure
4.2.B), with the inverse thio effects in the presence of monovalent metal ions (Li+, Na+,
K+, and NH4+) showing a linear increase with decreasing Q/r ratio (Li+ highest Q/r ratio,
NH4+ lowest Q/r ratio). Taken together these data indicate that the inverse thio effect
increases for larger more diffuse metal ion that may not be able to fit in the catalytic site
to provide stability to the dianionic transition state (Scheme 4.1, Mechanism I) or may
not be able to compete for an interaction between the 2’OH and the pro-RP oxygen.

4.4.2

A Periodic Trend of Thio Effect in Divalent Metal Ions
Divalent metal ions are known to play an important role in ribozyme catalysis. In

the case of HDV ribozyme, the ribozyme can undergo catalysis in the absence of divalent
metal ions as described above and elsewhere,4,5,7 albeit at a much slower rate. In addition
to Mg2+ (cleavage rate: 3.9 min-1), previous studies conducted on the one-piece HDV
construct found that the ribozyme can undergo cleavage in the presence of Ca2+, Sr2+ and
Ba2+, with cleavage rates of 8.7, 1.5, and 0.069 min-1, respectively.38 As discussed in
Section 4.4.1, we observed a trend in the inverse thio effects with increasing charge to
radius ratio in monovalent ions (Figure 4.2.B). In a similar light, the effect of charge to
radius ratio of the cation on the thio effect were investigated in the case of divalent metal
ions.
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The details of the observed rates and thio effect are in Table 4.2. The rate of the
reaction was found to be fastest in the presence of Mg2+ (~1.2 min-1), and slowest in the
presence of Ba2+ (~0.0002 min-1), a trend that agrees well with previous studies on the
HDV ribozyme.38 The rates of the reaction are slower than the 1-piece ribozyme, which
has been previously observed in the 2-piece ribozyme in earlier studies too. The inverse
thio effect follows a trend, with the value of inverse thio effect increasing (from 1-fold to
3-fold in the presence of Mg2+ and Ba2+, respectively; Table 4.2), with increasing ionic
radii (72 and 136 ppm for Mg2+ and Ba2+, respectively).
Table 4.2. Thio effect and metal ion rescue for HDV ribozyme in the presence of
different divalent metal iona
M2+

Ionic Radii
(pm)

SP substrate
kobs
(min-1)
1.24±0.07

kO/kSc

72.0

Oxo
kobsa
(min-1)
1.16±0.13

10 mM Mg2+
10 mM Ca2+

112.0

0.72±0.06

0.79±0.10

~1/1.1

10 mM Sr2+

116.0

0.013±0.005

0.015±0.0003

~1/1.2

10 mM Ba2+

136.0

0.0021±0.000017

0.0058±0.000014

~1/3.0

~1/1.0

a

kobs measured at 37º C at pH 5.6 (50 mM NaMES).
Error in kobs is the range of two experimental observations.
c
Thio effect is the ratio kO/kS as defined in Eq 4.3.
b

The trend in the inverse thio effect corresponding to the size of the cation gives an
indication that the inverse thio effect may be unique to large and diffuse metal ions,
unable to go via a dianionic transition state. The trend is found in both group IA as well
as IIA metal ions (Figure 4.2). With the increasing ionic radii (Figure 4.2.A) the inverse
thio effect is found to increase from 0.5 (Li+) to 5.7 (K+) in group IA, and 1.0 (Mg2+) to
3.0 (Ba2+) in group IIA. Figure 4.2.B shows a plot of the inverse thio effect versus charge
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to radius (Q/r) ratio of the different metal ions. The inverse thio effect increases almost
linearly with decreasing Q/r ratio, indicating that the larger diffuse metal ions have a
larger inverse thio effect. In group IA metal ions (black circles, Figure 4.2.B), the
inverse thio increases more steeply, as a function of decreasing Q/r ratio as compared to
group IIA metal ions (blue circles, Figure 4.2.B). Thus, large and diffuse metal ions,
may prefer sequential mechanism over the concerted mechanism, wherein the SP
substrate is favored in catalysis over the oxo substrate. The origin of the inverse thio
effect could result from one of two scenarios: Scenario 1 wherein the loss of an inhibitory
interaction in the SP substrate leads to the inverse thio effect, and scenario 2 wherein the
inverse thio effect is indicative of the sequential pathway. In the sections below, we
discuss in detail the various experimental and theoretical calculations we performed to
test each of the scenarios.
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Figure 4.2. Periodic trend of the inverse thio effect. A) Group IA and IIA metal ions in
the periodic table and their respective inverse thio effects are shown. The size of the
spheres reflects the relative size as compared to the other metal ions, but is not drawn to
size. The bottom of group IA shows NH4+, for comparison with other monovalent metal
ions. The inverse thio effects are shown for the lowest concentration of metal ions; 0.25
M K+, 0.5 M Li+, 0.5 M Na+ and 0.5 M NH4+. B) Plot of the charge to radius ratio (Q/r)
versus the inverse thio effect of a metal ion. The group IA, group IIA, and NH4+ are
shown in black, blue, and green, respectively.
4.4.3

Investigating the Inhibitory Interaction Between the 2’OH and the pro-SP

Oxygen on the Scissile Phosphate using Molecular Dynamics Studies
As described above as scenario 1, a possible explanation for the origin of the
inverse thio effect is based on the release of an inhibitory hydrogen bonding interaction
between the 2’OH of U-1 and pro-SP oxygen on the scissile phosphate. The possibility of
such an interaction was investigated using classical molecular dynamics (MD) studies
that were performed by Abir Ganguly (University of Illinois at Urbana Champaign). The

	
  

156	
  

details of these MD simulations are provided in previous work.23,24 Two different
scenarios were explored: (1) when there is a Mg2+ ion at the active site (the wildtype
case), and (2) when the active site Mg2+ ion was replaced by two Na+ ions in the bulk. In
the later case, a Na+ ion from the bulk moved into the active site. For each case, two
independent 25ns trajectories were propagated, and the bond angle between the 2’O--H-O(P), where O(P) denoted either of the non-bridging oxygen atoms, as well as the atomto-atom distance between 2’O and each non-bridging oxygen atoms were monitored.
In the presence of Mg2+, the bond angle between the 2’OH, the 2’O and either of
the non-bridging oxygen atoms was found to be between 60-80° (Figure 4.3.A and B,
red and blue trajectories). The value of the bond angle is much lower than a linear bond
angle, which suggests the geometry is not optimal for a hydrogen bond. In contrast, in
the presence of Na+, the same bond angle has a value of ~120° for the pro-RP oxygen
atom (Figure 4.3.A, green trajectory), and ~ 160° for the pro-SP oxygen atom (Figure
4.3.B, green trajectory). The close to linear bond angle in the presence of Na+ in the
case of the pro-SP oxygen atom signifies an optimal geometry for the formation of a
hydrogen bond between the 2’OH and the pro-SP oxygen atom.
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Figure 4.3. The (A) U-1(O2’)—U-1(HO2’)—pro-RP and (B) U-1(O2’)—U-1(HO2’)—
pro-SP angles are plotted along classical MD trajectories for the oxo substrate (WT
ribozyme). The red and blue lines represent two independent trajectories in which a Mg2+
ion is at the catalytic site, while the green and magenta lines represent two independent
trajectories where the active site Mg2+ ion was replaced by two Na+ ions in the bulk
solution.
The distances between the 2’O and the non-bridging oxygen atoms from the
various MD trajectories are shown in Figure 4.4. In the presence of Mg2+, the bond
distance between the 2’O and the non-bridging oxygen atom (pro-RP or pro-SP) was
calculated to be ~4.0 Å (Figure 4.4.A and B, red and blue trajectories). This value is
much larger than a typical hydrogen bonding distance of 2.2-3.0 Å. Together with the
non-optimal angle, this indicates the absence of a hydrogen bond between the 2’OH and
the non-bridging oxygen. The lack of hydrogen bonding between the 2’OH and the nonbridging oxygen atoms in the presence of Mg2+ is not surprising as Mg2+ ion is known to
bind tightly at the active site, held together by multiple interactions with G25•U20
reverse wobble, 2’OH, and pro-RP oxygen atom.10,11,22,23,39 The proximity of the 2’OH to
Mg2+, possibly ties up the hydrogen atom in a strong interaction thereby making it
unavailable for a hydrogen bond with the non-bridging oxygen atom. In the presence of
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Na+, the distance between 2’O and the pro-RP oxygen atom is calculated to be ~4 Å
(Figure 4.4.A, green trajectory). The large distance (~4.0 Å) and sub-optimal bond
angle (~120°) indicate that there is no hydrogen bonding interaction between the pro-RP
oxygen atom and the 2’OH in the presence of Na+.
On the other hand, the distance between the 2’O and the non-bridging pro-SP
oxygen atom was calculated to be ~2.0 Å in one of the trajectories in the presence of Na+
(Figure 4.4.B, green trajectory). The distance (~2.0 Å) as well as the almost linear
bond angle (~ 160° ) is optimal for hydrogen bonding, and indicates the presence of a
hydrogen bond between the 2’OH and the pro-SP oxygen atom. Based on these
observations, the inverse thio effect for the SP substrate may be explained by the release
of the 2’OH from the inhibitory hydrogen bond to undergo deprotonation and subsequent
attack. In the case of both the oxo and the RP substrate, the 2’OH is still tied up in the
hydrogen bond the with SP oxygen atom, thereby showing slower rates than the SP
substrate.
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Figure 4.4. The (A) U-1(HO2’)—pro-RP and (B) U-1(HO2’)—pro-SP distances are
plotted along classical MD trajectories for the oxo substrate (WT ribozyme). The red
and blue lines represent two independent trajectories in which a Mg2+ ion is at the
catalytic site, while the green and magenta lines represent two independent trajectories
where the active site Mg2+ ion was replaced by two Na+ ions in the bulk solution.
A schematic diagram showing such a scenario is given in Scheme 4.2. In the
presence of Mg2+, the oxo, RP, and SP substrates (Scheme 4.2.A, B, and C) do not have
the interaction between 2’OH and the SP position (oxygen or sulfur) because the 2’OH is
already bound in a strong interaction with the Mg2+. On the other hand, in the presence of
Na+, the metal ion is known to interact diffusely at the active site.23 In this case, the oxo
(Scheme 4.2.D) and the RP (Scheme 4.2.E) substrates both have the inhibitory interaction
of the 2’OH with the pro-SP oxygen, but in the SP substrate (Scheme 4.2.F), where the
pro-SP oxygen is replaced with a sulfur atom, the inhibitory interaction is removed,
thereby resulting in an increase in the rate of reaction, and a subsequent inverse thio
effect.
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Scheme 4.2 The interaction between the 2’OH and pro-SP oxygen atom in the
presence of different metal ions. A), B) and C) are in presence of Mg2+ for the oxo, RP,
and SP substrate, respectively. The 2’OH does not interact with the SP position due to the
interaction between Mg2+ and 2’OH. D), E), and F) are in the presence of Na+ for oxo,
RP, and SP substrate, respectively. The 2’OH interaction with the pro-SP oxygen is intact
for the oxo and RP substrate, whereas the sulfur at the SP position for the SP substrate is
unable to form a hydrogen bond with the 2’OH. The absence of the inhibitory hydrogen
bond could possibly result in an inverse thio effect for the SP substrate in Na+. The sulfur
atom is represented by a green sphere for the RP substrate and by a red sphere for the SP
substrate.
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4.4.4

Investigating the Thio Effects in the Cleavage Assay of a Model

Oligonucleotide
For testing the scenario 2, the cleavage reaction of the model oligonucleotides in
the presence of imidazole (no added salts) was used as a benchmark for a reaction
pathway going via a phosphorane intermediate. As mentioned above, previous studies
performed by Ansyln and Breslow15 showed that in the presence of imidazole as the
buffer, UpU dinucleotide undergoes a cleavage reaction via a phosphorane intermediate.
The authors were able to identify a 3’5’ to a 2’5’ pseudorotation using reverse phase
HPLC, which confirmed the formation of a phosphorane intermediate. We wanted to
investigate thio effects in the imidazole-catalyzed cleavage of RNA.
We began by investigating the cleavage reaction in the presence of imidazole (no
added salts) for both the wild-type (PT_22O) and the thio-substituted (PT_22S) chimeric
oligonucleotide. The oligonucleotides were labeled with my initials, followed by the
length of the oligonucleotide (22 mer) and finally O denoted the oxo substrate or S
denoted the thio substrate. PT_22S substrate was not separated into its two diastereomers
because unlike HDV ribozyme there is no tightly packed active site, so the two
diastereomers were assumed to experience the same chemical atmosphere. On
comparison of the cleavage rates of PT_22O to PT_22S in the absence of added ions
(Figure 4.5.A), there was essentially no trend in the thio effects (Figure 4.5.B). The
cleavage reactions were attempted at a range of pH to alter the active form of the buffer,
but the pH was found to have only a slight effect on the thio effects.
To make a direct comparison to the conditions used in the HDV ribozyme
catalysis, imidazole-catalyzed cleavage reaction of the model oligonucleotides were also
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attempted in the presence of monovalent cations (Figure 4.6), and in the presence of
Mg2+. As in the case of the HDV ribozyme, the inverse thio effect was observed in the
presence of monovalent metal ions only. As in the case of the HDV ribozyme, the largest
inverse thio effect was found in the presence of NH4Cl, however the magnitude of the
effect was comparatively smaller (~2-fold versus 15-fold for HDV ribozyme). Also, as in
the case of the HDV ribozyme, LiCl and MgCl2 did not exhibit an inverse thio effect
(Figure 4.1.B black and blue diamonds), whereas a small inverse thio effect was
observed in the case of 1M NaCl (2-fold versus 5-fold in the HDV ribozyme, Figure
4.1.B, red diamonds).

Figure 4.5. Cleavage rates and thio effects in the model oligonucleotide A) The
cleavage rate of PT_22O (blue) and PT_22S (red) in the presence of 1M Imidazole under
different pH conditions. The two substrates exhibit similar cleavage constants. B) Thio
effects for PT_22S substrate under different pH conditions, calculated from panel A,
using Eq 4.3. There is a slight normal thio effect at low pH (~2-fold for pH 6.0) changing
to an almost 2-fold inverse thio effect at high pH (between pH 6.4 and 8.0).
In summary, there are parallels between thio effect for the SP substrate in the
HDV ribozyme and the model oligonucleotide in that there is a no thio effect in the
presence of Li+ and Mg2+, and an inverse thio effect in the presence of Na+ and NH4+.
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However, the relatively small inverse thio effects of 2-2.5-fold in the presence of Na+ and
NH4+, respectively in the model oligonucleotide make it difficult to conclusively link the
inverse thio effect with a phosphorane intermediate. It may be possible that the large
concentration of imidazole (1M) competes with the monovalent ions, thereby limiting the
interaction of the monovalent metal ions at the active site. To probe this possibility, lower
concentration of imidazole (250 mM) was also attempted for cleavage of the chimeric
oligonucleotide, but the results were similar to those in 1M imidazole (data not shown).

Figure 4.6. Cleavage rates and thio effects in the model oligonucleotide in the
presence of monovalent ions and imidazole. The thio effect in the presence of
Mg2+- and Li+ is ~ 1-fold, whereas the inverse thio effect in the presence of Na+ and NH4+
is ~2- and ~2.5- fold, respectively.
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4.4.5

Investigating the Origin of the Inverse Thio Effects for the SP substrate in Na+

Using QM/MM Simulations
We also carried out QM/MM simulations to test scenario 2. As explained in
Chapter 3, QM/MM simulations were performed to obtain a minimum free energy
pathway (MFEP) for the cleavage of the oxo substrate, in the presence of both Mg2+ and
Na+. The QM region consisted of the same 87 atoms as shown in Figure 3.2. With a
Mg2+ ion at the active site, the reaction was found to undergo catalysis via a dianionic
transition state (Figure 3.4), whereas with a Na+ ion at the active site, the reaction was
found to undergo catalysis via a phosphorane intermediate (Figure 3.7).10 The presence
of an inverse thio effect for the SP substrate in the presence of Na+ made us question
whether the inverse thio effect arises due to a change in the reaction pathway of the proSP substrate, or can the effect be explained based on the difference between the free
energy barriers of the reactions of the oxo and pro-SP substrates.
To examine the above hypothesis Abir Ganguly (UIUC) performed QM/MM
simulations or both the RP and SP substrate in the presence of Mg2+ and Na+. The
QM/MM simulations were performed in the same way as described in Chapter 3,10 except
the appropriate non- bridging oxygen atom was replaced with sulfur (pro-SP oxygen was
replaced with a sulfur in the SP substrate, pro-RP oxygen was replaced with a sulfur in the
RP substrate).
We will begin by explaining the observations from the QM/MM simulations on
the RP substrate. In the presence of Mg2+, the RP substrate was found to undergo cleavage
via a dianionic transition state (Figure 4.7). The reaction pathway is similar to that of the
oxo substrate in the presence of Mg2+ (Figure 3.4). In contrast, the free energy barrier in

	
  

165	
  

the case of the RP substrate was much higher than in the case of the oxo substrate (22
kcal/mol versus 13 kcal/mol). This higher free energy barrier for the RP substrate agrees
well with biochemical studies described in Chapter 2, wherein a large normal thio effect
was found for the RP substrate in the presence of Mg2+ (~1000-fold, Table 2.1).25 In the
presence of Na+, the RP substrate is was found to undergo catalysis via a phosphorane
intermediate (Figure 4.8). The reaction pathway is similar to that of the oxo substrate in
the presence of Na+ (Figure 3.7). In contrast, the energy barrier in the case of the RP
substrate was much higher than in the case of the oxo substrate (~5 and ~7 kcal/mol
versus ~2 and ~3.5 kcal/mol). These results also corroborate the biochemical studies
described in Section 4.4.1, wherein a large normal thio effect is found for the RP substrate
in the presence of Na+ (~5-fold to 100-fold, Figure 4.1 and Table 4.1).

	
  

166	
  

	
  
	
  
Figure 4.7. QM/MM simulations to obtain the MFEP of the RP substrate in the
presence of Mg2+ (A) The 2D free energy surface obtained in the case of the RP substrate
with a Mg2+ ion at the catalytic position, projected in the space of (r1-r2) and (r3-r4)
coordinates. The solid black line corresponds to the converged string, or the MFEP of the
cleavage reaction. The color scale is in units of kcal/mol and each solid circle represents
an independent image. (B) The 1D free energy profile along the MFEP obtained in the
case of the pro-RP substrate with a Mg2+ ion at the catalytic position. The MFEP
corresponds to a concerted pathway, as in the case of the WT ribozyme (oxo substrate).
The free energy barrier is ~22 kcal/mol, which is ~ 9 kcal/mol higher than that obtained
in the case of the oxo substrate. (C) Values of the most important reaction coordinates, r1,
r2, r3, and r4, along the MFEP. Each circle corresponds to an image along the string.
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Figure 4.8. QM/MM simulations to obtain the MFEP of the RP substrate in the
presence of Na+ (A) The 2D free energy surface obtained in the case of the RP substrate
with a Na+ ion at the catalytic position, projected in the space of (r1-r2) and (r3-r4)
coordinates. The solid black line corresponds to the converged string, or the MFEP of the
cleavage reaction. The color scale is in units of kcal/mol and each solid circle represents
an independent image. (B) The 1D free energy profile along the MFEP obtained in the
case of the pro-RP substrate with a Na+ ion at the catalytic position. The MFEP
corresponds to a sequential pathway, as in the case of the WT ribozyme (oxo substrate.
The free energy barriers are ~5 and ~7 kcal/mol respectively, higher than that observed in
the case of the oxo substrate. (C) Values of the most important reaction coordinates, r1,
r2, r3, and r4, along the MFEP. Each circle corresponds to an image along the string.
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Next we will go in to details about the results from the QM/MM simulations
performed on the SP substrate. In the presence of Mg2+, as is the case in the RP and oxo
substrate, the SP substrate was found to undergo catalysis via a dianionic transition state
(Figure 4.9). The free energy barrier for the SP substrate was same as that in the presence
of oxo substrate (~13 kcal/mol). The similar free energy barrier agrees with biochemical
experiments described in Chapter 2 where the oxo and the SP substrate were found to
undergo catalysis at similar rates in the presence of Mg2+ (Table 2.1).25 In the presence of
Na+, the SP substrate is found to undergo the reaction via a phosphorane intermediate
(Figure 4.10), similar to oxo (Figure 3.7) and RP substrate (Figure 4.7). The energy
barriers for the SP substrate are very similar to that of the oxo substrate in the presence of
Na+ (~2 and ~3.5 kcal/mol). These results do not explain the inverse thio effect observed
for the SP substrate in the presence of Na+ (Table 4.1, Figure 4.1 red diamonds).
Thus, the theoretical studies agree well with biochemical data in explaining the
thio effects in the presence of Mg2+. The normal thio effects observed for the RP substrate
in the presence of Na+ also corroborate theoretical findings. In contrast, the theoretical
calculations do not find an inverse thio effect for the SP substrate in the presence of Na+.
The disagreement between theoretical and biochemical results for this one case may be
due to one of many reasons. The highest inverse thio effect observed in the presence of
2M Na+ is ~7-fold (Table 4.1), which may fall within the error range of the free energy
simulations. It is also possible that the SP substrate is stabilizing the reaction in the preequilibrium state, which is not taken into account in the MFEP simulations. Another
possibility is that the inverse thio effect is not a result of the sequential reaction the
substrate is undergoing in the presence of Na+, rather the inverse thio effect is the result
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of loss of an inhibiting hydrogen bond interaction between the 2’OH and the pro-SP
oxygen atom, as supported by MD studies (Figure 4.3.B and Figure 4.4.B).

	
  
	
  
Figure 4.9 QM/MM simulations to obtain the MFEP of the SP substrate in the
presence of Mg2+ (A) The 2D free energy surface obtained in the case of the SP substrate
with a Mg2+ ion at the catalytic position, projected in the space of (r1-r2) and (r3-r4)
coordinates. The solid black line corresponds to the converged string, or the MFEP of the
cleavage reaction. The color scale is in units of kcal/mol and each solid circle represents
an independent image. (B) The 1D free energy profile along the MFEP obtained in the
case of the pro-SP substrate with a Mg2+ ion at the catalytic position. The MFEP
corresponds to a mostly concerted pathway, as in the case of the WT ribozyme (oxo
substrate), although there is a hint of a very shallow intermediate that corresponds to a
phospharane geometry. The free energy barrier is ~13 kcal/mol, similar to that obtained
in the case of the oxo substrate. (C) Values of the most important reaction coordinates, r1,
r2, r3, and r4, along the MFEP. Each circle corresponds to an image along the string.
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Figure 4.10. QM/MM simulations to obtain the MFEP of the SP substrate in the
presence of Na+ (A) The 2D free energy surface obtained in the case of the pro-SP
substrate with a Na+ ion at the catalytic position, projected in the space of (r1-r2) and (r3r4) coordinates. The solid black line corresponds to the converged string, or the MFEP of
the cleavage reaction. The color scale is in units of kcal/mol and each solid circle
represents an independent image. (B) The 1D free energy profile along the MFEP
obtained in the case of the pro-SP substrate with a Na+ ion at the catalytic position. The
MFEP corresponds to a sequential pathway, as in the case of the WT ribozyme (oxo
substrate. The free energy barriers are ~2 and ~3.5 kcal/mol respectively, similar to that
observed in the case of the oxo substrate. (C) Values of the most important reaction
coordinates, r1, r2, r3, and r4, along the MFEP. Each circle corresponds to an image
along the string.
4.4.6

Investigating the Role of NH4+ in the Proton Transfer between the Exocyclic

Amine on C75 and pro-RP Oxygen
Another test for scenario 2 was to investigate the interaction between the exocylic
amine on C75 and the pro-RP oxygen. For this assay, C75Δ mutant of the ribozyme was

	
  

171	
  

utilized. In this mutant, C75, which is the general acid, is deleted from the ribozyme
construct. The mutated ribozyme shows almost no reactivity in the presence of MgCl2 or
NaCl, but the enzymatic activity can be rescued by addition of exogenous imidazole in
the presence of MgCl2, which fulfills the role of the missing C75.40,41
In theoretical calculations, C75 is found to play a dual role in the presence of Na+,
that of stabilizing the leaving group as well as transferring a proton from the exocyclic
amine to the dianionic.10 In the C75Δ mutant, imidazole can compensate for the loss of
general acid but cannot overcome the lose proton transfer between the exocyclic amine
and pro-RP oxygen. In case of Mg2+, the reaction mechanism goes via metal ion stabilized
transition state, and hence does not require the dual role of C75. In contrast, in the
presence of Na+, if the reaction goes via the reaction pathway predicted by the QM/MM
calculations, a proton transfer intermediate is formed which would require the proton
transfer from the exocyclic amine. Imidazole cannot perform that role alone, so we
hypothesized that performing the reaction in the presence of NH4Cl would provide a
moiety for the proton transfer. We carried out the reaction in the presence of 1 M
Imidazole and 1 M NH4Cl or NaCl. As expected the reaction does not undergo cleavage
in the presence of NaCl (rates too low to be detectable; the reaction was followed up to 3
days). In the presence of NH4Cl, the reaction does undergo catalysis, albeit at a very slow
rate (~10-5 min-1) (Table 4.3). In addition, a control reaction with only imidazole and no
NH4Cl also does not undergo catalysis, indicating that both imidazole and NH4+ ion are
required for catalysis thus implicating both the exocyclic amine and the N3 on C75 in the
reaction mechanism in the absence of Mg2+.
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Thio effect studies were also carried out in the C75Δ mutant (in the background
of 1 M imidazole and 1 M NH4Cl). No thio effect was observed for the SP substrate (as
maybe expected as seen in the SP substrate in the presence of NH4Cl). The non thio effect
maybe due to a rapid proton transfer from the free available imidazole in solution to the
pro-RP oxygen, thereby limiting the contribution of the proton transfer from the pro-RP
position to the rate determining step.

Table 4.3. Thio effects in the C75Δ mutant of the HDV ribozyme in the presence of
imidazole NH4+ a
M2+

SP substrate
kobs*105
(min-1)
21±0.1

kO/kSb

25 mM Mg2+ c

Oxo
kobs*105
(min-1)
15±0.1

1 M Na+

NA

NA

NA

1 M NH4+

0.89

1.12

~1/1.3

~1/1.4

a

kobs measured at 37º C at pH 6.0 (25 mM MES, 100 mM Na2EDTA, 1M imidazole).
Thio effect is the ratio kO/kS as defined in Eq 4.3.
c
kobs measures at 37º C at pH 7.0 in 50 mM NaHEPES and 400 mM imidazole. The values are taken from
b

previously published results, and results described in Chapter 2, Table 2.2.22

4.4.7

Proton Inventory Studies in the Presence of Ba2+ and Li+
Previous experimental and theoretical studies have shown that the reaction

goes via a sequential mechanism in the presence of Na+ and a concerted mechanism in
the presence of Mg2+.7,10,18 In the experimental assay, proton inventory experiments were
conducted wherein in the presence of Na+ and Mg2+, a proton inventory of 1 and 2,
respectively, were observed indicating a sequential mechanism and concerted
mechanism, respectively.7,18 In the theoretical studies, QM/MM calculations were carried
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out to obtain an MFEP that also corresponded to a sequential mechanism with a
phosphorane intermediate in the case of Na+ at the active site, as compared to a concerted
mechanism with a transition state in the case of Mg2+ at the active site.10
Among the monovalent metal ions tested from group IA, only Li+ showed a
normal (~2 to 7-fold) thio effect, whereas the largest inverse thio effect was found in
NH4+ (~ 1/8 to 1/20-fold) for the SP substrate (Table 4.1). Among the divalent metal ions
tested from group II A, it was found that in the presence of Ba2+, the SP substrate showed
an inverse thio effect of ~3-fold (Table 4.2).
As described by scenario 2, our hypothesis is that the inverse thio effect is related
to the sequential mechanism. To correlate the sequential mechanistic pathway to the
inverse thio effect, we carried out proton inventory experiments in the presence of 10
mM Ba2+, that show the highest inverse thio effect in divalent metal ions. As a control to
test the relation of a concerted mechanism to a normal thio effect, we also carried out
proton inventory experiments in the presence of 1 M Li+. Though the thio effect in
Li+(normal thio effect; Table 4.1) is not the same as in Mg2+(no thio effect; Table 4.2),
we wanted to investigate Li+ due to its diagonal relationship with Mg2+.
A proton inventory of 1 would indicate that the mechanism is sequential, and that
the inverse thio effect observed in the SP substrate corresponds to a sequential
mechanism. On the other hand, a proton inventory of 2 would indicate a concerted
mechanism, and that the inverse thio effect observed in the SP substrate is possibly due to
the deletion of an inhibitory interaction as explained by scenario 1.
Before carrying out the proton inventory experiments, rate-pH profiles in 1 M Li+
and 10 mM Ba2+ were plotted. The reason to investigate the rate-pH profile is to find out
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the plateau region of the rate-pH profile wherein the proton inventory experiments could
be carried out. In the plateau region the error due to the mixing of H2O and D2O buffers
is minimized, since a slight change in pH does not bias the observed rates.42 In addition,
the rate-pH profile in the case of Na+ was found to be inverted as compared to that in the
presence of Mg2+.5,19 The inversion of the rate-pH profile and hence the non-involvement
of the metal ion in the reaction mechanism could provide further evidence to a correlation
between the reaction mechanism and the inverse thio effect.
The rate-pH profile in the presence of 1 M Li+ and 10 mM Ba2+ were both found
to be inverted with an almost log-linear decrease between pH 6.5-8.0 (Figure 4.11.A).
The pKa in the presence of Li+ was found to be ~6.3, whereas that in the case of Ba2+ was
found to be ~5.9. The more acidic pKa of Li+ can be explained due to high pKa (~13.8) of
hydrated Li+ ion. The thio effect in Li+ is normal as compared to the no thio effect in
Mg2+, indicating that Li+and Mg2+ may not be directly compared. As expected, the
inverted rate-pH profile of Ba2+ is similar to that observed in the presence of Na+. The pL
for the proton inventory experiments from the rate-pH profile was chosen as 5.4, for both
1 M Li+ and 10 mM Ba2+, since it lies in the plateau region of the rate-pH profile (Figure
4.11.A).
The proton inventory in the case of both 1 M Li+ and 10 mM Ba2+ was found to
be linear with a fractionation factor of ~0.02 and ~0.50, respectively (Figure 4.11.B).
The fractionation factor in 1 M Li+ is extrapolated from the plot, and hence more data
points are needed to get a more accurate result. The isotope effects can be calculated as
equal to the reciprocal of the fractionation factor and are ~50-fold and ~2-fold. The
proton inventory of 1 in the presence of Li+ and Ba2+ strongly supports the mechanism
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goes via a sequential pathway in both these metal ions. Similar to Na+, in the case of
Ba2+, there is an inverse thio effect stereospecific to the SP substrate, the rate-pH profile is
inverted and the proton inventory is that of 1. The similarity in the reaction mechanism in
the two unique metal ions strongly supports a relation between the inverse thio effect
observed and the sequential pathway with a proton transfer intermediate.

Figure 4.11. Rate-pH profile and proton inventory in the presence of Li+ and Ba2+A)
Rate-pH profile in the presence of 1 M Li+(hollow circles) and 10 mM Ba2+(filled
circles). The rate-pH profile is inverted in both Li+ and Ba2+. The pKa was obtained by
fitting the plot to log of Eq. 4.3. The pKa in the presence of Li+ was found to be 6.3 while
in the presence of Ba2+ was found to be 5.9. A pL of 5.4 was chosen to perform the
proton inventory studies in both Li+ and Ba2+, as it lies in the plateau region of the ratepH profile. B) Proton inventory in the presence of 1 M Li+(hollow circles) and 10 mM
Ba2+(filled circles) at pL 5.4. The proton inventory was fitted to a standard Gross-Butler
equation for a single proton transfer as described in Eq. 4.6. The fractionation factor
φ was found to be ~0.5 for 10 mM Ba2+ and extrapolated to ~0.02 for 1 M Li+, giving an
isotope effect of ~2-fold and ~50-fold, respectively.
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4.5

Conclusions
In Chapter 2, phosphorothioate experiments done in the presence of 1M Na+

found that there was an increase in the rate of reaction for the SP substrate (~3-fold as
compared to the oxo substrate). The inverse thio effect observed was unique to the SP
substrate and Na+, the only non-Mg2+ ion studied at that point. QM/MM studies done in
the presence of a Na+ ion at the active site (as described in Chapter 3) found that reaction
mechanism is sequential, in contrast to the concerted mechanism in the presence of a
Mg2+ ion at the active site. In this chapter, we attempted to understand the origin of the
thio effect, and also correlate the inverse thio effect to the mechanism of the ribozyme.
Detailed thio effect studies in the presence of monovalent and divalent metal ions
were conducted. The RP substrate showed a large normal thio effect in the presence of all
of the monovalent metal ions tested, including Li+ (7- to 150-fold) , Na+ (5- to 100-fold),
and NH4+ (5- to 8-fold). The SP substrate showed an inverse thio effect but only in the
presence of diffused and large cations (2M Na+: 7-fold; 250 mM K+: 6-fold; 0.5 M NH4+:
8.5-fold; 10 mM Ba2+: 3-fold) and only at modest concentration of these ions. With
increasing concentration of Na+, it was found that the inverse thio effect diminished,
indicating a possible switch in the mechanism. The studies conducted in the presence of
NH4+ found highest inverse thio effects for the SP substrate consistent with previous
studies on the HDV ribozyme.4 Attempts were then made to investigate the origin of the
inverse thio effect.
Two scenarios that could lead to the rise of the inverse thio effect were
considered. In scenario 1, we hypothesized that the loss of an inhibitory interaction
between the 2’OH and the pro-SP oxygen atom was the reason for the inverse thio effect
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in the SP substrate. Molecular dynamics calculations on the oxo, RP, and, SP substrate in
the presence of Mg2+ and Na+, with a protonated 2’OH of U-1, showed an inhibitory
interaction between the hydrogen atom of 2’OH and the pro-SP oxygen atom of the
scissile phosphate in the presence of Na+ but not Mg2+ for the oxo and the RP substrate.
This inhibitory interaction would likely be hindered by the presence of sulfur, since sulfur
is a weak hydrogen bond acceptor, at the pro-SP position for the SP substrate, which could
lead to the enhancement of the cleavage rate in the presence of Na+.
In scenario 2, we hypothesized that the inverse thio effect was correlated to the
sequential mechanism. Model system (same chimeric oligonucleotide as the one used for
pKa determination in Chapter 3) with a known sequential pathway was utilized to
understand if the mechanism could be linked to inverse thio effect. The thio effects were
measured in imidazole, as the reaction pathway for the cleavage of a dinucleotide with
imidazole as a buffer, is known to go via a phosphorane intermediate (hence sequential).
In the presence of imidazole a modest inverse thio effect of ~1.5-2.0 fold was found at
high pH. The same studies were also tried with imidazole, in the background of various
monovalent salts. Similar slight inverse thio effects were also found for Na+ (~2-fold) and
NH4+ (~2-fold), but not for Li+ or Mg2+, again indicating a link, albeit a modest one,
between the mechanism and the inverse thio effect.
In addition, theoretical calculations to test scenario 2 were also conducted.
QM/MM simulations to identify favorable reaction pathways were also carried out for the
RP and SP substrate in the presence of Mg2+ and Na+. The results were compared to the
oxo substrate data from Chapter 3. The reaction was found to go via a concerted
mechanism for both diastereomers in the presence of Mg2+, with the RP substrate showing
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a higher free energy barrier and the SP substrate showing a similar free energy barrier to
the oxo substrate. The results corroborate experimental observations, which have been
delineated in Chapter 2. On the other hand, the reaction was found to go via a sequential
mechanism for both diastereomers in the presence of Na+, with the RP substrate showing
a higher energy barrier, and the SP substrate showing a similar energy barrier to the oxo
substrate. The results agree well for the RP substrate but are unable to explain the origin
of the inverse thio effect. The inverse thio effect observed in the presence of Na+ (7-fold)
may not be observed in the calculations as the value is not substantial enough to be
distinguished using QM/MM.
We also carried out proton inventory experiments in the presence of 10 mM Ba2+,
the only divalent metal ion in whose presence the SP substrate shows an inverse thio
effect. The proton inventory was found be that of 1, which suggests that the reaction in
the presence of Ba2+ goes via a sequential mechanism, similar to that in the presence of
Na+. In addition, the SP substrate in the presence of Na+ shows an inverse thio effect
providing further evidence for a correlation between the direction of the observed thio
effect and the mechanism of the ribozyme.
In summary, we have results that show a link between the inverse thio effect and
increasing ionic radii (i.e. decreasing charge density) of metal ions and possibly the
reaction mechanism. In describing the origin of inverse thio effect we investigated two
scenarios, one in which the effect arises from the hindrance of an inhibitory interaction,
and second in which the effect arises as a diagnostic of the reaction mechanism. In
support of scenario 1, MD calculations showed that a stereospecific inhibitory interaction
is formed in the presence of Na+(not Mg2+). In support of scenario 2, cleavage assays on a
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model compound known to proceed via a sequential mechanism displayed subtle inverse
thio effects and the ribozyme reaction in the presence of Ba2+ was found to have a proton
inventory of 1 suggesting a sequential mechanism. However, QM/MM studies conducted
on the RP and SP diastereomers were unable to link the inverse thio effect to the reaction
mechanism. We are carrying out experiments to understand and distinguish the two
scenarios, and attempting to understand the meaning of the inverse thio effects in a more
general sense that may be applicable to other ribozymes.
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Chapter 5
Conclusions and Future Directions

5.1

Conclusions
The goal of this thesis was to obtain a deeper insight into the mechanism of

the hepatitis delta virus (HDV) ribozyme. The interest in the HDV ribozyme stems
from the unique ability of HDV to utilize both nucelobase and metal ion in its
catalytic mechanism. The studies conducted in the thesis looked at specific
interactions at the active site (in particular the interactions of the scissile phosphate)
in addition to more general effects of metal ion identity on the overall mechanism.
Previously our lab had published a 1.9Å crystal structure of the trans-acting
version of the HDV ribozyme.1 In spite of the overall high resolution, the scissile
phosphate had to be modeled due to disorder at the active site. Chapter 2 focuses on
the critical interactions at the active site, which were not well resolved in the crystal
structure. More specifically, the interactions involving the non-bridging oxygen
atoms, the catalytic metal ion, and the general acid (C75) were investigated. Using
phosphorothioate substitution study we were able to determine that only one of the
two non-bridging oxygen atoms (the pro-RP) disrupted the cleavage reaction. In
addition, the stereospecific interaction of the pro-RP oxygen with the catalytic metal
ion was confirmed, by rescuing the catalytic activity with a thiophilic metal ion.2 This
work is not only a fundamental biochemical study relating structure-function in
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ribozymes, but also an example of the significance of complementing
crystallographic data with biochemical studies to obtain a comprehensive picture of
intricate reaction mechanisms.
Chapter 3 describes the experimental and theoretical studies to investigate the
HDV ribozyme mechanism that were carried out in collaboration with Professor
Sharon Hammes-Schiffer’s lab. The study was aimed at determining the mechanistic
pathway of the HDV ribozyme catalysis using theoretical calculations (quantum
mechanics/molecular mechanics- QM/MM) complemented by biochemical assays.
QM/MM calculations showed unique pathways in the presence of monovalent (Na+)
ions alone versus divalent metal (Mg2+) ions, which agree well with earlier
experimental findings from our lab. The energy barrier obtained in the presence of
Na+ was found to be lower than that in the presence of Mg2+, which contradicted
experimental observations. Biochemical experimental studies were conducted in an
effort to resolve the discrepancy in the theoretically calculated energy barriers. The
biochemical experiments were designed to compare the pKa of 2’OH in RNA in the
presence of monovalent and divalent metal ions, since the energetic contribution of
2’OH deprotonation was not accounted for in the theoretical calculations. The pKa of
the 2’OH using two different approaches, kinetic and NMR, showed that divalent
metal ions lower the pKa of 2’OH to favor deprotonation as compared to monovalent
metal ions.3 This work described the effect of the metal ion identity on the reaction
mechanism and provides an example of the importance of complementing theoretical
data with biochemical assays.
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Chapter 4 is focused on the possibility of utilizing inverse thio effects as a
general mechanistic diagnostic in ribozyme catalyzed reactions. As described in
Chapter 2, QM/MM calculations and biochemical experiments have shown that the
HDV ribozyme reaction goes via a sequential mechanism through a phosphorane
intermediate in the presence of Na+, and a concerted mechanism through a transition
state in the presence of Mg2+.3 In the presence of large and diffuse monovalent (Na+,
K+, and NH4+) and divalent (Ba2+) metal ions the SP substrate was found to show
stereospecific inverse thio effects (stereospecific for the SP substrate). The aim of the
study was to carry out thio effect studies as a function of metal ion identity and be
able to provide a relationship between the observed thio effect and the reaction
mechanism that may be applied to other ribozymes.
5.2

Future Directions

5.2.1

Proton Inventory Studies in NH4+
Among the monovalent ions tested it was found that the highest inverse thio

effect for the SP substrate was found in the presence of NH4+ (Table 4.1). This effect
was similar to that observed in the presence of Na+ and Ba2+, wherein the SP substrate
reacted faster than the oxo substrate. Previous experimental studies have supported
that the reaction goes via a sequential mechanism in the presence of Na+ and
Ba2+(Chapter 4). In the assays, proton inventory experiments were conducted wherein
in the presence of Na+ and Ba2+, a proton inventory of 1 was observed indicating a
sequential mechanism.4 In theoretical studies carried out in the presence of Na+,
QM/MM calculations were carried out to obtain MFEP that also corresponded to a
sequential mechanism with a phosphorane intermediate (Chapter 3).3 The same
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studies conducted in the presence of Mg2+ found the mechanism to go via a concerted
pathway.
As described by scenario 2 of Chapter 4, our hypothesis is that the inverse thio
effect is unique to the sequential mechanism. To correlate the sequential mechanistic
pathway to the inverse thio effect, we want to carry out proton inventory experiments
in the presence of NH4+, in addition to the ones carried out in the presence of Ba2+
and Li+ (Figure 4.11). A proton inventory of 1 would support that the mechanism is
sequential, and that the inverse thio effect observed in the SP substrate corresponds to
a sequential mechanism. On the other hand, a proton inventory of 2 would indicate a
concerted mechanism, and that the inverse thio effect observed in the SP substrate is
possibly due to the deletion of an inhibitory interaction as explained by scenario 1
(Section 4.4.1, Figures 4.3 and 4.4). Another possibility is to carry out similar
reactions in the presence of high Na+, where the inverse thio effect seems to decrease
(Figure 4.2.B, 4 M Na+: 2-fold). At high concentration of Na+, if scenario 2 is indeed
true, then the reaction mechanism is expected to switch from mechanism 2 to
mechanism 1 (Scheme 4.1). If this is the case, then we expect a proton inventory of 2
at high concentration of Na+.
5.2.2

pKa Determination of Model Oligonucleotide Dithioate
One of the interactions discussed in the Section 4.4.1 is the inhibitory

interaction between the 2’OH and the pro-SP oxygen atom. If such an inhibitory
interaction does exist, we expect it to lower the pKa of the 2’OH, when the interaction
is deleted. To measure the pKa of the 2’OH, we are planning on utilizing the same
kinetic assay described in Chapter 3,3,5 wherein we carried out the cleavage of a
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chimeric oligonucleotide in the presence of 3.14M Na+. In this case, to delete the
interaction both the non-bridging oxygen atoms will be changed to sulfur to give us a
dithioate substitution. The site of cleavage in the chimeric oligonucleotide is not as
tightly packed as that in the HDV ribozyme, so even an HPLC-separated pro-RP or
pro-SP diastereomers may undergo rotation about the phosphate bond at the scissile
phosphate to allow the remaining non-bridging oxygen to hydrogen bond with the
2’OH. Thus, we want to change both of the non-bridging oxygen atoms to sulfur in
the same molecule, and subsequently determine the pKa of the 2’OH in the presence
of Na+ and compare that to the all oxo chimeric oligonucleotide, to determine if there
is a decrease in pKa caused by the deletion of the putative 2’OH inhibitory interaction
as predicted by scenario 2.
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Appendix C

Analysis of the Substrate Strands Using Mass Spectrometry

C.1

Introduction
As discussed in Chapter 2, 3, and 4, three substrates were utilized for the cleavage

assay of the HDV ribozyme. The three substrates namely oxo (WT), RP, and SP all
undergo cleavage in the presence of the enzyme strand albeit at different rates. The RP
substrate showed biphasic kinetics in the presence of Mg2+ (Figure 2.2.A), the origin of
which we were unable to explain to our satisfaction. ~30-40% of the RP substrate reacted
extremely slow (1000 min-1), and was termed as the slower phase. In order to rule of the
possibility of damage to substrate (from UV, radiation, or chemical degradation) as the
reason for the biphasic kinetics, mass spectrometry was carried out on the three substrates
before and after treatment with different sources of radiation, namely ultraviolet light
(UV), and γ-32P ATP.

C.2

Preparation of Substrate Strands for Mass Spectrometry
The sequence of the substrate strand is 5’ UAU GGC UUG CA. The separation of

the RP and SP diastereomers using reverse phase HPLC is described in Appendix A
(Figure A.1). 20 µL of 300 µM mixture of the diastereomers was injected in the HPLC.
We utilized C18 reverse-phase HPLC (solvent A, 0.1 M NH4OAc; solvent B, 50% A and
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50% CH3CN) starting with 100% solvent A and employing a linear gradient (0 to 15%)
of solvent B. The RP (retention time ~45 min) and SP (retention time ~49 min) isomers
were well resolved, as described previously, and the purified diastereomers were reinjected to ensure no cross-contamination (Figure A.1). Then, 10 µL of 300 µM WT oxo
substrate was also made to undergo the same reverse-phase HPLC protocol, and was
found to elute at ~42 min (~3 min before the RP substrate). The small size of the
oligonucleotides (11 mers) would result in a large loss in yield if the oligonucleotides
were further dialyzed and then precipitated, so the dialysis and subsequent precipitation
steps were avoided. For good mass spectrometry results all the monovalent metal ions
need to be replaced with NH4+ ions, and since the HPLC elution buffer contains NH4+
ions, we assumed only negligible concentration of monovalent group IA metal ions in the
final sample would be present. The collected fractions were speed vacuumed to dryness,
and brought up to a final concentration of ~40 µM each with double distilled water. The
concentration of the SP diastereomer was lower than the RP diastereomer (as the synthesis
of the phosphorothioate yields a higher percentage of the RP diastereomers), so two
rounds of HPLC performed on the phosphorothioate were speed vacuumed to dryness
and combined. In some cases, a portion (~40 µL) of each sample was treated with UV
radiation (254 nm) using a handheld lamp for 1 min (the handheld UV source was held
over an opened eppendorf tube containing the samples), followed by irradiation directly
from the source of γ-32P ATP (5 mCi) for 30 min. A total of six samples (three untreated
with radiation and three treated with radiation; one each of oxo, RP, and SP substrat) were
sent for analysis by mass spectrometry. Negative ion mass spectra of RNA samples were
acquired on a Thermo LTQ Orbitrap Velos mass spectrometer.
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C.3

Results and Discussion
The oligonucleotide samples have a theoretical molecular weight of 3465.47

g/mol for the oxo substrate and 3481.53 g/mol for the RP/SP substrates. From the mass
spectrometry, the monoisotopic molecular weight for the oxo substrate was found to be
3465.53 g/mol, in excellent agreement with the theoretical molecular weight (Figure
C.1.A). The monoisotopic molecular weight of the RP and the SP (Figure C.1.B and C)
substrate, were both 15.99 g/mol (=3481.52-3465.53 g/mol) higher than the oxo substrate
as expected due to the presence of a sulfur atom instead of the non-bridging oxygen. The
inset in Figure C.1.A, shows the cluster of peaks between 1150-1220 m/z for C.1.A due
to cationic heterogeneity from Na+ and K+, probably because dialysis could not be
performed on the short oligonucleotides and not all the group IA metal ions were
exchanged with NH4+.
The samples treated with radiation showed similar mass spectrometry spectra as
the untreated samples (Compare Figure C.1.A to D, C.1.B to E, and C.1.C to F), and
the monoisotopic molecular weights are found to be the same; 3465.53 g/mol for oxo
substrate and 3481.52 g/mol for RP and SP substrate. The radiation treated SP and RP
substrates spectra shows peaks at ~695.29 g/mol (5*(695.29+1.0078)=3481.48 g/mol)
and ~869.37 g/mol (4*(869.37+1.0078)=3481.51 g/mol), which correspond to z=5 and
z=4 clusters. Thus, the RP and SP substrate contain sulfur as opposed to oxygen at the
non-bridging position. In addition, the origin of the biphasic kinetics of the RP substrate is
not due to the radiation damage.
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Figure C.1. Mass spectrometry of the ribozyme substrate strands. The three strands
without any radiation treatment: A) Oxo, B) RP, and C) SP substrate and the three strands
after treatment with radiation: D) Oxo, E) RP, F) SP. For the oxo substrate the molecular
mass was found to be 3465.53 g/mol. The theoretical molar mass of the oligonucleotide is
3465.47 g/mol. The inset in panel A shows a blow up of the region from 1150-1200 m/z,
and corresponds to cationic heterogeneity from Na+ and K+. In the mass spectrometric
analysis of RP and SP substrate, the calculated molecular mass is found to be 3481.52,
which corresponds well with the theoretical molar mass of 3481.53 g/mol. The difference
in the molar mass between oxo and RP/SP substrate is 15.99 g/mol, which corresponds to
the replacement of an oxygen atom (15.999 g/mol) with a sulfur atom (molar mas =
32.065 g/mol). The spectrum of the untreated samples looks very similar to the radiation
treated samples, and have the same peaks. There are degradation peaks (5’U or 5’UAU or
5’GGC UUG CA) that are common to all the spectrum and may have formed due to the
long time required from the speed vacuuming. The radiation treated SP substrate shows
clusters at ~695.29 g/mol and ~869.37 g/mol, which correspond to z=5 and z=4 clusters.
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