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Synopsis

Metal ions play crucial roles in biological processes (e.g., catalytic activity, structural stability,
transportation, homeostasis, muscle contraction, etc.). Thus, metal-ion selectivity is essential
for the function and stability of the biomolecules. This dissertation explores the use of
combined classical molecular dynamics (MD) and ab initio quantum chemical calculations to
estimate the energetics of metal ion selectivity (K* vs. Na*, Mg?* vs. Ca?*) in group Il intron
and casl protein. Considering X-ray structures of metal-ion bound biomacromolecule (group I1
intron and casl protein) as a template, the strength of selectivity (AAG= Free energy difference
between cognate vs. near-cognate metal binding to the active site of the biomolecule) was
estimated using MD free energy simulations employing appropriate thermodynamic cycles.
Classical force-fields are limited by the fact that it does not include electronic polarizability
explicitly. Instead of using computationally expensive polarizable force-field, quantum
chemical ab initio calculations were performed on the reduced model of the metal ion binding
pocket to incorporate the polarization effect. The adopted methodology (combining classical
MD and quantum chemical calculation) is not only computationally cheap but also successful
in establishing a direct link between the estimated energetics and the 3D structures of cognate

and near-cognate metal complexes. This thesis is divided into six chapters.

Chapter 1 consists of a brief overview of the group Il intron and casl protein, methodology
for molecular dynamics simulations, thermodynamic cycles, and statistical methods adopted in
this thesis for estimating free energies were elaborated.

Group Il introns are enzymes that undergo self-splicing and remove themselves from pre-
messenger RNA. X-ray structures of group Il intron of Oceanobacillus iheyensis at various
stages of the self-splicing pathway (pre-hydrolytic, post-hydrolytic, and ligand-free state)
revealed an intricate atomic interaction network in the active site of the intron. Biochemical
studies confirmed that a heteronuclear metal ion cluster consisting of four metal ions (K1, K2
sites with K* and M1, M2 sites with Mg?*) are crucial for function (Figure 1). Monovalent ion
K* is very important for the function, and buffers containing only Na" were shown to cease
self-splicing activity of group Il intron. Similarly, the substitution of Mg?* by Ca?* also results

in the loss of enzymatic activity. The X-ray structures provide good models for quantitative
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estimation of the energetics associated with monovalent (K* vs. Na*) and divalent (Mg?* vs.

Ca?") selectivity by group Il intron.

Figure 1. The architecture of group Il intron. Cartoon representation of pre-hydrolytic state
(PDB: 4FAQ): Different colour represents different domains. D1 (grey), D2 (green), D3
(orange), D4 (blue), D5 (pink), J2/3 (yellow), 5’ exon (cyan), monovalent metal ions K1, K2
(purple sphere) and divalent metal ions M1, M2 (cyan sphere). The dashed circle highlights the
active site region considered for the MD study. Close up showing the active site elements. The
nucleophilic water (red sphere) is placed for the inline attack to the scissile phosphate. The key

RNA residues around the metal ions are shown in line representation.

Chapter 2 discusses the principle of monovalent ion (K* vs. Na*) selectivity in the active site
of group Il intron at different stages of splicing (i.e., pre-hydrolytic state, post-hydrolytic state,
and ligand-free state) of Oceanobacillus iheyensis group Il introns. X-ray structures (pre-
hydrolytic, post-hydrolytic, ligand/exon free intron) were used as the template for MD
simulations. It has been shown that the strength of monovalent ion selectivity (AAG: K* versus
Na* binding) varies along the self-splicing pathway (Figure 2). The ligand-free and pre-
hydrolytic states are highly selective for K* over Na*, and the selectivity is lost in the post-
hydrolytic state. The simulations revealed that Na* in the free and pre-hydrolytic state is

trapped with an unsatisfied first coordination shell in the active site, which is responsible for
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large discrimination (~ 6 -7 Kcal/mol). The Na* in the active site of the post-hydrolytic state
allows water entry and satisfies the Na* bonding requirement, resulting in low discrimination
(~ 1 kcal/mol). The results not only give insights into the experimentally unresolved Na* bound

complexes but also provide the link between structures and computed energetics.
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Figure 2. Monovalent ion selectivity (K* vs. Na*) in group Il intron at various stages of

splicing. Intron (grey), exon (cyan), and ion (sphere).

Chapter 3 discusses the energetics of divalent metal ion (Mg?* vs. Ca?") selectivity in the
active site of the group Il intron. Combined classical MD and quantum chemical calculations
confirm that the group Il intron prefers Mg?* relative to Ca®* (Figure 3. a, b).

Mg?* bound active site is compact and dry. Substitution of Ca?* results in water entry (wet) and
loosens up the M1, M2 pocket due to the larger size of Ca®*. The orientation of nucleophilic
water relative to scissile phosphate is strikingly different between Mg?* and Ca2* bound pre-
hydrolytic state (Figure 3. c). Furthermore, the scissile phosphate oxygens form direct
interactions with two Mg?* (M1, M2) in the pre-hydrolytic state. Ca?* substituted pre-
hydrolytic state suggests only one direct interaction between the scissile phosphate oxygen and
Ca?" (M1). Mg?* or Ca?* bound post-hydrolytic state suggests a direct interaction between the
exon (UQ0) and M1, whereas the intron part (G1) is highly dynamic in the MD trajectories
(Figure 3. d). Simulations suggest that the nature of the divalent metal-ion (Mg?* vs. Ca*?) does

not disrupt the overall architecture/integrity of group Il intron but could perturb the local

i
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environment, which might be sufficient to modulate the catalytic activity (Figure 3. c). The

absence of exon part in the ligand-free state allows maximum water exposure of M1, M2 sites.

(a) o D

Pre-hydrolytic state ~ Post-hydrolytic state Ligand-free state

AAG (kcal/mol) —»
[ = T Ry
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Pre-hydrolytic state  Post-hydrolytic state Ligand-free state

Figure 3. (a) Relative binding free energy (AAG, estimated by classical MD simulation) of
divalent ion (Mg?* vs. Ca?" in M1, M2 sites) binding to group Il intron at various stages of
splicing. (b) AE was estimated from quantum chemical calculations (B3LYP/6-311+G* (grey
bar) and M06-2X/6-311++G** (orange bar) level of theory). AE approximately captures the
relative divalent cation preference in the group II intron. Negative AE indicates Mg?*
preference relative to Ca?*. (c) MD structures of Pre-hydrolytic intron active site and waters
around the divalent ions (M1, M2). Mg?*-bound intron, where M1, M2 =Mg?* (left), and Ca?*-
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bound intron (right), where M1, M2 =Ca?®*. For clarity, hydrogens and nucleotide bases were
not shown. (d) MD structures of Post-hydrolytic intron active site and waters around the
divalent (M1, M2) ions. (left) Mg?*-bound active site. (right) Ca?*-bound active site. For
clarity, hydrogens and nucleotide bases except G1 were not shown. G1 is away from divalent
metal ion sites (M1, M2).

In Chapter 4, we discussed divalent (Mg?* vs. Ca?*) and monovalent (K* vs. Na*) ion
selectivity in the active site of lariat group Il intron of a eukaryotic brown algae Pylaiella
littoralis in the lariat-3’ exon (pre-hydrolytic state) and post-hydrolytic state, respectively
(Figure 4). The results indicate that the intron is selective between Mg?* and Ca?*, favouring

the former but non-selective for monovalent ions (K* versus Na*). Water accessibility is found
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Figure 4. (a) Schematic representation of the branched mechanism of splicing in group 1l
intron. (b) Relative binding free energies of Mg?* vs. Ca?" (vertical stripes bar) and K* vs. Na*

(white bar) binding to group Il intron. Error bar (in s.e.m).
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In Chapter 5, divalent ion selectivity (Mg?* vs. Ca?*) by Casl protein (Figure 5.1) has been
discussed. Casl is a universally conserved essential metalloenzyme of the CRISPR-Cas
immune system of prokaryotes that can cut and integrate a part of viral DNA into its host
genome with the help of other proteins. The integrated DNA acts as a memory of viral
infection, which can be transcribed to RNA and stop future infection by recognition followed

by protein-mediated degradation of the viral DNA. Experiments confirmed that Cas1-mediated

DNA degradation is hindered by metal ion-substitution, metal ion chelation, or mutation of the
binding pocket residues (e.g., E190A, H254A, D265A, D268A, etc.).

Loop (L5/6)

(f—l«rminnl" N-termin%
(8 o helices) (10 B strand & 2 a helices)
(Residue 113 -324) (Residue 1 —106)
Figure 5.1. Cartoon representation of Casl protein (PDB: 3GOD). Casl is composed of two
structurally distinct domains: N-terminal and C-terminal domains connected by a linker loop.
Zoomed-in view of the divalent Mn*? ion (grey sphere) binding pocket (broken circle). Key

amino-acid residues of Casl are highlighted with sticks and crystal waters (within 2.5 A of

Mn?*) in the red-sphere. The direct interactions with Mn*? are shown as dashed lines.

Casl is active towards dsDNA degradation with both Mn?* and Mg?* but not with Ca?*. Thus,
efficient divalent-metal ion discrimination is essential for Casl mediated endonuclease activity.
Using the crystal structure of Casl protein as a template, we modelled and performed classical
molecular dynamics simulations with Mg?*, Ca?* bound wild-type (WT), and mutant Casl
proteins and estimated the divalent metal ion selectivity. Classical molecular dynamics free

energy calculations suggest that Casl imposes an energy penalty of ~ 4-5 kcal/mol for Ca?

Vi
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binding relative to Mg?* (Figure 5.2a). Quantum chemical calculations were performed on the
reduced binding pocket models to incorporate the effect of polarizability. Quantum chemical
calculations indicate: (1) Mg?* binding is preferred over Ca?*, in line with the results obtained
from classical MD simulations, (2) Mn?* is the most preferred ion in the WT Casl binding
pocket among all the three ions studied in this work (i.e., Mg?*, Ca?*, Mn?*) (Figure 5.2b). The
metal ion binding pocket of Casl is dry when bound to Mg?*. Ca?* substitution results in a
single water entry (wet) in the ion-binding pocket (Figure 5.2 ¢). Mutation of conserved amino
acids that coordinates with the divalent metal ion also results in water exposure of the metal
ion binding pocket. The strength of divalent metal ion selectivity depends on the wetness of the
binding pocket. Wet binding pocket is less selective, and dry binding pocket is more selective

in favor of Mg?* binding relative to Ca®*.
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Figure 5.2 (a) Estimated energetics (AAG; using classical molecular dynamics free energy
simulations) of divalent metal ion selectivity: Mg?* vs. Ca?* binding to wild-type (WT) and
mutant (E190A, H254A, D265A, and D268A) Casl protein. Positive AAG indicates Mg?*
binding is preferred relative to Ca?* in the binding pocket of Casl. (b) Relative energies AE
were estimated from quantum chemical calculations (M06-2X/6-311++G** level of theory).
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AE approximately captures the relative divalent cation preference in the Casl active site.
Positive AE indicates Mn?* preference relative to Mg?*. Negative AE indicates Mg?* preference
relative to Ca®*. Divalent metal ion preference in the Casl active site follows the order Mn?* >
Mg?* > Ca?*. Bar colours represents wild-type and mutants of Cas1. (¢) MD structures of wild-
type Casl protein. (left) Mg?*-bound active site, (right) Ca*-bound active site. Key amino
acids are shown in the sticks, and the interaction network is shown in broken lines. Hydrogens
were not shown for clarity. Waters (red sphere), Mg?* (white sphere) and Ca®* (dark red

sphere).

In Chapter 6, the overall conclusion from this thesis work and the future scope of this current
work is discussed. We hope the hypothesis that emerged from our study will encourage

experimental verification.

viii
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Chapter 1

Introduction, Methods, and Objectives

1.1 Introduction

Metal ions play crucial roles in biological processes (i.e., enzymatic or catalytic activity, structural
stability, transportation, homeostasis, muscle contraction, etc.); thus, recognition of cognate metal
ions is crucial for function (Mustafi et al., 2003; Klein et al., 2004; Rolfs et al. 1999; Agranoff
et al., 1998; Farah et al., 1995). Accuracy of group Il intron splicing, structural stability of
ribosome and ribozyme, the catalytic activity of CRISPR-Cas proteins are a few examples that rely
on metal ion selectivity (Sigel, 2005; Klein et al., 2004; Denesyuk et al., 2015; Palermo, 2019).
The strength of metal ion selectivity depends on its ability to discriminate cognate metal ions from
non-cognate analogues. The discriminatory strength is linked with the frequency of errors and is
thus directly related to the accuracy of the biological processes. Structural studies (NMR, Cryo-
EM, X-ray) highlight the key atomic interaction network crucial for metal ion binding. In contrast,
biochemical studies reveal the kinetics and thermodynamics associated with metal ion binding.
However, the link between structural and biochemical studies is lacking. Molecular dynamics

(MD) free energy simulation is a popular approach for bridging the gap to some extent.

In this dissertation, we performed classical molecular dynamics free energy simulations (Kollman,
1993; Tsui et al., 2001) and electronic structure calculations to study metal ion selectivity (K*
versus Na*, Mg?* versus Ca?*) in RNA (group Il intron) and protein (Cas1). X-ray structures of
the biomolecules were used as a template, and the thermodynamics of the metal ion selectivity was
estimated. The estimated strength of selectivity was linked to the 3D structures of the cognate and

non-cognate complexes of intron/Casl.
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1.2 Group Il intron and splicing
1.2.1 Background

Eukaryotic RNA generally contains various protein-coding regions and non-coding regions known
as exons and introns, respectively. Exons are joined together by removing introns results in mature
MRNA, which is then translated by the ribosome, resulting in protein synthesis in cells (Figure
1.1) (Pyle et al., 2006; Clancy, 2008). Thus, gene expression fidelity is entirely reliant on precise
RNA processing. Splicing can form a range of unique proteins by varying the exon composition

in the mature mRNA, known as alternative splicing (Pan et al., 2008; Wang et al., 2008).
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Figure 1.1. Schematic representation of RNA splicing

At the molecular level, splicing is critical for understanding genomic expression and contributing
to the well-being of society. When splicing goes wrong, it can cause serious health problems for
humans, such as muscular dystrophy, myotonia, retinitis pigments, and cystic fibrosis (Cooper et
al., 2008; Scotti et al., 2016). Splicing is an advantageous intervention point for disease therapies

since it occurs at an early stage in gene expression and does not affect the DNA. Understanding
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the idea of splicing can serve as a framework for the development of medications that may be

effective in the prevention of disease (Cooper et al., 2009; Scotti et al., 2016).

It is needless to say that splicing is a fundamental process of gene expression. Introns are divided
into four categories based on their splicing mechanism, i.e., tRNA, mRNA, group I, and group 11
introns. MRNA and tRNA introns are spliced out by ribonuclear protein complexes (spliceosome)
and protein enzymes (kinase), respectively. Group I and Il introns, on the other hand, do not require
additional proteins because the folded intron can catalyze its own splicing, which is referred to as
self-splicing (Pyle et al., 2006). Chemically, splicing for mRNA and group Il introns is identical,
as both processes require the nucleotide adenosine. However, group Il introns undergo splicing
without involving proteins. In contrast, group | and Il introns undergo self-splicing but involve
different nucleotides, guanosine for group | and adenosine for the 11 introns. Furthermore, group
Il introns can be considered an intermediate between group | introns and spliceosomes. Group Il
Intron is an excellent model system for studying the 3D structure, catalysis, and evolutionary

aspect of the splicing process in all domains of life (Mattick, 1994; Dai et al., 2002).
1.2.2 Mechanism of group 11 intron splicing

There are two mechanisms for group 11 introns to catalyze their splicing through two successive
transesterification reactions: (i) hydrolytic mechanism (ii) branched mechanism. During hydrolytic
mechanism, nucleophilic water attacks as the nucleophile in the first step of splicing at the 5’ splice
site, producing linear intron intermediate. In the second step, 3" OH of the cleaved 5’ exon is the
nucleophile and attacks the 3'-splice site, resulting in exon ligation and excision of a linear intron
(Figure 1.2 a). While, in branched mechanism, the 2’ OH of the bulged adenosine in DVT acts as
the nucleophile to attack the 5’-splice site in the first step of splicing, producing an intron lariat
intermediate. In the second step, the 3" OH of the cleaved 5’ exon is the nucleophile and attacks
the 3’-splice site, resulting in exon ligation and excision of a lariat intron (Figure 1.2 b) (Marcia
etal., 2012).

TH-2756_156106033



(a) Hydrolytic mechanism

(H:D 5o Intron 4, g Intron
= N +
5 ] > 2 H 52 ] B 3
3 exun| ( ) p 5 exon |3 exun|ﬁ 5 exon|3 ex_on‘
5’ exon |~CH ~ ligated exon ligated exon

(b) Branched mechanism [ W Intron
Al_ntmn A=

) ) +
N A—{3 exon
A : < ﬁ 5 exon |3’ exon |ﬁ 5’ exon |3’ exun|
5’ exon |=CH € ligated exon ligated exon

Figure 1.2. Splicing mechanism of group Il intron. (a) Hydrolytic splicing pathway. The 5’ splice
site is attacked by the water molecule as the nucleophile in the first step of splicing, forming a free
5’ exon. In the second step, 3’ OH of the free 5° exon attacks the 3’ spice site and form a ligated
exon and linear intron. (b) The branched splicing pathway, where bulged adenosine nucleotide
attacks at the 5’ splice in the first step of splicing, form a free 5’ exon and 3’ lariat exon
intermediate. The second step of splicing takes place as in the hydrolytic splicing pathway to

produce ligated exon and lariat intron.
1.2.3 Structural studies of Group Il intron
1.2.4 Hydrolytic splicing

Group Il introns are large ribozymes composed of 400-1000 nucleotides in size, which can
catalytically cut and religate themselves. The secondary structure of group Il introns consists of 6
domains (D1-DVI). Group Il intron with five domains (D1-D5) was structurally characterized
for Oceanobaciellus iheyensis at various stages of the splicing pathway (e.g., pre-hydrolytic (PDB:
4FAQ), post-hydrolytic (PDB: 4FAR), and ligand-free state (PDB: 4E8M) state) (Marcia et al.,
2012). The high flexibility of domain 6 (D6) was speculated to hinder structural characterization
and thus removed for structure determination. Structural studies have helped us to visualize the
splicing machine in atomic details and provide an excellent model for computational analysis. The
remarkable set of tertiary interactions along with metal ions are responsible for the highly compact

and globular shape of the functional form of group Il intron.
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1.2.5 Pre-hydrolytic state

Following transcription, group Il intron folds spontaneously into a stable configuration, resulting
in the formation of a highly reactive ribozyme in the presence of Mg?*. Thus, in order to
characterize the pre-hydrolytic state of group Il intron, Ca?* was used instead of Mg?* in the buffer.
Ca?" is a known inhibitor of Mg?* dependent enzymes; several endonuclease structures have
previously been captured in their pre-catalytic state by substituting Ca®* for Mg?* (Marcia et al.,
2012). The folded structure of group Il intron in its pre-hydrolytic state is shown in Figure 1.3.
D1 is the largest domain onto which all other domains dock. D5 is embedded into the catalytic

core and is most important for catalysis.
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Figure 1.3. 3D architecture of group Il intron. Cartoon representation of pre-hydrolytic state
(PDB: 4FAQ): D1 (grey), D2 (green), D3 (orange), D4 (blue), D5 (pink), J2/3 (yellow), 5’
exon(cyan), monovalent metal ions (K1= K", K2= K*, purple sphere) and divalent metal ions (M1
= Ca?*", M2= Ca?*, cyan sphere). A dashed circle highlights the active site considered for the MD
study. Close-up showing the active site elements in the pre-hydrolytic state (immediately before
hydrolysis, PDB: 4FAQ). The nucleophilic water (red sphere) is placed for the inline attack to the

scissile phosphate. The most important RNA nucleotides are shown in line representation.
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It is remarkable that despite the large size of group Il introns, only ~35 nucleotides of D5 are
conserved among different forms of life. It is also interesting that the linker region (three
nucleotides) connecting D2 and D3 (J2/3) is also a major player in catalysis and highly conserved.
Three highly conserved motifs, i.e., ‘‘catalytic triad’” of Domain 5 (CYT358, GUA359, CYT360),
“two nucleotide bulge” of Domain 5 (ADE376, CYT377), and “Junction between domain 2 and
domain 3” (ADE287, GUA288, CYT289), two monovalent ions K1 and K2, and two divalent ions
(M1 and M2) form the catalytic pocket. The presence of highly negative phosphates from multiple
nucleotides in a congested region leads to strong metal ion binding sites inside the intron core.
Scissile phosphate linking UO (exon-part) and G1 (intron-part) define the exon-intron boundary
(Figure 1.3). The nucleophilic water (red sphere) close to the scissile phosphate is coordinated by
the divalent metal ion at the M2 position (Figure 1.3). Catalysis is aided by metal ions in the
heteronuclear core, which acts as an important cofactor. Group Il intron is unique as the
monovalent ions are also crucial (Figure 1.3) along with divalent metal ions (M1, M2) for
catalysis. K1 and K2 were believed to rigidify the divalent ion binding sites and stabilize critical
reaction intermediates by moulding the RNA backbone within the conserved core (Sigel et al.,
2005; Toor et al., 2008; Marcia et al., 2012). The M1 and M2 divalent ions are firmly anchored
in place by the extremely dehydrated K1 ion, which could explain the stability of the intron in the
absence of bound oligonucleotide. As a result, K1 is expected to control conformational toggling
between the first and second splicing processes. K2, on the other hand, serves a twofold purpose
by guaranteeing proper alignment of the 5’-splice junction and stabilizing the post-catalytic state

following the initial splicing process (Marcia et al., 2012).
1.2.6 Post-hydrolytic and ligand free state

Two key structures of the group Il intron have been characterized after splicing, (1) spliced exon
part is still linked with intron (post-hydrolytic state) and (2) Exon free group Il intron (ligand-free
state) (Figure 1.2). The folded structure of group Il intron at the post-hydrolytic state is shown in
Figure 1.4 a. The 5'-exon hydrolysis was stimulated by catalytically active Mg?* ions, which were
used to crystallize the post-hydrolytic state. The dehydrated metal ion K1 maintains the distinctive

triple helix conformation of active sites.
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Figure 1.4. 3D architecture of group Il intron (a) Cartoon representation of post-hydrolytic state
(PDB: 4FAR): D1 (grey), D2 (green), D3 (orange), D4 (blue), D5 (pink), J2/3 (yellow), 5’ exon
(cyan), monovalent metal ions K1, K2 (purple sphere) and divalent metal ions M1, M2 (grey
sphere). (b) ligand-free state close-up showing the active site elements in the ligand-free state
(PDB: 4E8M).

TH-2756_156106033



K2, on the other hand, serves a twofold purpose by ensuring that the 5’-splice junction is properly
aligned and stabilizing the post-catalytic state. M2 coordinates with three intron phosphates (C358,
G359, and C377) in the post-hydrolytic state, whereas M1 interacts with the intron (U375, C377)
and spliced exon (2, and 3'-ribose-OH of UO0). Structures of ligand-free and ligand-bound introns
are nearly identical, which is common in catalytic RNAs (ribozymes) and protein enzymes that
catalyze two-metal ion phosphor-diester cleavage. The interaction network in the post-hydrolytic
and ligand-free intron is more or less similar, except for the fact that water molecules occupy the
exon position in the latter (Figure 1.4 b).

1.2.7 Branched splicing

Recently crystal structures of a eukaryotic group 1B intron (branched lariat state) were reported
(Chan et al., 2018). Splicing involving branched lariat group Il intron is evolutionary conserved
and critical for the reliability of 5’ splice-site selection because it is composed of a 2'-5'
phosphodiester link between a bulged adenosine and the 5’ end of the intron. In the brown alga
Pylaiella littoralis (P.1i.LSUI2), the structures of lariat group Il intron was determined in the pre-
hydrolytic (PDB:6CHR) and post-hydrolytic states (PDB:6CIH) (Chan et al., 2018).

1.2.8 Pre-hydrolytic and Post-hydrolytic state

The experimentally resolved structures (Chan et al., 2018) of lariat group Il introns (containing
six domains D1-D6) was reported for the pre-hydrolytic stage (PDB 6CHR, 2" structure from the
left described schematically in Figure 1.2 b) and the post-hydrolytic state (PDB 6CIH, 3" structure
from the left described schematically in Figure 1.2 b) (Chan et al., 2018). In the pre-hydrolytic
state, M1 interacts with the 3’-OH of the 5’-exon, thus positioning the 2’-OH in the correct
orientation for the nucleophilic attack to the 3’-spice-site at the intron-exon boundary (Figure 1.5
a). In the post-hydrolytic state, ligated exons are non-covalently bound to the lariat Il intron
(Figure 1.5 b). M1 was proposed to form electrostatic interaction with the ligated exon in the post-
hydrolytic state (Figure 1.5 b) (Chan et al., 2018). Monovalent ion (K1) interacts with D5 and
D2 in the pre-hydrolytic state.

TH-2756_156106033



A
v

fopen

% 3" Splice site

Figure 1.5. Group Il intron 3D architecture (a) Pre-hydrolytic state (2s) as seen in a cartoon (PDB:
6CHR): D1 (grey), D2 (green), D3 (orange), D4 (blue), D5 (pink), D6 (olive green), 5'and 3' exons
(cyan), and M1, M2 (grey sphere), and K1 (purple sphere). A close-up of the active site
constituents in their pre-hydrolytic state is shown in the sticks. (b) Post-hydrolytic state as seen in
a cartoon (PDB: 6CIH): D1 (grey), D2 (green), D3 (orange), D4 (blue), D5 (pink), D6 (olive
green), 5" exon (cyan), and M1, M2 (grey sphere), and K1 (purple sphere). A close-up of the active

site constituents in their post-hydrolytic state is shown in the sticks.

TH-2756_156106033



1.2.9 Biochemical study of group Il intron

Biochemical experiments of the group Il intron of Oceanobacillius iheyensis (Marcia et al., 2012)
revealed that the activity of group Il intron depends on the nature of bound divalent and
monovalent ions. Maximum splicing activity was observed in metal ion combinations (K*/Mg?").
Interestingly, the activity was severely compromised in the presence of other metal ion
combinations (Cs*, Na*, Li*, Ca?* Sr?*, and Ba?*), which may be due to non-optimal size resulting

in poor fitting in the ion binding pocket of the intron (Marcia et al., 2012).

1.3 Casl protein and its metal ion selectivity
1.3.1 Background

The CRISPR-Cas system is a defense mechanism against invading viruses found in bacteria and
archaea (Van der Oost et al., 2009). It helps the host to identify, recognize and battle invading
pathogens. CRISPR stands for clustered regularly interspaced short palindromic repeats found in
the genome of prokaryotes and archaea (Deveau et al., 2010). The loci of CRISPR consists of
short repeats (30-40 bp long) interspersed with short variable sequences (30-40 bp long) called
'spacers'. Such spacer sequences are homologous with short plasmid and viral genetic sequences
(Van der Oost et al., 2009; Deveau et al., 2010; Horvath et el., 2010). CRISPR-Cas system
synthesizes the RNA from the spacer sequences and, involving other CRISPR associated proteins
recognize the foreign invading DNA using the complementarity principle and catalyze the
hydrolysis of the foreign DNA, thus, provides adaptive immunity to the host (Marraffini et al.,
2010). CRISPR-Cas host immunity is a three-stage process: (i) adaptation or spacer acquisition,
(if) crRNA biogenesis, and (iii) interference. In the adaptation stage, spacer sequence will be
recognized from the viral DNA and integrated into the host genome by Cas proteins (Fineran et
al., 2012; Savitskaya et al., 2013), where Casl and Cas2 proteins are of crucial importance
(Nufez et al., 2014). During crRNA biogenesis, long precursor RNA or pre-crRNA will be
transcribed and subsequently processed into small RNA fragments (complementary to viral DNA),
known as crRNA. In the final stage of interference, the crRNAs, together with another segment
tracrRNA, bind to the specialized protein (viz., Cas9 nuclease protein), forming a crRNA-Cas9
complex and are guided for its degradation towards the target foreign nucleic acid (plasmid or viral
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genome) (Swarts et al., 2012; Barrangou et al., 2013). Cas9 results in the degradation of foreign
DNA by binding it to complementary crRNA regions and introducing double-stranded breaks
(Jiang et al., 2017). Casl is one of the universally conserved protein and a common feature of the
CRISPR immune system. Casl is a metal-dependent endonuclease that can cut foreign DNA and
produces small DNA fragments for integration into the host genome. Casl, together with Cas2
(the other universally conserved CRISPR protein), recognizes, cleave, and integrates the foreign
DNA into the host CRISPR loci. Thus, Casl is essential for the spacer acquisition/adaptation step
(Wiedenheft et al., 2009).

1.3.2 Structural and Biochemical studies

The 3-dimensional structure of Casl protein from Pseudomonas aeruginosa reveals that Casl
protein is organized into N-terminal and C-terminal domain via linker loop. The N-terminal
domain contains 10 B-strand and 2 a-helices, while the C-terminal domain contains 8 a-helices
connected with loops (Wiedenheft et al., 2009). The metal ion-binding domain is present in the
a-helical C-terminal domain, where the universally conserved residues (E190, H254, D265) and a
strongly conserved residue at position 268 (D or E) cluster around the manganese (Mn?*, cognate
divalent metal ion) (Figure 1.6). Casl proteins form an asymmetrical homodimer with an N-
terminal domain followed by a helical C-terminal catalytic domain. Experiments confirmed that
at physiological KCI concentrations, Casl shows the highest nuclease activity on dsDNA with
Mn?* than with Mg?*. Moreover, Casl-mediated sSDNA cleavage is exclusively supported with
Mn?* (Wiedenheft et al., 2009). Cas1 protein is a metal-dependent, DNA-specific endonuclease
that generates 80-base pair double-stranded DNA fragments (Wiedenheft et al., 2009). Casl
mediated DNA degradation activity is severely compromised by mutation of the binding pocket

residues as well as metal ion substitution (Wiedenheft et al., 2009).
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Figure 1.6. Cartoon representation of Casl protein (PDB 3GOD). Casl is composed of two
structurally distinct domains: N-terminal (cyan, B-strand domain, residue 1-106) and C-terminal
(yellow, a-helical domain, residue 113-324) domains connected by a linker loop (magenta, residue
107-112). Zoomed-in view of the divalent Mn*? ion (grey sphere) binding pocket (broken circle).
Key amino-acid residues of Casl1 [E190 of helix 4, D268 of helix 6, and H254 of L5/6 (loop that
connects helix 6 and helix 5)] are highlighted with sticks and crystal waters in the red spheres.

Direct interactions with Mn*2 are shown as dashed lines.

1.4 Methods
1.4.1 Software and Computational methodology

In this thesis, PyMOL (DeLano et al., 2002), UCSF Chimera (Pettersen et al., 2004), VMD
(Visual Molecular Dynamics) (Humphrey et al., 1996) were used for the visualization of
biomolecules. CHARMM (Chemistry at HARvard Molecular Mechanics) (Brooks et al., 1983;

Brooks et al., 2009) was used to prepare setup files for performing MD simulations. NAMD

12
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(NAnoscale Molecular Dynamics) (Phillips et al., 2005) was used to run MD simulations.
Gaussian16 (Frisch et al., 2016) was used for electronic structure calculations. Plots were
generated by the Grace plotting tool (https://plasma-gate.weizmann.ac.il/Grace/). We used our
own TCL and Linux bash scripts for analyzing the MD trajectories. The computations were
performed at Supercomputing facility IIT Guwahati (Param Ishan) and BSL (Biomolecular

Simulation Lab of Department of Biosciences and Bioengineering, IIT Guwahati).

1.4.2 Classical Molecular dynamics Simulations

MD simulation is a popular choice for elucidating dynamics and energetics associated with
biological processes, widely used in chemistry, molecular biology, materials science, and drug
discovery (Durrantet al., 2011; Borhani et al., 2012; Dror et al., 2012; Raczynski et al., 2013).
In this thesis, we used experimentally (X-ray, Cryo-EM) characterized structures and templates
for performing classical MD simulations. The thermodynamic properties, viz., free-energies, were
estimated from the MD trajectories by employing popular free energy perturbation (FEP) and

thermodynamic integration (T1) methodologies.

The classical MD simulation method is based on Newton's second law (Equation 1), expressed in

its most simplified form as follows:

F, = m;a; = myt; (1)

In which Fiis the force acting on particle i. mjand ai are the mass and acceleration of particle “i”.
The acceleration a;j = ¥, , the second derivative of the position (r) of particle “i”” with respect to
time. The gradient of the potential energy (U(r)) with respect to position determine the force F;
(Equation 2).

Fy=-VU(r) (2)
Combining equation (1) and equation (2) given equation 3.

-au(r) _ _ d’r; 3
dr;  tde?

Verlet integration algorithm (Verlet, 1967) is a popular approach for solving Equation 3. In this

13
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approach, the positions at two different times are expanded using Taylor expansion about r(t)

(Equation 4, 5), where At is the time-step:

r(t+At) = r(t) + v(DAL + > a(t)At? +=b(OAL® + - 4)

r(t — At) = r(t) — v(D)At + %a(t)Atz - %b(t)At3 (5)
Adding equation (4) and (5) gives equation (6)
r(t + At) = 2r(t) — r(t — At) + a(t)At? (6)

Note, velocity is not required (Equation 6) for updating the positions (trajectory). However,
velocities are useful for estimating the kinetic energy (hence, total energy), velocity auto-
correlation functions etc. Velocities were estimated by subtracting equations (4) and (5), as given
in equation 7:

v(t) = ZiAt [1(t + At) — r(t — AD)] (7)

The Verlet algorithm has the advantages: (1) position integration is very accurate, and (2) it is
independent of the velocity term, which makes it simple and reduces storage requirements.
However, the downside of the Verlet algorithm is that it does not include an explicit velocity term
in the equation. In the Verlet integration scheme, the errors associated with the estimated position,
i.e., r(t) is of the order of At*, as the higher-order term of the Taylor series was ignored. Thus, small
value for At is required for accuracy but limits sampling. In practice, At ~ 1 fs- 2fs is used for

performing MD simulations of biomolecules.

A variation of the Verlet algorithm has been developed, known as the leap-frog algorithm

(Hockney, 1970). A mid-step ‘leap frog Verlet’ scheme has been proposed (equation 8, 9).

r(t + At) = r(6) + v(t—l—%At) At (8)

14
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v (t + %At) = (t - %At) + a(t)At 9

Thus, position update requires current positions r(t), accelerations a(t), and the mid-step velocities
v (t - %At). In practice, equation 9 is implemented first and then equation 8 estimate the position.
The velocities at time t is estimated by using equation 10:

v(t) =%[v (t+%At) +v(t—%At)] (10)

The velocities are calculated first, and then the positions are calculated using these velocities in
this algorithm approach. As a result, the velocities jump over the positions to determine their values.
The leap-frog algorithm has the advantage of improving velocity evaluation; however, the

downside is that positions and velocities are not synchronized; thus, it is still not satisfactory.

Another popular approach is the Velocity Verlet algorithm, which is the improved variation of the
Verlet algorithm. Velocity Verlet algorithm is a precision-preserving algorithm that stores
positions, velocities, and acceleration all at the same time (Swope et al., 1982) (Equation 11, 12,
13).

r(t + At) = r(t) + v()At + %a(t)Atz (11)

v(t + At) = v(t) + % [a(t) + a(t + At)]At (12)

The velocities at time t+At is approximated using equation (13).

v(t+AD) =v (t + %At) +=a(t + At)At (13)

The velocity Verlet method has the advantages of providing a more accurate evaluation of
velocities and kinetic energy, as well as being numerically stable. Newton’s Law is deterministic;
once the positions and velocities of each atom are known, the system’s state can be predicted at

any time in the past or future.
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1.4.3 Force Fields

The potential energy function is the key factor for estimating the forces (Equation 2). Force field
is a simplified representation in which atoms are represented as a van der Waals sphere having a
partial charge, and bonds are defined as springs of finite stiffness. The potential energy of
interaction between atoms consists of bonded and nonbonded interactions. The typical form of the

potential energy function (Utar) is given in Equation 14.

Utotat = Zbonas Kp (b — bo)z + Zangles Ky (6 — 90)2 + Ldihedrals K, (1+cos(ny —0)*) (14)

R \12 R.. ‘A6 b
_I_Z N P ( mm,l]) - 2( mm,t]) b i4j
nonbondedpairs,ij ij Tij Tij ameqery

The first three terms of equation 14 correspond to bonded interactions (Figure 1.7), whereas the
last two terms denote non-bonded interactions. The first term accounts for energy associated with
the bonds, where ky is the spring constant and (b-bo) is the net displacement from equilibrium
bond-length (bo). Energy cost associated with deviation from equilibrium angle 69 is considered in
the second term, where K is the force constant and (6—6o) is the angular deviation. The third term
defines a torsional potential that models the dihedral rotation, where K, = force constant, y =
dihedral angle, n = periodicity, ¢ = phase. Force field parameters correspond to bond, angle and
dihedral terms are Ky, bo, Ko, 60, Ky, %, n, 6. The fourth and fifth term describe the non-covalent
interactions. The fourth term is the interaction potential (Lennard-Jones potential: LJ) that mimic
the interaction between neutral atoms, consist of attractive r® term (Van der Waals term) and
repulsive r? term (prevents atoms from pervading at very short distances) between the atom-pair
“1” and “j”. The firth term (Coulomb interaction potential) describes the interaction between
charged atoms (repulsive/attractive depending on whether the sign of partial charges gi and q;)
where Rmin, & ¢ are the force-field parameters. Force-field parameters are obtained from
experiments or quantum chemical calculations and kept constant in the classical force fields. In
this thesis, we used the CHARMM force field (MacKerell Jr et al., 1995; MacKerell Jr et al.,
1998).
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Figure 1.7: Schematic representation of bond, angle, dihedral, and non-bonded terms.

1.4.4 Solvation and water model

In this thesis work, we overlaid a box of equilibrated water and kept the biomolecule at the centre.
The popular TIP3P water model (Durell et al., 1994) was used for performing classical MD
simulations in an explicit water box. This simple, rigid, and non-polarizable three-site model
remains the most commonly used water model in MD simulations of RNA/DNA/protein. The
simplest water models treat the water molecule as rigid by constraining the bond lengths using the
SHAKE algorithm (Ryckaert et al., 1977). The solvated simulation system is neutralized by

adding counter-ion.
1.4.5 Minimization and production dynamics

Structures of solvated electrically neutral biomolecular systems are typically subjected to energy
minimization before running MD simulations. The objective of the minimization is to remove

strains (steric overlaps) from the initial template structure and approach to the local minima in the
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energy landscape. We used experimentally resolved structures (PDB) or homology modelled
structures for the MD simulation model. First, the biomolecule is spherically truncated, and our
region of the truncated sphere (buffer region) was harmonically retrained related to its template
structures. The missing residues or atoms (if any) were built, and hydrogen atoms were added. The
spherically truncated model was then solvated with a box of explicit water and subjected to
minimization using popular energy minimization techniques such as steepest descents (Lee et al.,
2002; Lee et al., 2003) and/or adopted basis Newton-Raphson (Chu et al., 2003) methods. The
energy minimized simulation box was then subjected to unrestrained (except buffer region) MD

simulation resulting in production MD trajectories.
1.4.6 Temperature and Pressure Control

Langevin piston (Feller et al., 1995) is used to control the temperature in MD simulations.
Momenta of all atoms in the system are altered to keep the temperature at a specified value. The
Nose-Hoover algorithm (Martyna et al., 1994) was used to regulate pressure. The volume of the
simulation box size is regulated to keep the pressure constant. The instantaneous pressure of a
biomolecular system fluctuates frequently; however, the average pressure of all particles in the
system represents the total pressure of the system with less fluctuations (Hoover et. al., 1982;
Nosé, 1984; Hoover, 1985).

1.4.7 Truncation of short-range Van der Waals Interactions

Van der Waals interactions are short-range decay fast ~ r® with distance. As a result, the cut-off
for LJ potential is the most used choice for MD simulations to save resources and time. However,
in order to avoid abrupt truncation of the LJ energy, MD simulations frequently use a switching
function that truncates the potential energy smoothly to truncate the LJ interactions progressively
as a function of distance. We have used 12A-16A as cut-off where switching function was used
for the last 2A.

1.4.8 Periodic Boundary Condition

Periodic boundary conditions were employed in our MD simulations to remove surface effects and
include bulk effect. Thus, the simulation box was periodic and replicated in all special directions.
Figure 1.8 depicts periodic boundary conditions in two dimensions (for simplicity), where each
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box is surrounded by eight neighbors. If a particle moves outside the central cell during the
simulation, the same is introduced from the neighboring, ensuring that the number of particles in

the central cell remains constant (Figure 1.8).
1.4.9 Long-range Electrostatic Interaction

The most expensive aspect of a MD simulation is calculating long-range interactions (decay as r’
1) Coulomb interaction energy. Thus, electrostatic interactions need to be computed without
truncation. We used the particle mesh Ewald (PME) method (Darden et al., 1993) for estimating
the electrostatic interactions that require periodic boundary conditions. PME estimated
electrostatics consist of two parts: (1) short-range real space component (2) Long-range Fourier

component, which requires periodicity and charge neutrality.

Figure 1.8. Schematic representation of Periodic boundary conditions in two-dimension. The
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1.4.10 MD setup adopted in this thesis

The overview of our MD setup is described in Figure 1.9. The template structure of the
biomolecule was either taken from the Protein Data Bank or from homology modelling. Typically,
25A radii sphere, centered at the region of interest, was cut from the selected biomolecular
structures and considered for MD simulations (Figure 1.9). Non-hydrogen atoms of the
biomolecule in the outer region between 22A-25A from the sphere's center (“buffer region”) were
harmonically restrained to their experimentally determined positions. The restraints in the buffer
region were increased gradually from 3.0 to 5.0 kcal/mol/A? as one moves closer to the outer
boundary. The inner 22A radius shell was fully flexible in our MD. A cubic water box (edge
length= 80A) was overlaid. The waters that overlapped with the biomolecule were removed. The
calculations were repeated by considering larger truncated biomolecular sphere into a larger water-
box to ensure that the calculations were size-independent. Periodic boundary conditions using the
Particle Mesh Ewald method (Darden et al., 1993) for long-range electrostatics were used for
calculating full electrostatics. The overall charge of the simulation system was neutralized by
scaling down the partial charges of the biomolecule or adding counter ions. Van der Waals
interaction was truncated at 16A cutoff distance. Temperature and pressure were maintained at
300K/310K and 1 bar. Temperature and pressure were controlled by using Langevin dynamics for
non-hydrogen atoms with a coupling coefficient of 5 ps? and Langevin piston using the Nose-
Hoover method, respectively. The CHARMMS36 force field (Mackerell et al., 1998; MacKerell
Jr. et al., 1995) with TIP3P water model (Jorgensen et al., 1983) was used. CHARMM (Brooks
et al., 1983; Brooks et al., 2009) and NAMD (Phillips et al., 2005) programs were used to run
MD. The system was initially equilibrated by a series of short MD runs with a total length of ~300
ps. The system was heated up to 310K in the first phase of equilibration and then kept fixed
throughout the production MD trajectories. At the initial stage of equilibration, harmonic restraint
was applied to the heavy atoms of the inner region (within 22A) at their experimentally resolved
positions. At the final stage of equilibration, the restraints were completely removed from the inner
region (within 22A). Root mean square deviations (RMSD) between MD structures from
production dynamics and template structure was estimated to measure structural deviation. Plateau
in the RMSD vs. time plot indicates structural convergence. The trajectory segment, which

corresponds to structural convergence, is used to estimate root mean square fluctuation (RMSF),
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that measure the flexibility at different region of the biomolecule. RMSD or RMSF is estimated

only for the heavy atoms of the biomolecule except for the buffer region.

Steps

MD

A
A\ 4

80

Figure 1.9. Typical MD setup. Step1: Selection of 25 A radii sphere centered at P atom of cytosine
377 (PDB: 4FAQ). Step 2: Truncated model (25 A sphere) for molecular dynamics simulation.
Step 3: Heavy atoms of the “buffer region” (22A-25A) are harmonically restrained to their
experimentally determined positions. Step 4: Overlay water box of edge length 80A, minimize,

equilibrate, and proceed to MD.
1.4.11 Thermodynamic Cycle and Relative Binding Energy

Binding free energy differences of two different cations binding to a biomolecule (RNA/protein)
were estimated by using an appropriate thermodynamic cycle (Figure 1.10). The vertical legs
correspond to the real binding event (L or L’ binding to the biomolecule). In contrast, horizontal

legs correspond to the alchemical transformation of L - L’°, either in complex with the
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biomolecule (upper horizontal leg) or free in water (lower horizontal leg). Note, the horizontal legs

cannot be realized experimentally.

AGy;,q Y AGyq L)

O —fiee )
L L

Figure 1.10: Thermodynamic cycle and relative binding free energy. Vertical legs correspond to
the binding, horizontal legs correspond to the alchemical transformation (L - L’) either in the

complex (upper arm) or free in water (lower arm).

We compute the free energy change associated with the horizontal arms (AGcomp, AGtree Of Figure

1.10) and estimate the relative binding free energy as,
AAG = AGcomp — AGfree = AGbind(L’) — AGbind(L) (1 5)

A hybrid energy function (U) with a coupling coordinate A was used to represent a mixture of two
endpoint states (U = A U(L) + (1-A) U(L’)) for a particular horizontal leg (Figure 1.10).
McCammon, 1991; Mordasini et al., 2000). The coupling coordinate A connects the two

endpoints (L and L”). Coupling coordinates, A was used to modify the van der Waals energy terms
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(L and L’ only differ by size) and alchemically transform L into L’ (as A goes from 1 to 0). Free
energy derivative was calculated as 6G/0\ = <0dU/ OA>A, where brackets "< >" represents averaging
over MD trajectory for a particular value of A (Kirkwood, 1935). We used equally spaced A values
between 1 and 0 (1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0.0). The free energy derivative
<oU/ x>\ at each window was computed from a finite-difference estimate. Each A window lasted
for 2-5 nanoseconds. The estimated derivative versus time plot was numerically integrated to
estimate free energy. Each trajectory segment is divided into two equal batches. and the
uncertainties of the free energy derivatives at each A value were estimated by taking the difference
between the batch averages, and the same is reported as the statistical error. For each biomolecule,
we performed multiple runs and the average over those runs. Free energy calculation for each
replica was based on 22-55 ns of data collection averaged over 5-15 replicas with different initial
velocities. The sign of AAG indicate which ligand is favorable (AAG = +ve indicate L is preferred),

whereas the magnitude indicates the strength of preference.

1.4.12 Electronic Structure calculations

Classical Force-field does not include explicit polarizability effect; thus, estimation of relative
binding free energies (AAG) using classical MD simulations may not be appropriate, especially
for divalent ions for which many-body effect is known to be crucial. Thus, in order to check if the
sign of the estimated AAG is correct, we estimated energies using ab initio calculations of the
reduced metal-ion binding pocket (which explicitly includes polarization and approximately
captures the essence of the relative free energy of binding to some extent). The objective was not
to estimate highly accurate AAG from ab initio calculations but to focus on a quantity that can
indicate divalent-metal-ion preference in a computationally inexpensive way. The reduced binding
pocket model (divalent metal ion and key residues around the ion) was embedded in an implicit
aqueous dielectric (SMD solvent model) and was to density functional energy calculation in two
different levels of theory: (1) the M06-2X/6-311++G** (Zhao et al., 2008) and (2) B3LYP/6-
31+G™* (Becke 1988; Lee et al., 1988). Gaussian16 program (Frisch et al., 2016) was used for the

ab initio calculations.
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1.3 Objectives

1. Estimation of the energetics (AAG or recognition) of monovalent (K* vs. Na*) and divalent

(Mg?* vs. Ca?*) metal ion selectivity in Cas1 protein and at various stages of Group Il intron.

2. Establish the link between the estimated energetics and the structures of correct and incorrect

metal ion bound biomolecule (Group Il intron/Cas1 protein).

3. Estimate the effect of mutation of the metal ion binding pocket on the metal-ion recognition in

Casl protein.

4. Compare the structure and dynamics of cognate and near-cognate metal-ion complexes of the

biomolecule (Group Il intron/Cas1 protein).

5. Understand the role of polarizability in divalent metal-ion (Mg?*, Ca**, Mn?*) selectivity using

quantum chemical calculations.
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Chapter 2

Monovalent metal ion (K*vs. Na*) selectivity in
Group Il intron

Group Il introns are ribozymes which can catalyze its own splicing and relegate itself. They share
common structural and are evolutionarily related to eukaryotic spliceosome. Hence, group Il
introns are an excellent model system in understanding the mechanism of RNA-splicing in gene
expression. Recent advancement of structural studies has provided X-ray structures of group Il
intron at different stages (Pre-hydrolytic, post-hydrolytic and free intron) of splicing pathway and
revealed heteronuclear metal ion cluster (two potassium; K1 and K2, two magnesium; M1 and
M2) in the active site as common structural feature of group Il introns. It is believed that these four
metal ions are very crucial for catalysis. K* is very important for the function and buffers
containing only Na* can destroy the function of group Il introns. Despite the available 3D
structures of different stages of self-splicing, the energetic origin of K* selectivity over Na* is not
known. However, these structures provide sufficiently good models for directly computing the
energetics of K™ vs Na* discrimination that is required for understanding self-splicing. Here, we
report extensive (~ 550 ns) of structure-based molecular dynamics free energy simulations that
quantitatively calculated K1 vs Nal discrimination. We show that the strength of discrimination
varies along the self-splicing pathway. The free and post-hydrolytic states are highly selective for
K1 and the selectivity is lost in the post-hydrolytic state. The simulations further reveal that Nal
in the free and pre-hydrolytic state is trapped with an unsatisfied first coordination shell in the
active site, which is responsible for large discrimination. The Nal in the active site of post-
hydrolytic state allow water entry and satisfy the Nal bonding requirement, resulting in low
discrimination. The results not only give insights into the experimentally unresolved Nal bound

complexes but also provide the link between structures and computed energetics.

25
TH-2756_156106033



2.1 Background

RNA transcribed from the DNA often contains both the protein coding regions (exons) and protein
non-coding regions (introns) (Clancy, 2008). Removal of introns is essential for the production of
mature mRNA leading to desired protein synthesis in cells. The process by which introns are
removed is called splicing. Splicing is a fundamental process of gene expression and directly
related to the fitness of the organism. Introns could be divided into 4 broad categories based on
their distinct mechanism of splicing i.e, tRNA, nuclear mRNA, group | and group Il introns
(Clancy, 2008). tRNA and nuclear mRNA introns are spliced out by protein enzymes (protein
kinase) and ribonuclear protein complexes (spliceosome) respectively. Group | and group Il
introns are special as the folded intron itself can catalyze splicing. The splicing process is
chemically similar to group Il introns and spliceosome (Pyle et al., 2006), but the former
undergoes splicing in the absence of any additional proteins. It is remarkable that spliced out free
group Il intron can readily integrate into new genomic locations of DNA and RNA leading to
diversification of genome (Dai et al., 2002). Group Il introns are a very good model system for
understanding the role of introns in gene expression, application in biotechnology (Garcia-
Rodriguez et al., 2011), structure, chemistry and evolutionary perspective in all domains of life
(Mattick, 1994).

As discussed in Chapter 1, Biochemical and structural studies of Oceanobacillus iheyensis group
Il introns (Pyle, 2006; Toor et al., 2008; and Marcia et al., 2012) has given fundamental insight
into the mechanism of RNA splicing. Group Il intron splicing is a two-step process; Step 1:
nucleophilic cleavage of the 5’ exon and liberation of free 5 exon, Step 2: 3’-OH of the 5° exon
terminus attacks and connects the 3’ splice site. Group II introns consist of 6 domains (D1-D6).
However, in order to determine the structure at different stages of the first step of splicing, Marcia
et. al (Marcia et al., 2012) studied construct of O. iheyensis group Il introns (containing only D1-
D5) with and without short 5 exon (as ligand). All the constructs were fully active and important
in understanding the mechanism of self-splicing. Near-atomic resolution (~3A) X-ray structures
have revealed (Marcia et al., 2012) intricate interaction network that encloses the catalytic pocket

within its center.
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Figure 2.1. 3D architecture of group Il intron (a) Cartoon representation of pre-hydrolytic state
(PDB 4FAQ): D1 (grey), D2 (green), D3 (orange), D4 (blue), D5 (pink), J2/3 (yellow), 5° exon
(cyan), monovalent metal ions K1, K2 (purple sphere) and divalent metal ions M1, M2 (cyan
sphere). Active site considered for MD study is highlighted by a dashed circle. (b) Close up
showing the active site elements in pre-hydrolytic state (immediately before hydrolysis, PDB
4FAQ). The nucleophilic water (red sphere) is placed for inline attack to the scissile phosphate.
Most important RNA nucleotides are shown in line representation. (c) post hydrolytic state,
immediately after hydrolysis. 5° exon is cleaved and free phosphate interacts with K2. (d) Free
intron without the 5° exon.
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Three major conformations along the first step of splicing pathway have been structurally resolved
i.e, pre-hydrolytic (the stage prior to hydrolysis, PDB 4FAQ), post-hydrolytic (stage immediately
after hydrolysis and with bound 5’ exon, PDB 4FAR) and free intron (PDB 4E8M) state (Marcia
et al., 2012). The folded structure of group Il intron in its pre-hydrolytic state is shown in Figure
2.1 a. D1 is the largest domain onto which other domains dock. D5 is embedded into the catalytic
core and most important for catalysis. It is remarkable that despite the large size of group Il introns

only ~35 nucleotides of D5 is conserved among different forms of life.

It is also interesting that the linker region (three nucleotides) connecting D2 and D3 (J2/3) is also
a major player in catalysis and highly conserved (Figure 2.1). Three highly conserved motifs, i.e,
““‘catalytic triad’” of D5 (CYT358, GUA359, CYT360), “two-nucleotide bulge” of D5 (ADE376,
CYT377) and “J2/3 junction” (ADE287, GUA288, CYT289) form the catalytic pocket (Figure
2.1 b-d). Presence of highly negative phosphates from multiple nucleotides in a congested region
leads to the creation of a strong metal ion binding sites inside the intron core. Experimental studies
(Sigel et al., 2000; Gordon et al., 2001; Kruschel et al., 2008; Swisher et al., 2002; Su et al.,
2003; Su et al., 2005; Erat et al., 2007; Podar et al., 1995; Basu et al., 1998; Conn et al., 2002;
and Lambert et al., 2009) shown many metal ions e.g, Mg?* and K* ions facilitate folding and
catalysis of group Il introns. Four metal ions consisting two divalent metal ions (M1, M2) and two
monovalent metal ions (K1, K2) are very crucial for structural stability and function of the group
Il intron. Monovalent ions are known to dictate the splicing reaction pathway (Jarrell et al., 1998;
Erat et al., 2008) and modulating alternative conformations of the group Il introns (Marcia et al.,
2012). The pre-hydrolytic state (Figure 2.1 a, b) was crystallized with Ca®* which is known to
inhibit hydrolysis (Marciaet al., 2012; Erat et al., 2008; Viadiu et al., 1998). The phosphodiester
linkage (scissile phosphate at the 5'-splice site) is activated by the M1-M2-K1 metal cluster, where
M2 coordinated nucleophilic water (w) is correctly positioned for inline attack (Figure 2.1 a, b).
The K1 site is specifically important as it has been suggested (Marcia et al., 2012) to have a direct
role in stabilizing the M2 binding pocket. It has been concluded that monovalent ion binding sites

are very selective for K* under physiological conditions.

The following questions related to monovalent ion binding remains unanswered: (a) How strongly
K™ is preferred with respect to other monovalent ion say Na* at different stages of splicing? (b)

How is discrimination strength related to the 3D structures of the K™ and Na* bound complexes?
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Medium resolution (~3A) X-ray structures (Marcia et al., 2012) at different stages of splicing,
now provide sufficiently good models for structure-based computational studies, and here we
report extensive molecular dynamics free energy simulations based on these X-ray structures to
decipher the energetics of monovalent ion selectivity (K1 vs Nal), thereby providing the link
between the structure and energetics. These calculations involve computing the change in binding
affinity for K1/Nal to the intron active site upon K1-> Nal mutation, using the appropriate
thermodynamic cycle described in Figure 2.3.

2.2 Methods
2.2.1 Molecular dynamics procedure

Structure of Oceanobacillus iheyensis group 1IC intron structure in the free, pre-catalytic and post-
catalytic state was taken from the Protein Data Bank entry 4E8M (resolution 3.5 A), 4FAQ
(resolution 3.11A) and 4FAR (resolution 2.86 A) respectively (Marcia et al., 2012). Total ~48100
number of atoms are considered in our simulations. The total number of water molecules were
~14700. Our molecular dynamics setup is described in Figure 1.11 (see Chapter 1; method
section for details). Root-mean-square deviation (RMSD) of the heavy atoms (within 22A of
simulation sphere) of the introns with respect to the X-ray structures (PDB: 4E8M, 4FAQ and
4FAR) are given in appendix Figure 2.1.

Average RMSD was calculated for the heavy atoms, within 22A of the simulation sphere,
averaging over the 2-5 ns MD trajectory with 2ps interval. MD structures are very similar to the
X-ray structures (see appendix Figure 2.1). For each replica we performed ~100-122 ns of
molecular dynamics run. The overall charge of the simulation was neutralized by scaling down the
partial charges of the phosphate backbone of RNA.

Reported X-ray structures were partly disordered (see missing bases of Figure 2.1) and few bases
were missing in the PDB. Nucleotides which were well within the 25A truncated model were build
and considered for MD simulation. The orientation of ADE287 in the pre-hydrolytic state (PDB
4FAQ, Figure 2.1 b) is different (Watson-Crick edge is rotated by ~ 90° away from the K1 binding
site) from the post-catalytic (PDB 4FAR, Figure 2.1 ¢) and free intron (PDB 4E8M) structure
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(Figure 2.1 d). The beta factor of ADE287 base was also large ~240 in the X-ray structure 4FAQ
(Figure 2.1 b). MD simulations of pre-catalytic state starting with the template PDB 4FAQ
(Figure 2.1 b) show structural distortion and scissile phosphate moved away from its
crystallographic position (Figure 2.2). Then we replaced the ADE287 coordinates of pre-catalytic
state with the coordinates of the same in the free state. The resulting pre-catalytic state show almost

identical interaction pattern (as seen in the X-ray) in our MD (Figure 2.2).

Scissil

Crystal structure

Figure 2.2. Base of ADE287 was poorly resolved (Average beta factor ~240) in the pre-hydrolytic
intron state, PDB 4FAQ. (a) Active site in the X-ray structure. (b) Active site in the MD. Structural

distortion observed, highlighted with arrow and circle.
2.2.2 Free Energy Calculations

Relative binding free energies (AAG) of K1%/Nal® binding to intron were calculated by
alchemically transforming a K™ into Na* following the horizontal legs of the thermodynamic cycle
in Figure 2.3. The vertical legs correspond to K*/Na* binding. On the other hand, horizontal legs
correspond to the alchemical transformation of K" = Na* which cannot be realized experimentally.
We computed the free energy change associated with the change in van der Waals radii (horizontal

arms of Figure 2.3) and calculated the relative binding free energy as, AAGoind = AGcomp — AGree
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= AGuind(Na") — AGpind(K™). Each A window lasted for 2-5 nanoseconds and the data from last 1ns
of each simulation was used for averaging. Free energy change was calculated using numerical
integration method. Free energy calculation for each replica was based on 22-55 ns of data
collection averaged over 5-6 replicas with different initial velocities. Excellent agreement between

different MD runs was obtained (see appendix Table 2.1).

Overall a total of about 0.55 ps of molecular dynamics free energy simulations have been done to
get good convergence and reasonable statistical error (1-2 kcal/mol), comparable to the earlier
reported force field uncertainty (Satpati et al., 2011). The A vs free energy derivatives are given
in appendix Table 2.2.

AG

complex

° AG oo

Figure 2.3. Thermodynamic cycle for K*/Na* ion binding to the K1 binding site of intron. Vertical
legs correspond to ion binding; horizontal legs correspond to the alchemical transformation
(mutation) of K™ into Na* in the K1 binding site, either in the intron bound (above) or free (below)
in solution. The horizontal legs of the thermodynamic cycle have been computed by MD
simulations. The binding free energy difference is AAGbind = AGeomp — AGtree = AGpind(Nal) —
AGpind(K1).

2.3 Results

The results are organized as follows. First, the relative binding free energies of K*/Na* at different

stages (Ligand free, Pre-hydrolytic and Post-hydrolytic intron) of self-splicing group Il intron are
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presented. Second, the structural insights from MD simulations of K*/Na* in water and in complex
with group Il introns are discussed and compared with the template X-ray structures. Finally, the

link between the relative binding free energies and structures is discussed and concluded.
2.3.1 Structure-Based Energetics for K* vs Na* Recognition

Previously described (Satpati et al., 2014; Aqvist et al., 2000) molecular dynamics free energy
(MDFE) calculations were performed utilizing the X-ray structures of the Oceanobacillus
iheyensis group Il intron at different stages of splicing e.g, Free, pre-hydrolytic, and post-
hydrolytic states (PDB accession numbers 4E8M, 4FAQ, and 4FAR respectively). To evaluate the
relative binding free energies, we performed K™ - Na* mutations in the active site of group Il
intron and free in the water. The relative binding free affinities were evaluated by calculating the
free energy change along the horizontal arms of the thermodynamic cycle described in Figure 2.3.
K* vs Na* binding free energy differences to the active site of Group Il intron at different stages
of splicing are summarized in Figure 2.4. Group Il intron clearly imposes a very high energetic
penalty of about 6-7.5 kcal/mol for Na* binding, which corresponds to a probability of 107°-107°
relative to K* binding for the pre-catalytic and free state. Interestingly post catalytic state of group
Il intron discriminate weakly between K™ and Na* in its active site, preferring the former by only
1 kcal/mol. Each free energy calculations have been repeated several times with different initial
velocities. The coupling parameter (L) vs free energy derivatives along the K - Na*
transformation is given in appendix Figure 2.3. The area under the A vs free energy derivatives
curve gives the free energy change and different runs are in excellent agreement with each other
(see appendix Figure 2.3). The uncertainty of overall free energy change (see appendix Table
2.1) and free energy derivatives at each of the A points (see appendix Table 2.2) is well within the
acceptable statistical uncertainty.
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(K1 Vs Nal)

AAG (Kcal/mol)

Ligand free state Pre hydrolytic state Post hydrolytic state

Figure 2.4. Computed binding free energy difference of intron upon K1 to Nal mutation at
different stages of splicing. Free energies are in kcal/mol. Statistical uncertainty is in the
parentheses. The MD trajectories were divided into two equal halves and the difference between
the computed AG’s from the two halves is reported as uncertainty in the parenthesis. The

uncertainties for AAG’s were calculated by propagating the uncertainties of individual AG’s.
2.3.2 Robust structural features from MD and its comparison with X-ray Structures

Simulated structures agree well with the X-ray structures with an RMSD (of heavy atoms) of about

1.0 A- 1.6 A (see appendix Figure 2.1). MD simulations show following robust features:

(a) Consideration of free K*/Na* in water is essential for understanding the monovalent ion binding
to group Il intron. In water K*/Na* coordinates with 6/5 water molecules with an average distance
between 2.7- 3.0A/2.2- 2.4A (Figure 2.5).

(b) Six coordination of K1 in the active site of group Il intron is satisfied by forming direct
interaction with a single water molecule and rest 5 interaction with the group Il intron (Figure 2.6
a, 2.7 a, and 2.8 a). It should be noted that X-ray structures (Figure 2.1) did not report water
molecule in the K1 binding pocket.
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(c) Interestingly, MD trajectories show that the distance between O6(G288) —K1 is smaller (also
less fluctuating) with respect to other coordination distances of K1 (Table 2.1). This suggests that

(G288 is a key player in proper positioning K1 in the binding pocket.

The above structural features are consistent and observed in all the MD replicas. The MD structures
of the intron core and positions of four metal ions M1, M2, K1, and K2 are almost identical to their

corresponding X-ray structures (see appendix Figure 2.1 b-d and Table 2.1).

Figure 2.5. MD insight into the first coordination shell of free K*/Na® in water. Interaction

distances are shown as broken line and the distances are in angstrom.
2.3.3 Ligand free group Il intron with K*/Na*: MD vs X-ray

MD structures of K* (K1) bound to the ligand free intron agree well with corresponding X-ray
structure; PDB 4E8M (Table 2.1). The rms deviation of the main chain and side chain heavy atoms
are 1.02 +0.07A and 1.12 + 0.06A, respectively, with respect to 4E8M. The positions of four metal
ions (K1, K2, M1, and M2) are very stable throughout the MD trajectory (Table 2.1). MD
simulations show that CYT358, GUA359, GUA288, CYT377 and one H>O form the binding
pocket for K1 (Figure 2.6 a, and Table 2.1). The water molecule is positioned by the N7 of G288
for favorable interaction with K1 (Figure 2.6 a). Interaction distance between a K1 and G288 was
observed to be shortest with a mean K1-G288(06) distance of 2.61+0.11A. M2 interacts with
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phosphates of CYT358, GUA359 and CYT377 with a mean M2-O distance of 1.84+0.05A,
1.88+0.05A and 1.88+0.05A respectively and fulfill 6 coordination by interacting with 3 water

molecules (Figure 2.6 a).

M1 form direct interaction with the phosphates of CYT377, URA375, and 4 water molecules. It is
interesting to note that there is only a single water molecule coordinating with K1 in the intron
binding pocket. The desolvation penalty associated with the binding of K1 from water to the intron
active site is compensated by establishing a direct interaction with the intron backbone and
sidechain. It should be noted that K1 in its free and intron bound form always satisfy its 6
coordination with average heavy atom distances between 2.7- 3.0A (Table 2.1). It can be argued
that the position of K1 in the intron active site might be more favorable due to the presence of

negatively charged binding partners.

Figure 2.6. Close up of the binding pocket from molecular dynamics simulation (a) K1 bound
ligand free intron (b) Nal bound ligand free intron. (M1, M2) = Mg?".

The mutation of K1 into Nal in the intron active site provides molecular insight into the
thermodynamically hidden high energy state. Nal is trapped with two interactions (with heavy
atom distances < 2.4A) with G288(06) and H2O in the intron active site (Figure 2.6 b). It should

be noted that the Nal in the free intron active site is trapped in the dry desolvated pocket with

35
TH-2756_156106033



unsatisfied coordination shell. This leads to very high discrimination AAG ~ 7 kcal/mol
disfavoring Nal in the intron active site. The large discrimination strength could be utilized
towards structural instability and preferential dissociation of ions from the higher energy intron

conformation.
2.3.4 Pre-catalytic group Il intron with K*/Na*: MD vs X-ray

In the pre-hydrolytic state 5> exon is present and covalently linked with the intron. The rms
deviation of the main chain and side chain heavy atoms are 1.1 + 0.07A and 1.14 + 0.06A,
respectively, with respect to the template pre-catalytic intron conformation (PDB 4FAQ). The
interaction pattern of K1 and M2 in the pre-hydrolytic state is almost identical to the free state
(Table 2.1 and Figure 2.7 a). M1 forms monodentate coordination with two waters, CYT377,
URAZ375 and bidentate coordination with URAQ.

(a) (b)

U4I”~ ( "\\

Y a5\

Figure 2.7. Close up of the binding pocket from molecular dynamics simulation (a) K1 bound pre-
hydrolytic state (b) Nal bound pre-hydrolytic state. (M1, M2) = Ca?*.

The scissile linkage is positioned by M1 and the nucleophilic water is positioned by M2 for the in-
line attack. None of our MD trajectories show M2-scissile phosphate interaction as proposed in X-
ray structure (Figure 2.1 b). The interaction pattern described in the X-ray structures are very
much stable throughout our MD trajectory (Table 2.1). The binding site of K1 is dry as seen in the
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ligand free intron. Nal in the pre-catalytic state (Figure 2.7 b) is trapped in almost in a similar
fashion as in free intron state and show higher discrimination AAG ~ 6 kcal/mol favoring K1 for
the same reason. It should be noted that Na* bound in the active site of the intron has not been

experimentally observed. This might be due to the higher energy and low Boltzmann weight.
3.3.5 Post-catalytic group Il intron with K*/Na*: MD vs X-ray

The rms deviation of the main chain and side chain heavy atoms are 1.1 + 0.07A and 1.14 + 0.06A,
respectively, with respect to the template post-catalytic intron conformation (PDB 4FAR). The
network of interactions between ions (K1, M1, and M2) and intron in K1 bound post-catalytic state

is very stable in all our MD simulations. K1, M1 and M2 fulfil their coordination sphere by

coordinating with 1, 2 and 3 water molecules respectively (Figure 2.8 a).

Figure 2.8. Close up of the binding pocket from molecular dynamics simulation (a) K1 bound
post-hydrolytic state (b) Nal bound post-hydrolytic state. (M1, M2) = Mg?*.

Mutation of K1 into Nal always open up the binding pocket and water molecules enter into the
binding site for coordinating with Nal (Figure 2.8 b). This suggests that the K1 binding pocket in
the post catalytic state is loose and easy water accessibility leads to smaller discrimination (AAG

~ 1 kcal/mol) between K1 and Nal. Structural parameters are given in Table 2.1.
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Table 2.1. Selected interatomic distances averaged over the MD trajectories. Standard deviations
are in the parentheses. Distances are in angstrom. Residues/groups absent in the X-ray/MD
structures are indicated with a cross.

Ligand-free state Pre-hydrolytic state Post-hydrolytic state
Interacting Pair ~ X-ray MD X-ray MD X-ray MD
4EBM K1 Nal 4FAQ K1 Nal 4FAR K1 Nal

K1/Nal-C377:01P 354 3.24(0.20) 3.40(0.22) 252 3.37(0.23) 3.49(0.24) 3.03 351(0.22) 6.17 (0.29)
K1/Nal-C377:05° 2.84 2.77(0.11) 2.58(0.19) 259 2.75(0.11) 2.63(0.19) 2.70 2.84(0.15) 6.35 (0.25)
K1/Nal-C377:04 322 3.05(0.18) 2.77(0.25) 3.09 293 (0.17) 2.61(022) 3.09 287 (0.15) 5.83(0.31)
K1/Nal-G288:06 2.80 2.61(0.11) 2.36(0.12) 2.80 2.64 (0.11) 2.38(0.13) 2.48 2.62(0.11) 4.03(0.36)
K1/Nal-C358:02P 2.54 2.74(0.16) 2.65(0.42) 2.95 2.71(0.15) 2.58(0.36) 2.93 2.68(0.13) 5.89 (0.68)
K1/Nal-G359:05° 3.25 2.88(0.17) 3.10(0.33) 3.6 2.95(0.22) 3.01(0.31) 3.06 3.03(0.24) 8.42(0.31)

K1/Nal-A287:N3 X X X X X X X X 2.58 (0.17)
K1/Nal-G288:N7 X X X X X X X X 2.46 (0.10)
K1/Nal-TIP3 X 273(0.14) 232(009) X 2.66(0.11) 2.33(0.09) X 2.70(0.11) 2.48(0.51)
K1/Nal-TIP3 X X X X X X X X 2.39 (0.15)
K1/Nal-TIP3 X X X X X X X X 2.44 (0.21)
K1/Nal-TIP3 X X X X X X X X 2.46 (0.45)

M2-C377:01P 2.78 1.88(0.05) 1.88(0.05) 1.92 2.15(0.06) 2.14(0.05) 2.15 1.88(0.05) 1.85(0.04)
M2-C358:01P 244 1.84(0.05) 1.83(0.04) 221 2.13(0.05) 2.12(0.04) 1.84 1.84(0.04) 1.85(0.04)
M2-G359:02P 1.95 1.88(0.05) 1.88(0.05) 2.41 2.13(0.05) 2.12(0.04) 1.98 1.89(0.05) 1.85(0.04)

M2-TIP3 X 202(007) 202(0.07) X 231(011) 227(007) X 202(0.07) 2.01(0.07)
M2-TIP3 X 202(0.07) 202(007) X 227(0.08) 223(0.06) X 2.01(0.07) 2.03(0.07)
M2-TIP3 X 1.99(0.07) 2.00(0.07) X 225(0.06) 227(0.06) X 2.02(0.07) 2.00 (0.06)

M1-C377:02P 2.94 1.86(0.04) 1.86(0.04) 217 2.13(0.05) 2.12(0.05) 2.20 1.84(0.04) 1.85(0.04)
M1-U375:01P 256 1.84(0.04) 1.85(0.05) 2.04 2.11(0.04) 2.10(0.04) 1.85 1.84(0.04) 1.82(0.04)

M1-U0:02’ X X X 249 2.14(0.05) 213(0.05) 2.63 2.08(0.08) 2.11(0.09)
M1-U0:03’ X X X 2.03 243(0.31) 450(0.19)  2.47 2.04(0.07) 2.08(0.09)
M1-TIP3 X 201(0.07) 2.02(007) X 2.26(0.07) 2.24(0.06) X 2.00(0.06) 1.9 (0.06)
M1-TIP3 X 2.00(0.07) 2.00(0.06) X 2.27(0.07) 2.33(0.07) X 2.00(0.06) 1.99 (0.06)
M1-TIP3 X 203(0.07) 2.02(0.07) X X 2.46 (0.06) X X X

M1-TIP3 X 1.99(0.06) 1.99 (0.06) X X X X X X

M2-M1 369 5.05(0.11) 507 (0.11) 4.31 5.07(0.15) 504(0.14) 445 5.05(0.11) 5.35(0.11)
K1-M2 442 4.23(0.18) 4.45(0.21) 3.83 465(0.19) 4.75(0.20) 426 4.39(0.19) 6.11(0.36)
K1-M1 6.42 6.45(0.14) 6.48(0.20) 6.14 6.66(0.19) 6.66(0.20) 572 6.52(0.18) 9.51(0.20)
K2-K1 10.90 12.36 (0.77) 12.89 (0.26) 10.77 11.31 (0.49) 10.03 (0.62) 10.47 1152 (1.05) 10.81 (0.42)
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2.4 Discussion

We have calculated K1/Nal binding free energy differences to the group Il intron at different
stages (Free, pre-catalytic and post catalytic state) along the first step of self-splicing pathway. The
calculated strength of discrimination, AAG ~6-7 kcal/mol suggests that K1 binding to free and pre-
catalytic state is strongly favored with respect to Nal. On the other hand, small AAG ~1 kcal/mol
suggests that K1 binding to post-catalytic state is weakly favored with respect to Nal. Since the
magnitude of the relative preferences (AAG) is not known experimentally, the calculated MDFE
values cannot be confirmed or disproved. Certainly, the signs are correct and corroborates the
experiment (Marcia et al., 2012). Free K*/Na" ions in water show 6/5 coordination in their first
coordination shell. The average distance between K*/Na* and oxygen of waters are between 2.7-
3.0A/2.2-2.4A. In the intron bound state K1 satisfy its 6 coordination by establishing a direct
interaction with 1 water and 5 intron atoms with an average distance of 2.7-3.0A. The same is true
for free, pre and post catalytic intron conformation. However, Nal in the free and pre-catalytic
state is locked within the catalytic pocket with only 2 interactions with an average distance 2.2-
2.4A. Due to the smaller atomic radii of the trapped Nal (in the free and pre-catalytic intron active
site) the interactions are optimized by forming 2 strong interactions with an average distance 2.2-
2.4A and 2-3 weak interaction with an average distance >2.4A (Table 2.1 and Figure 2.6 b, 2.7
b). This leads to the energetic discrimination of 6-7 kcal/mol in favor of K1. The high energy Nal
bound free, pre-catalytic states are thermodynamically hidden and could not be resolved
experimentally. Our simulation has given atomic insight into those states. The large discrimination
strength of 6-7 kcal/mol could be utilized towards structural instability and preferential
dissociation of ions from the higher energetic complexes. Indeed, the crystal structure (Marcia et
al., 2012) obtained of group Il intron in presence of Na* and Mg?* has a very different active site
conformation without having bound metal ions (see appendix Figure 2.2). The post-catalytic K1
site is loose and the mutation of K1 by Nal leads to water entry and compensate the interaction
loss due to its smaller size into the active site, leading to loss of discrimination. The difference in
the discrimination strength is related to the strict confinement of the monovalent ion in the binding
site. It is interesting to note that K1-GUA288(06) distance is the smallest (Table 2.1 and Figure
2.6, 2.7, 2.8) and the single water molecule coordinating with K1 in the binding site is positioned
by G288:N7 in all the simulations, suggesting the importance of G288 in stabilizing the K1 in the
binding pocket. The direct interaction between GUA288:06 and K1 is very specific to guanine
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and excludes any other nucleotide at that position. It is worth mentioning the ADE287 block the
water entry into the K1 binding site and the dryness of the binding pocket leads to discrimination.

The conservation of J2/3 junction supports the hypothesis.

2.5 Conclusion

Free energy simulations demonstrated that K1/Nal relative binding free energetics varies between
different conformational states (free, pre-catalytic, post-catalytic) of group Il intron. Free and pre-
catalytic intron states are highly selective towards K1 binding and rejecting Nal. It is interesting
to note that small change in ionic radii could boost the discrimination strength by 6-7 kcal/mol in
the free and pre-catalytic intron active site. Trapping of Nal in the free and pre-catalytic intron
binding site with unsatisfied coordination sphere is responsible for strong discrimination. In the
post-catalytic intron conformation, the K1/Nal binding site opens up and allow waters to
coordinate with Nal, leading to loss of selectivity. The role of G288 is twofold (a) proper
positioning of K1 into the active site by establishing direct interaction (b) holding a single water
molecule for solvating K1 in the dry desolvated binding pocket. Though the high-selectivity states
(Nal bound ligand-free, pre-hydrolytic intron states) are hidden from structural and binding studies

but evidently exist and this computational study has provided insight into the same.
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Chapter 3

Divalent metal ion (Mg?* vs. Ca?*) selectivity in Group Il
intron

Group Il introns are enzymes which undergo self-splicing and remove itself from pre-messenger
RNA. X-ray structures of group Il intron of Oceanobacillus iheyensis at various stages of the self-
splicing pathway (Pre-hydrolytic, post-hydrolytic, and ligand-free state) revealed intricate atomic
interaction network in the active site of the intron. It has been confirmed that a heteronuclear metal
ion cluster consisting of four metal ions (K1, K2 sites with K* and M1, M2 sites with Mg?*) are
crucial for function. Substitution of Mg?* by Ca?* results in loss of enzymatic activity. The X-ray
structures not only opens up the possibility of modelling Mg?* and Ca?* bound active site of group
Il intron and quantitatively estimate the energetics of Mg?* vs Ca?* preference but also explore the
relative structural and dynamical differences in response to divalent metal ion substitution. Thus,
using X-ray structures as a template we performed molecular dynamics simulations to compare
structural and dynamical differences between Mg?* and Ca?* bound active site of group Il intron
at various stages of the splicing pathway (i.e, Pre-hydrolytic, post-hydrolytic, and ligand-free
state). Quantitative estimation of Mg?* vs Ca®* selectivity at the M1, M2 sites confirmed Mg?"*
preference at intron active sites relative to Ca®*. Ca?* is relatively more hydrated in the intron
active site relative to Mg?*. The local environment (bound nucleophilic water, interaction with
scissile phosphate) around M2 is strikingly different between Mg?* and Ca?* bound pre-hydrolytic
state. In the post-hydrolytic state, the exon part of the hydrolysis product is involved in direct
interaction with the M1, whereas the intron part is highly flexible in our MD trajectories. Solvent
exposure of M1, M2 sites are least in the pre-hydrolytic state, highest in the ligand-free state, and

intermediate in the post-hydrolytic state.
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3.1 Background

Eukaryotic RNA usually contains multiple protein-coding (exons) and non-coding (introns)
regions (Clancy, 2008). Ligation of exons by excision of introns results in mature mRNA, which
is then translated by the ribosome, resulting in protein synthesis in cells. Thus, the fidelity of gene
expression relies on accurate RNA processing. The process by which introns are removed and
exons are joined together is known as splicing. Several human diseases (e.g, dilated
cardiomyopathy, spinomuscular atrophy, myotonic dystrophy, cystic fibrosis, cancer etc.) are
linked to incorrect RNA splicing (Scotti et al., 2016; Cooper et al., 2009). Thus, understanding
the mechanism of splicing is of great interest for fundamental science as well as its relevance to
social welfare. Splicing can create a range of unique proteins by varying the exon composition
(known as alternative splicing) in the mature mRNA. Based on the mechanism of splicing, introns
are broadly classified into four groups i.e, tRNA, mRNA, group I and group Il introns (Clancy,
2008). mRNA and tRNA introns are spliced out by ribonuclear protein complexes (spliceosome)
and protein enzymes (kinase) respectively. On the contrary, group | and Il introns do not require
proteins, the folded RNA/intron itself can catalyze its splicing (self-splicing). Splicing for mMRNA
and group Il introns are chemically similar, as both involve nucleotide adenosine for splicing,
however, the later undergo splicing without involving proteins (Pyle et al., 2006). On the other
hand, group | and Il introns undergo self-splicing but involving different nucleotides, guanosine
for the former and adenosine for the later. Thus, group Il introns could be considered as
intermediate between group | introns and spliceosome. The study of group Il intron as a model
system is an excellent choice for understanding 3D-structure, catalysis and evolutionary
perspective of the splicing process in all domains of life (Mattick, 1994). Spliced out free group
Il intron was also known to integrate into DNA and RNA resulting in genome diversification (Dai
et al., 2002).

As explained in Chapter 1, group Il introns consist of six-domains (D1-D6). Construct of group
Il introns (containing only five domains D1-D5) was structurally characterized for
Oceanobaciellus iheyensis at various stages of splicing (e.g. pre-hydrolytic (4FAQ), post-
hydrolytic (4FAR), and ligand-free state (4E8M) state) (Marcia et al., 2012). The high flexibility
of domain 6 (D6) was speculated to hinder structural characterization and thus removed for
structure determination. The constructs were shown to be active (Marcia et al., 2012). The pre-

hydrolytic state of group Il intron is shown in Figure 3.1 a, b. Different color represents the
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different domains. D1 (grey) is the largest domain onto which another domains dock. D2 and D3

are relatively short.

Missing base

Figure 3.1. (a) Pre-hydrolytic state (PDB 4FAQ) of the construct of group Il intron (D1-D5) in
the cartoon. (D1: grey, D2: green, D3: orange, D4: blue, D5: pink, Junction between D2 and D3
or J2/3: yellow, 5’-exon: cyan, K* ions K1, K2: purple sphere, Divalent (M1, M2) Ca?*: cyan
sphere, Mg?*: white sphere). (b) Zoomed in view of the four-metal (K1, K2, M1, M2)
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heteronuclear active site from PDB 4FAQ. Nucleophilic water, scissile phosphate are marked.
Nucleotide bases (G1, U2) were disordered/unresolved in the PDB 4FAQ. MD structure of first

coordination shell of (c) free Mg?* (d) Ca* in water.

D5 (red) is highly conserved (~35 nucleotides long) throughout evolution and constitute the active
site of group Il intron. The active site of group Il intron is formed by the residue C358, G359,
C360 (catalytic triad of D5), A376, C377 (bulge of D5), A287, G288, C289 (junction between D2
and D3), two monovalent ions (K1 and K2), and two divalent ions (M1 and M2). The presence of
multiple negatively charged nucleotide phosphates in the compact active site creates hetero-
nuclear metal ion (M1, M2, K1, K2) binding sites. Scissile phosphate linking U0 (exon-part) and
G1 (intron-part) define the exon-intron boundary (Figure 3.1 b). Conservation of bulge and the
catalytic triad of D5 and D2, D3 junction was proved to be important for catalysis (Sigel et al.,
2000; Gordon et al., 2001). To structurally characterize the pre-hydrolytic state (Figure 3.1 b) of
group 11 intron, the crystallization was done in the presence of Ca*™2. The presence of Mg?*
facilitates hydrolysis of exon-intron linkage resulting post-hydrolytic splicing product. Hetero-
nuclear metal ion cluster (M1, M2, K1, and K1) require for the structural integrity of the active
site of group Il intron. The divalent metal ion at the M2 position coordinates the nucleophilic water
(red sphere) close to the scissile phosphate (Figure 3.1 b). K1 and K2 are crucial for the structural
integrity of the catalytic pocket (Marcia et al., 2012).

Experimental studies (Marcia et al., 2012; Sigel et al., 2000; Gordon et al., 2001; Pyle, 2016;
Toor et al., 2008; Chan et al., 2018; Costa et al., 2016) established the fact that group Il introns
are highly selective for monovalent (K1, K2: K*) and divalent ion (M1, M2: Mg?*) for catalysis.
Previously, using computer simulations we have quantitatively estimated the relative binding
affinity (K* vs Na*) at the K1 site of group Il intron (Kumar et al., 2018). The results suggest that
K* at the K1 site is always preferred but the strength of preference is weaker for post-hydrolytic
state relative to ligand-free and pre-hydrolytic state (Kumar et al., 2018). X-ray structures
(Marcia et al., 2012) of group Il introns at various stages of the splicing pathway has revealed the
intricate interaction network in the active site of group Il intron in atomic details. However, the
structure of Mg?* bound pre-hydrolytic state and divalent-metal ion selectivity (Mg?* vs Ca®*) by
group Il intron at various stages are unknown. Available X-ray structures now provide models for

structure-based molecular dynamics simulations of group Il intron.
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Using X-ray structures (PDB 4E8M, 4FAQ, and 4FAR) as a template (Marcia et al., 2012), we
modelled Mg?* and Ca?* active sites of group Il intron and performed MD simulations. In this
paper, we have discussed: (a) Structural and dynamical comparison of Mg?* and Ca* bound group
Il intron at various stages of splicing. (b) Relative preference of divalent metal ions (Mg?* vs Ca?")

at various stages of splicing.
3.2 Methods
3.2.1 Molecular dynamics setup

Crystal structures of group Il intron of Oceanobacillus iheyensis in its ligand-free state (PDB
4E8M, resolution 3.5A), pre-hydrolytic state (PDB 4FAQ, resolution 3.11A), and post-hydrolytic
state (PDB 4FAR, resolution 2.86A) were retrieved from the Protein Data Bank (Marcia et al.,
2012). Spherical region of 25A radius, centred at the P atom of the residue C377, was truncated
from the X-ray structures and solvated with a cubic water box with 80A of edge length. Intron
nucleotide bases G1, U2 of pre-hydrolytic state (PDB 4FAQ) and G1 of ligand-free state were
disordered/unresolved in the X-ray structure (Figure 3.1 b). Thus, we first build those RNA bases
and energy minimized relative to the rest of experimentally determined atomic positions. Total
~48100 number of atoms are considered in our simulation and the total number of water molecules

were ~14700. (see Chapter 1; methods section for details)

3.2.2 Free energy calculations

Binding free energy difference between Mg?* and Ca?* in the catalytic pocket was computed by
alchemically transforming Mg?* into Ca?* in complex with RNA and free in the water, as described
in the thermodynamic cycle (Figure 3.2). Vertical legs of Figure 3.2 are Mg?*/Ca?* binding and
horizontal legs correspond to alchemical/unphysical transformation of Mg?* into Ca?*. The free
energy change associated with the horizontal legs (AGcomp, AGrree) Was calculated (see appendix
Table 3.1 and 3.2). The relative binding free energy was then computed using AAG = AGeomp -
AGtree (See appendix Table 3.3). The methodology of free energy estimation adopted in this work
has been described in detail previously in Chapter 1.
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bind (Mg*?) AGbind (Ca*?)

AG
2 Mg free >

Figure 3.2. Thermodynamic cycle for Mg?* vs Ca?* ion binding to the divalent ion binding sites
M1, M2 of group Il intron active sites. Vertical legs correspond to divalent cation binding;
horizontal legs correspond to the alchemical transformation of Mg?* into Ca?* in the M1, M2
binding sites, either in the intron bound (above) or free (below) in solution. Free energy associated
with the horizontal legs of the thermodynamic cycle has been computed by MD simulations and
thermodynamic integration. The binding free energy difference is AAG=AGcomp —
AGtree = AGpind(Ca%*) — AGpind(Mg?*).

3.2.3 Electronic structure calculation

Ab initio quantum calculations were performed for Mg?* and Ca?* bound active site of group Il
intron in pre-hydrolytic, post-hydrolytic, and ligand-free state. Representative MD structures of
group Il intron were selected and divalent metal ions M1, M2 and its nearby nucleotides were
extracted and embedded into a dielectric continuum representing bulk water. Nucleotide
phosphates were directly coordinated to M1, M2. Thus, the nitrogenous base is replaced by a
methyl group to reduce the computational cost. Structures were prepared for pre, post, and ligand-
free intron state (Figure 3.3) with a variety of interaction modes, including two to four direct

interactions between M1, M2, and phosphate oxygens.
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Figure 3.3. Local environment around M1, M2 sites considered for quantum chemical
calculations. (a,b) Pre-hydrolytic state. U0O-G1 is exon-intron boundary. (c,d) pos-hydrolytic state
and (e,f) ligand-free state. Hydrogens are explicitly shown as white sticks. Nucleotide bases

replaced by methyl group.

Representative local environment around M1, M2 embedded in aqueous dielectric was subjected
to single point density functional energy calculation using two different functionals (1) B3LYP
functional (Becke 1988; Lee et al. 1988) in combination with 6-31+G* basis set and (2) M06-2X
functional (Zhao et al., 2008) in combination with 6-311++G** basis set with solvation treated
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by the implicit SMD solvent model. Calculations were performed using the Gaussian16 program
(Frisch et al., 2016). Single point energy calculations were also performed by considering only
M1 and M2 separated by 30A in an aqueous dielectric. We focus on a quantity (Energy difference
of product and reactant of eq. 3.1) that approximates the relative preference (Mg?* vs Ca?*) at M1,

M2 in the intron active site by using the following equation:

[Mg?*,Mg?*t — water] + [Ca?*,Ca®* — intron] » [Ca?*,Ca?t — water] + [Mg?t,Mg?* — intron] (3.1)

Ineq (3.1), [ca?*,ca?* — intron] and [Mg?*, Mg?* — water] represents Ca®* bound (M1, M2 sites) intron
active site and intron free Mg?* embedded into the implicit aqueous dielectric. Single point energy
differences evaluated between the right-hand and left-hand side of eq (3.1) approximate the
relative divalent cation preference at the intron active site M1, M2. A positive energy difference
from eq (3.1) implies a Ca?*-preference whereas a negative value implies Mg?* preference at the

intron active site.

3.3 Results
3.3.1 MD vs X-ray structures of group 11 intron at various stage of splicing

Structural similarly between MD and template X-ray structures of group Il intron at various stages
(ligand-free state, pre-hydrolytic state, and post-hydrolytic state) of splicing was analyzed by
computing root mean square deviation (RMSD) of heavy atoms (within 22A radius) relative to
their template X-ray structures (4E8M, 4FAQ, and 4FAR) (Marcia et al., 2012). Average RMSD
was found to be small, 1.29 + 0.08A, 1.33 + 0.11A, and 1.26 + 0.08A for pre-hydrolytic, post-
hydrolytic, ligand-free state respectively. The structural convergence was confirmed from RMSD
vs time plots (see appendix Figure 3.1 a). Local environment around hetero-nuclear metal ion
cluster (M1, M2, K1, K2) observed in the X-ray structures agree well with the MD structures (see
appendix Figure 3.1 b-d and Table 3.1). MD simulations of free Mg?*/Ca?* in explicit waters
(Figure 3.1 ¢, d) reveals that Mg?* and Ca?* coordinates with 6 and 7 water molecules respectively.

Mg?*-water and Ca®*-water average distances are 1.9-2.1A and 2.2-2.4A respectively.
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3.3.2 Active site of pre-hydrolytic group Il intron with bound Mg?*/Ca?*

MD structure of Mg?* bound pre-hydrolytic complex (Figure 3.4 a) reveals the following features:
(1) Both the Mg?* (M1 and M2) establish direct interaction with the scissile phosphate. (2) Hexa-
coordination of M2 is satisfied by coordinating with four phosphates (G1, C358, G359, and C377)
and 2 water. (3) M2 coordinates the nucleophilic water and positioned it above the plane of scissile
phosphate (distance P-O =3.4A, angle ~/P-0-M2 = 71.5°). (4) M1 coordinates with two phosphates
(U375, C377), two ribose hydroxyl group (2’ and 3°-OH of U0), and 2 water. We may conclude
that the M1=M2=Mg?* pocket in the pre-hydrolytic state is compact and dry (only two waters in
the first coordination sphere of M1, M2, see Table 3.2).

ik Nucleophilic
o] water

Figure 3.4. MD structures of Pre-hydrolytic intron active site and waters around the divalent
ions (M1, M2). (UO, Cyan sticks) - (G1, Gray sticks) is the exon-intron boundary. Zoomed-in
view of the local interaction network around (M1, M2) on the right: (a) Mg?*-bound (b) Ca?*-
bound. For clarity hydrogens and nucleotide bases (in the zoomed-in view) were not shown.
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Table 3.1. Selected interatomic distances (in A) averaged over the MD trajectories. O1P, O2P:

Terminal oxygens of phosphate backbone.

Interacting Pre-hydrolytic state Post-hydrolytic state Ligand-free state
pair X-ray Mg*2 Ca*? X-ray Mg*2 Ca*? X-ray Mg*2 Ca*?
(Ca*) (Mg*) (Mg*)
K1-C377:05° 2.59 291018 | 2.85+0.16 | 2.70 292+018 | 2.81£0.15 | 284 2.79+0.12 2.84+0.14
K1-C377:04’ 3.09 2.86+0.15 | 2.89+0.18 | 3.09 282+014 | 2.87+018 | 322 3.03 +0.09 3.04+0.20
K1-G288:06 2.80 263+012 | 2.65+0.12 | 2.48 264+013 | 2.68£0.14 | 2.80 2.64£0.12 2,70 0.14
K1-C358:02P 2.95 275+016 | 2.95+025 | 2.93 271+014 | 2.83t022 | 254 2.74 +0.16 2.80£0.19
K1-G359:05° 3.16 290+018 | 475+0.17 | 3.06 299+022 | 308+032 | 325 2.88 +0.17 2.85+0.16
K1-G359:02P 2.95 3.94+022 | 2.54+0.09 | 3.31 435+024 | 410+0.30 | 265 4.10 £0.20 3.94+0.26
K1-TIP3 X 268+012 | 284020 | X 267+012 | 281£019 | X 2.75+0.15 270+0.13
M2-C377:01P 1.92 1.89+0.05 | 215020 | 2.15 1.88+0.05 | 2.17£0.06 | 2.78 1.88 0.05 2.17+0.06
M2-C358:01P 221 1.85£0.05 | 2.11+0.05 | 1.84 184004 | 213+006 | 2.44 1.84 £0.05 2.12+0.05
M2-G359:02P 2.41 189005 | 464027 | 1.98 1.90£0.05 | 221+016 | 1.95 1.88 £0.05 2.20+0.08
M2-G1:02P 221 1.880.05 | 453+0.30 | 452 834+130 | 544+095 | 1261 | 16.42+0.63 15.16 £0.82
M2-TIP3 248 204+007 | 226+007 | 171 202+008 | 2.31£0.10 | 196 2.02 +0.07 2.31+0.09
M2-TIP3 X 202+007 | 2.25+0.06 | 2.46 201+007 | 230£010 | X 2.00 +0.06 2.34£0.10
M2-TIP3 X X 213+008 | X 202+005 | 232£012 | X 2.02 +0.08 2.29+0.08
M2-TIP3 X X 223006 | X X 235011 | X X 2.35+0.09
M1-C377:02P 2.17 185+0.05 | 213+005 | 2.20 186+0.04 | 211+005 | 294 1.86 +0.04 2.13+0.04
M1-U375:01P 2.04 182+0.04 | 210£004 | 1.85 183+0.04 | 210+0.05 | 2.56 1.85+0.04 2.11+0.04
M1-U0:02’ 2.49 208+008 | 235+0.09 | 263 212+010 | 2362007 | X X X
M1-U0:03’ 2.03 240+008 | 365+0.15 | 247 206+008 | 2.28+0.08 | X X X
M1-G1:02P 2.49 361£0.16 | 212+0.05 | 461 598+1.36 | 7.65+1.09 | 1001 | 14.020.62 12.95+0.82
M1-TIP3 X 1.98+0.06 | 225+0.06 | 2.60 1.98+0.06 | 2.24+0.06 2.02 +0.07 2.33£0.08
M1-TIP3 X 195006 | 222+006 | X 201006 | 2.26+0.06 | X 2.00 +0.07 2.35+0.07
M1-TIP3 X X X X X 223+009 | X 1.99 +0.06 2.22+0.07
M1-TIP3 X X X X X X X 2.01+0.07 2.30+0.08
M1-TIP3 X X X X X X X X 2.35+ 0.06
K1-M2 3.83 418+020 | 436+020 | 4.26 440+021 | 454£024 | 4.42 4.23+0.19 459 £0.21
K1-M1 6.14 6.62+£0.18 | 6.69+£0.18 | 5.72 6.57£0.18 | 6.69+0.18 | 6.42 6.52 +0.15 6.75+ 0.20
M2-M1 4.31 489+011 | 567016 | 445 500+£0.12 | 567+0.16 | 3.69 5.07 +0.12 511+0.17
K1-K2 1077 | 1134122 | 10.18+0.40 | 1047 | 10.48+0.62 | 10.18+0.40 | 10.90 | 13.03+0.3 13.02+0.28

MD structure of the catalytic pocket of Ca?* bound pre-hydrolytic complex (Figure 3.4 b) show

that the M2 binding pocket is less compact relative to its Mg?* analog. Characteristic features

(Table 3.1, and Table 3.2) of M2 pocket are: (1) wet M2 pocket, coordinates with four waters and
two phosphates (C358, C377) (2) Scissile phosphate is away from Ca?* (at M2 position). (3) The
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nucleophilic water is 3.7A away from the phosphorus of scissile phosphate and the orientation of
the same water (angle ZP-O-M2 = 136.3°) is strikingly different relative to its Mg?* analog. The
orientation of nucleophilic water is a key factor for facile hydrolysis. MD structures of M2 binding
pocket of Ca?* bound pre-hydrolytic complex differ from its X-ray template, showing disruption
of M2-G359, M2-G1:02P interactions (Table 3.1, and Figure 3.4 b). The observed difference in
the M2 local environment is a robust feature confirmed by multiple independent MD replicas.
Thus, it is unclear if the crystal environment and/the limited resolution of the X-ray structure
results in the less accurate microenvironment around M2, or the limited accuracy of force-filed is

the sole cause of observed deviation.

Table 3.2. Number of waters in the first coordination shell around M1 and M2. Number of waters

as a function of distance from M1, M2 sites

Intron State M1 site M2 site
Mg?* Ca®* Mg?* Ca?*
Pre-hydrolytic 2 2 2 4
Post-hydrolytic 2 3 3 4
Ligand-free 4 5 3 2

3.3.3 Active site of post-hydrolytic group Il intron with bound Mg?*/Ca?*

Mg?* bound post-hydrolytic state (Figure 3.5 a) shows the Mg?* (in M2 site) coordinates with
three intron phosphates (C358, G359, and C377) and three waters in its first coordination shell.
Mg?* (in M1 site) establishes four direct interactions with the intron (residues U375, C377, and
2°,3’-ribose-OH of UOQ) and two interactions with waters (Figure 3.5 a). The local interaction
network around four metal center (M1, M2, K1, and K2) observed form MD structures are in
excellent agreement with the X-ray structure (Table 3.1). The substitution of Ca?* in M1 and M2
sites results in the entry of an additional water molecule (Figure 3.5 b, and Table 3.2). The post-
hydrolytic intron part (residue G1) is observed to be free, with no direct interactions with M1/M2.
Whereas, direct interaction between exon part (residue U0) and M1 was stable throughout our MD

trajectories (Figure 3.5 a, b, and Table 3.1).
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Figure 3.5. MD structures of Post-hydrolytic intron active site and waters around the divalent (M1,
M2) ions. (a) Mg?**-bound active site. (b) Ca?*-bound active site. For clarity hydrogens and
nucleotide bases except G1 (in the zoomed-in view) were not shown. G1 is away from divalent
metal ion sites (M1, M2).

3.3.4 Active site of ligand-free group Il intron with bound Mg?*/Ca?

The cognate metal ion cluster (K1, K2, M2, and M1) and its local environment were stable during
MD simulations and in excellent agreement with the X-ray structure (Table 3.1). Mg®* (in M2
site) was stabilized by the 3 intron phosphates (residue C358, G359, and C377) and 3 water
molecules (Figure 3.6 a). Mg?* (in the M1 site) interacts with two intron phosphates (residue
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C377, and U375) and 4 water molecules. Absence of exon part in the ligand-free state results in
water exposure of M1 site. Substitution of Ca?* in M1 and M2 sites of the ligand-free intron state,
results in the entry of additional water molecules (Figure 3.6 b, Table 3.1), as seen in post-
hydrolytic state (Figure 3.5 b). Maximum solvent exposer of M1, M2 sites are observed in the
ligand-free state (Table 3.2) relative to its pre and post-hydrolytic analog. Monovalent ions (K1,
K2) are hexa-coordinated in the active site of the intron that includes 5 direct interactions with the
intron (backbone and sidechain) and 1 interaction with a water molecule (Table 3.1). The same
interaction network is stable and independent of the nature of divalent (M1, M2: Mg?* or Ca?")

metal ions in the active site of group Il intron (Table 3.1).

Figure 3.6. MD structures of ligand-free intron active site and waters around the divalent (M1,
M2) ions. (a) Mg?*-bound (b) Ca?*-bound.

3.3.5 Energetics of Mg?* vs. Ca?* binding to group Il intron active site

To compute the binding free energy difference of group Il intron to Mg?* and Ca?*, we conducted
classical molecular dynamics simulations in combination with thermodynamic integration (Figure
3.2) of group Il intron in complex with M1=M2= Mg?* or M1=M2=Ca?* at different stages of
splicing pathway (i.e, Pre, post, ligand-free). These calculations involve computing the change in
binding affinity for divalent metal ions (M1, M2) in the active site of group Il intron upon
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Mg?*/Ca?" mutations in both the location (M1 and M2) (see appendix Table 3.3). Binding free
energy difference of group Il intron for Mg?* and Ca?*, favouring the former is summarized in
Figure 3.7. Results indicate that group Il intron imposes a very high energetic penalty of > 9.5

kcal/mol for Ca?* binding at its active site (M1, M2 locations).

18
16

14

AAG (keal/mol) —
<]

Pre-hydrolytic state Post-hydrolytic state Ligand-free state

Figure 3.7. Relative binding free energy (AAG) of divalent ion (Mg?* vs Ca?* in M1, M2 sites)
binding to group-I1 intron at various stages of splicing. Free energies are in kcal/mol (error bars, 1

s.e.m).

The large discriminatory power of group Il intron in favor of Mg?* relative to Ca?* suggests highly
selective catalytic pocket. Ab initio single point energy difference between right and left-side of
eqn (1) approximates the competition between Mg?* and Ca?* for M1, M2 intron site (Figure 3.8).
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Figure 3.8. Quantum chemical single point energies (AE) calculated for divalent ion (Mg?* vs.
Ca?* in M1, M2 sites) binding to group Il intron at various stages of splicing. Energies are in

kcal/mol.

The energy difference (in kcal/mol) at B3LYP/6-31+ g* level of theory for the pre, post, and
ligand-free intron states are -128.3, -132.3, and -148.7 kcal/mol respectively (see appendix Table
3.4). M06-2X/6-311++G** calculations estimated the energy difference of -142.3, -106.1, and -
130.7 kcal/mol for the pre, post, and ligand-free intron states respectively. Large negative energy
difference implies Mg?* is favored at M1, M2 sites relative to Ca?* in the intron active site at

various stages of the splicing pathway.
3.4. Discussion

Based on the X-ray structures of Ca®* bound Pre-hydrolytic and Mg?* bound post/ligand-free
states, MD simulations were performed for both Mg?* and Ca?* bound group Il introns at various
stages of the splicing pathway. Mg?* (in M1 and M2 sites) of pre-hydrolytic state coordinates with
only two waters and rest four coordination with the intron (Table 3.2, Figure 3.4 a). Scissile
phosphate is directly coordinated to two divalent metal ions (M1, M2) in the pre-hydrolytic state
(Figure 3.4 a), thus, expected to increase the partial positive charge on the phosphorous, resulting
facile nucleophilic attack. M1 holds the nucleophilic water (Figure 3.4 a). Mg?* bound post-
hydrolytic state shows an increase in water coordination at the M2 position relative to the pre-
hydrolytic analog (Table 3.2). After hydrolysis, the scissile phosphate-M2 interaction (as in the
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pre-hydrolytic state, Figure 3.4 a) is lost, which is compensated by the recruitment of water
molecule (Figure 3.5 a). The local environment of M1 is essentially the same for pre and post-
hydrolytic states (Table 3.2, Figure 3.4 a and 3.5 a). U0 and G1 are parts of exon and intron
respectively. Interaction between M1 and ribose hydroxyl (2° and 3”) of U0 (Figure 3.4 aand 3.5
a) suggests that M1 might be the key in positioning the exon part correctly during reverse-splicing.
Total waters around Mg?* (M1 and M2) in the ligand-free state is maximum (Total seven waters,
Table 3.2). Based on the presence of waters around Mg?* (M1 and M2, Table 3.2) we may
conclude that the pre-hydrolytic state is dry and ligand-free state is wet. The substitution of Ca?*
into the intron active site (M1, M2) increases the wetness (Table 3.2, appendix Figure 3.2). The
large size of Ca?* relative to Mg?* opens up divalent metal ion binding pocket. Furthermore, in the
pre-catalytic state Ca2* (M2) is away from scissile phosphate and the orientation of associated
nucleophilic water altered related to its Mg?" analog. It can be argued that the drastic alteration of
the local environment around M2 might be responsible for hindering catalysis. Averaged RMSF
(root mean square fluctuation) is a popular choice to access the flexibility of biomolecules.
Average RMSF (Figure 3.9) of nucleotide residues of group Il intron suggests that the RNA
flexibility of Mg?* and Ca?" bound group Il intron at various states e.g. pre-hydrolytic, post-
hydrolytic, and ligand-free state appears to be similar with a marginal difference in most residues.
It should be noted that UO-G1 is the exon-intron boundary in the pre-hydrolytic state. After
hydrolysis i.e in the post-hydrolytic state, the highest flexibility of the intron part (G1) was evident
from the average RMSF (Figure 3.9).

Recent QM/MM molecular dynamics simulations (Casalino et al., 2016) propose that the proton
of the nucleophilic water is taken up by the bulk water and activates its attack on the scissile
phosphate. Classical molecular dynamics free energy calculations suggest that Mg?* is strongly
preferred related to Ca®* at various stages of the splicing pathway (Figure 3.7). Large selectivity
(AAG > 9.5 kcal/mol, Figure 3.7) could be utilized for preferential dissociation of Ca?* from the
catalytic pocket (M1, M2) of group Il intron. Higher charge density on Mg?* relative to Ca?*
expected to result in tighter binding of the former in the negatively charge pocket. Thus, the use
of polarizable force fields (Jing et al., 2018) may be more appropriate in the evaluation of the
relative binding free energy between Ca?* and Mg?*, which could explicitly include many-body
polarization effects. Quantum chemical calculations, also support Mg?* preference over Ca?* in
the intron active site (Figure 3.8).
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Figure 3.9. (a) Average root-mean-square fluctuation (RMSF) of the heavy atoms of RNA
nucleotides of group Il introns. Graphs are shown for M1=M2=Mg?" bound (upper) and
M1=M2=Ca?* bound (lower) group Il intron. Average RMSF was computed from the last 2 ns of
post equilibrated MD trajectory. Right-side (intron-part) and left-side (exon-part) of vertical dotted
arrow. G1 of the post-hydrolytic state is marked explicitly.
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3.5. Conclusion

Intron active site for divalent metal ions (M1, M2) requires efficient discrimination between Mg?*
and Ca?*. Our computer simulations show that intron imposed very high energy penalty for Ca?*
for M1, M2 sites. Mg?* bound active site is compact and dry. Substitution of Ca* results in water
entry (wet) and loosen up the M1, M2 pocket due to the larger size of Ca?*. The orientation of
nucleophilic water relative to scissile phosphate is strikingly different between Mg?* and Ca?*
bound pre-hydrolytic state. Furthermore, the scissile phosphate oxygens form direct interactions
with two Mg?* (M1, M2) in the pre-hydrolytic state. Ca?* substituted pre-hydrolytic state suggests
only one direct interaction between scissile phosphate oxygen and Ca* (M1). Mg?* or Ca?* bound
post-hydrolytic state suggests a direct interaction between the exon (UO) and M1, whereas, the
intron part (G1) is highly dynamic in the MD trajectories. The absence of exon part in the ligand-

free state allows maximum water exposure of M1, M2 sites.
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Chapter 4

Lariat intron and metal ion selectivity (Mg?* versus

Ca?*, K* versus Na*)

Group Il intron ribozymes are metalloenzymes that can catalyze self-splicing. Recently, the crystal
structures of eukaryotic group I1B lariat intron from a brown algae Pylaiella littoralis have been
reported for two intermediate states (pre-hydrolytic (2s) and post-hydrolytic) along the self-
splicing pathway. Three characteristic metal ion binding sites (M1, M2 sites for catalytic Mg?*
ions, and K1 site for K*) in the catalytic pocket of the lariat intron have been identified and
proposed to be crucial for self-splicing. Using the X-ray structures as a template, we quantitatively
estimated the energetics of divalent (Mg?* versus Ca?*) and monovalent (K* versus Na*) ion
selectivity in the active site of lariat intron and established a direct link between the energetics and
structures of lariat intron (bound to cognate and near-cognate metal ions). The strength of divalent
metal-ion selectivity was noticeably high in the post-hydrolytic state (AAG ~ 20 kcal mol™) relative
to its pre-hydrolytic (2s) state (AAG ~ 13 kcal mol™). Quantum chemical calculations ensured that
the sign of the estimated divalent metal ion selectivity was correct. M1- binding pocket was
relatively less solvent-exposed in the case of post-hydrolytic state relative to pre-hydrolytic (2s)
state, which boosted the metal ion selectivity for the former. Surprisingly, lariat intron was found
to be non-selective between monovalent ions (K* versus Na*), in contrast to bacterial linear group
Il intron, which was previously reported to be selective between monovalent ions in the pre-
hydrolytic state (AAG ~ 6 kcal mol™). The interaction network in the first coordination shell of
Ca?" in the M1 binding pocket was different relative to Mg?*. Mg?* substitution by Ca?* in the M1
site resulted in the substitution of a single M1-RNA interaction by M1-water interaction. In the
pre-hydrolytic (2s) state, Ca?" substitution completely disrupted the M1...5’-exon interaction;
thus, the nature of divalent metal ion seemed to be critical for catalysis, in line with the general
experimental observation related to group Il intron. The interaction network in the M2 site was
found to be independent of the nature of divalent metal ions (Mg?* or Ca*). The Monovalent ion
was loosely bound in the wet binding pocket (K1 site) of the lariat intron; thus, the substitution of
K* by Na* could not significantly alter the free energy of the complex, resulting in weak

discrimination.
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4.1 Background

The branched self-splicing pathway of group Il intron is a two-step process (Figure 4.1a) (van
der Veen et al., 1986; Peebles et al., 1986). In the first step, the nucleophilic attack of adenosine
to the 5’-splice site yields a lariat-3’-exon intermediate and 5’-exon (Pre-hydrolytic state). The 3°-
OH of free 5’-exon attacks the 3’-splice-site (lariat-3’-exon intermediate) in the second step,
resulting in lariat intron and ligated exons (Post-hydrolytic state). Errors in splicing can alter the
ligated exon and cause diseases in humans (Cooper et al., 2009; Scotti et al., 2016). Recently, X-
ray structure (resolution ~ 3.7A) of the eukaryotic group Il intron from the brown algae Pylaiella
littoralis (P.1i.LSUI2) in the pre-hydrolytic (2s) (PDB 6CHR) and post-hydrolytic (PDB 6CIH)
state has been reported (Chan et al., 2018; Robart et al., 2014). Active site architecture of group
Il intron is highly conserved and functionally similar to the higher eukaryotes that catalyze splicing
using a large protein-RNA complex called the spliceosome (Fica et al., 2013; Galej et al., 2016;
Hang et al., 2015; Bertram et al., 2017). The catalytic group Il intron consists of six domains
(Domain 1-6, Figure 4.1b). Domain 6 contains the bulged adenosine nucleophile, and domain 5
forms the active site for splicing after binding to divalent (M1 and M2 sites, Figure 4.1b) and
monovalent (K1, Figure 4.1b) metal ions. The compact special arrangement of the negatively
charged RNA backbone creates the hetero-nuclear ion cluster (M1, M2, and K1 Figure 4.1b) in
the active site of the lariat intron. X-ray structures (PDB 6CHR, 6CIH) contain Mg?* (M1 and M2
sites) and Na* (K1 site) in the active site of the lariat intron.

Group Il introns were broadly classified into three classes: 1A, 11B, and IIC (Michel et al., 1989;
Toor et al., 2001). However, X-ray structures were reported for group 11C intron from bacterium
Oceanobacillus iheyensis (O. iheyensis) (Toor et el., 2008; Costa et al., 2016) and eukaryotic
group IIB intron from algae Pylaiella littoralis (P.1i.LSUI2). Most primitive group IIC class
undergo splicing through hydrolysis and release linear intron as the product (hydrolytic
mechanism) (Sigel et al., 2000). In contrast, group 1B introns release lariat intron and evolutionary
close to the spliceosome.

Mg?* and K* were reported to be the cognate metal ions in the active site of group Il intron. Thus,
metal-ion selectivity is crucial for splicing in the group Il intron (Sigel et al., 2000; Gordon et al.,
2001; Toor et al., 2006). Previously, we have reported (Kumar et al., 2018; Kumar et al., 2020)
structure-based computational study and estimated the strength of metal-ion selectivity (K versus

Na*, Mg?* versus Ca?*) in the active site of bacterial group I1C intron (Oceanobacillus iheyensis)
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at various stages of the hydrolytic splicing process. The results showed that group I1C intron was
strongly selective for monovalent (K* favored over Na*) as well as divalent (Mg?* favored over
Ca?*) metal ion in the active site. Moreover, the strength of metal-ion selectivity was depended on
the solvent accessibility of the metal-ion binding pocket; dry-pocket enhanced selectivity.

Lariat- 3’ exon
lariat intron
(2) ﬂ | I E A| -

N A
] 4 CFe oy
¢ —"=
igated exon

5 exonf-0H

Pre-hydrolytic (2s) Post-hydrolytic

Pre-hydrolytic (2s)
PDB 6CHR

:; C621
Splice site

Post-hydrolytic
PDB 6CIH

Domain 4

Domain 2

Figure 4.1. (a) Scheme of splicing pathway in the lariat group Il intron. (b) X-ray structure of
lariat-3* exon with the 5’-exon in the pre-hydrolytic state (2s) (PDB 6CHR) shown in surface
representation. Color coding: Different regions of group Il intron (D1: grey, D2: green, D3: orange,
D4: blue, D5: magenta, D6: olive), 5’-exon and 3’- exon: cyan, Monovalent Na* ion (K1 site):

purple sphere, and Divalent ions (M1, M2 sites) are Mg?*: grey sphere. Zoomed-in view of the
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catalytic pocket in the pre-hydrolytic (2s) (black rectangle) and post-hydrolytic state (orange
rectangle, taken from PDB 6CIH).

Recently reported near-atomic resolution (~3.7 A) X-ray structures (pre-hydrolytic (2s): PDB
6CHR, post-hydrolytic: PDB 6CIH) (Chan et al., 2018) of the lariat group I1B intron (P.li.LSUI2)
not only revealed the atomic interaction network in the active site but also provided the reasonable
model for computational analysis. The thermodynamics of metal-ion selectivity in the active site
of the lariat intron is unknown. Using X-ray structures (PDB 6CHR, 6CIH) as a template, we
modelled Mg?*/Ca?* (in the M1 and M2 sites) and K*/Na* bound (K1 site) in the active site of the
lariat group Il intron and subjected those models to classical MD simulations and quantum
chemical calculations.

In this chapter, we have estimated the relative divalent (Mg?* versus Ca?*) and monovalent
(K* versus Na*) binding affinities (AAG) using classical MD simulations and attempted to establish
a direct link between the estimated energetics with 3D structures. The sign of the MD estimated
divalent metal ion selectivity (AAG) was shown to be correct by employing quantum chemical
calculations, which included polarization effect explicitly. The results obtained for the lariat group
Il intron were compared with the previous findings related to linear group Il intron. The results
showed that the lariat group Il intron of P.li.LSUI2 was strongly selective for divalent metal-ion
(favoring Mg?* relative to Ca* in M1, M2 sites), but more or less unselective between monovalent
ions (K* and Na* in the K1 site) contrary to the linear intron. The strength of the metal-ion
discrimination by lariat intron was found to be correlated with the solvent accessibility as reported

previously for the linear intron.
4.2 Computational methods

Classical MD simulations were used to estimate the relative binding free energy (cognate vs. non-
cognate). Overall, a total of ~2 ps of MD simulations (over multiple independent replicas) were
performed to estimate the free energy difference. In order to check if the sign of MD estimated
relative binding free energy is correct, ab initio quantum calculations were performed (that
considered the polarization effects explicitly) by considering reduced metal-ion binding pockets

from MD structures.
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4.2.1 Molecular Dynamics Simulations setup

X-ray structures (Chan et al., 2018) were taken from PDB. Missing atoms were modelled, and a
25A radius spherical region (cantered at P atom of residue ADE 576, metal ion binding pocket)
was truncated and then solvated with a cubic water box with 80 A of edge length (see details in
Chapter 1 method section).

4.2.2 Relative Binding Free Energy Calculation

Binding free energy difference between Mg®*/Ca** and K*/Na* in the catalytic pocket was
computed by alchemically transforming Mg?*— Ca?" and K*—Na* in complex with RNA and free
in the water, as described in the thermodynamic cycle (Figure 4.2). Vertical legs correspond to
divalent metal ion binding; horizontal legs correspond to the alchemical transformation of Mg?*
- Ca®" in the M1, M2 binding sites, either in the RNA bound (above) or free (below) in solution.
MD simulations and thermodynamic integration have computed free energy associated with the
horizontal legs of the thermodynamic cycle. The binding free energy difference is AAG = AGcomp
— AGiree = AGhind(Ca?*) — AGpina(Mg?*); the same methodology was used to compute the energetics
for K* >Na" transformation. The detailed methodology of free energy estimation adopted in this
work has been described previously in Chapter 1.
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Figure 4.2. Thermodynamic cycle for Mg?* vs. Ca?* ion binding to the divalent ion binding sites

M1, M2 of lariat group Il intron active sites.
4.2.3 Ab Initio Quantum Calculations

Classical Force-field does not include explicit polarizability effect; thus, estimation of relative
binding free energies (AAG) using classical MD simulations may not be appropriate, especially
for divalent ions for which many-body effect is known to be crucial. Thus, in order to check if the
sign of the estimated AAG is correct, we estimated energies using ab initio calculations of the
reduced metal-ion binding pocket. The goal was not to obtain an extremely precise estimate of
AAG from electronic structure computations but to concentrate on a quantity that may be used to
indicate divalent-metal-ion preference in a computationally efficient manner. The simplified
binding pocket model was embedded in an implicit aqueous dielectric and was used to calculate
density functional energies at two different theoretical levels: (1) the M06-2X/6-311++G** (Zhao
et al., 2008) and (2) B3LYP/6-31+G* (Becke 1988; Lee et al., 1988). The ab initio calculations
were performed using the Gaussianl6 programme (Frisch et al., 2016). By employing the
following equation (eq. 4.1), we concentrated on a quantity that approximates the relative

preference (Mg?* vs. Ca?*) at M1, M2 in the intron active site:

[2Mg?** — water] + [2Ca?t — intron] —» [2Ca?t — water] + [2Mg?t — intron] (4.1)

In eq (4.1), [2Ca?* — intron] and [2Mg?* — water] denote Ca?* binding (at M1, M2 sites)
intron active site and intron free Mg?* embedded into the implicit aqueous dielectric. The
differences in single-point energy between the right-hand and left-hand sides of eq (4.1)
approximate the relative preference for divalent cations in the intron active sites M1, M2. A
positive energy difference from eq (4.1) indicates a Ca?* preference at the intron active site,

whereas a negative value indicates the Mg?* preference.
4.3 Results

Classical molecular dynamic (MD) simulations can efficiently sample the phase space of the large
biomolecules, thus a popular choice for estimating free energies. Metal ion recognition is a key

component of biological function and structural stability (Schnabl et al., 2010; Dudev et al.,
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2013). In this chapter, we used classical MD and quantum chemical calculations to estimate the
monovalent (K* versus Na*) and divalent (Mg?" versus Ca?*) metal ion selectivity at two states
(pre-hydrolytic (2s) and post-hydrolytic) of eukaryotic lariat group Il intron along the splicing
pathway. Based on the X-ray structures, we first modeled cognate (Mg?*, K*) and near-cognate
(Ca?*, Na*) metal ion bound lariat intron and carried out classical MD simulations to those models.
Then we estimated the binding free energy difference between the cognate and near-cognate metal
ions in the group Il intron and established the link between the estimated energetics with the
biomolecular structures (cognate and near-cognate metal ion bound intron). lons were modelled
with the fixed parameters (charge, van der Walls) in the classical force field that does not explicitly
include polarization. The absence of explicit polarization in the classical forcefield imposed
challenges, especially for divalent metal ions (viz., Mg?*, Ca?*, Mn?") (Kumar et al., 2021; Jing
etal., 2018; Hu et al., 2011; Neves et al., 2013; Banci, 2003). Polarizable force-field seemed to
be necessary for the correct modeling of divalent ions in the negatively charged protein binding
pocket (Jing et al., 2018). Instead of using computationally expensive polarizable force fields, we
performed simple density functional theory calculations on the reduced ion binding pocket models
(using MD structures) and approximately evaluated the divalent metal ion preference (Mg?* versus

Ca?") in the lariat intron.
4.3.1 Energetics of metal-ion selectivity by lariat group Il intron

To estimate the metal-ion discrimination strength by lariat intron quantitatively, we performed
molecular dynamics free energy simulations of cognate (Mg?*, K*) and non-cognate (Ca?*, Na*)
metal-ion-lariat intron complexes, where the Mg?*/K* ion was alchemically transformed into
Ca?*/Na* in the intron as well as free in the water. These calculations used crystallographic
structures (Chan et al., 2018) of eukaryotic group I1B lariat intron (from a brown algae Pylaiella
littoralis (P.1i.LSUI2)) at the pre-hydrolytic (2s) and post-hydrolytic state of the splicing pathway
(Figure 4.1a,b), as the starting structures. MD estimated relative binding free energies were
summarized in Figure 4.3. It was evident that lariat intron imposed a very high energetic penalty
against Ca®* (AAG; Pre-hydrolytic (2s) state ~13 kcal mol™ and Post-hydrolytic state ~20 kcal

mol ™), thus, strongly favoring Mg?*.
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Figure 4.3. Estimated relative binding free energy (AAG) of the divalent (Mg?* vs. Ca?" in M1,
M2 sites) and the monovalent (K* vs. Na* in K1 site) ion binding to lariat group Il intron at pre-
hydrolytic (2s) and post-hydrolytic states of splicing. Free energies are in kcal mol™ (error bars,
1 s.e.m). The postive value of AAG indicates Mg?* (K*) is favoured relative to Ca?* (Na*) binding
in the active site of the lariat intron. The error was calculated by propagating the standard error

of the mean associated with the averaged AG®™ and AG™®,

Indeed, the catalytic activity of group Il introns was reported (Schnabl et al., 2010; Fedorova et
al., 2007) to be dependent on the nature of the metal ion, significantly compromised if the Mg?*
(cognate) ion was replaced with near-cognate Ca?*, in line with the estimated binding affinity
differences. Surprisingly, lariat intron was found to be weakly selective between monovalent ions
(K* and Na*). Moreover, the pre-hydrolytic (2s) state weakly favored Na* relative to the K* ion
(AAG ~ -2 kcal mol™). Previously we reported the metal-ion selectivity for linear group Il intron
of bacterium (Oceanobacillus iheyensis) and the estimated strength of divalent metal-ion
selectivity (AAG: between Mg?* and Ca?*, favoring former) for the pre-hydrolytic and post-
hydrolytic states were ~12 kcal mol™ and ~10 kcal mol™ respectively (Kumar et al., 2018;
Kumar et al., 2020). Thus, the discriminatory power of lariat-intron (favoring Mg?* relative to
Ca?* binding) was found to be higher than the linear intron in bacteria, particularly in the post-
hydrolytic state. On the other hand, the pre-hydrolytic state of linear group Il intron of

Oceanaobacillus iheyensis was found to be strongly selective between K* and Na* (AAG ~ 6 kcal
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mol ! in favor of K*) in comparison to the lariat group Il intron of Pylaiella littoralis (AAG ~ - 2
kcal mol™ in favor of Na*). The post-hydrolytic state of both the linear and lariat group Il intron
discriminated weakly between K* and Na*, preferred the former by only ~ 1 kcal mol ™.

Recently, it has been shown that the many-body polarization effect governed the Mg?* versus Ca?*
specificity in the negatively charged pocket of calcium-binding proteins (Jing et al., 2018).
Despite higher charged density on Mg?*, negatively-charged pockets of calcium-binding proteins
can selectively bind to Ca?* against a relatively higher concentration of Mg?* (Dudev et al., 2013;
Gifford et al., 2007). Thus, consideration of explicit polarization effect might be necessary for
estimating the binding preference. Note classical force field does not include polarization effect
explicitly, thus the magnitude and sign of the estimated divalent metal binding free energy
differences (AAG, Mg?* versus Ca?") in the negatively charged pocket of lariat intron using
classical MD simulations were questionable. Thus, in order to consider the polarization effect in a
computationally inexpensive way, we performed ab initio calculations on the reduced metal-ion
binding pocket (*) of lariat group Il intron. Single-point energy calculation was performed and the
energy difference (AE) between the right- and left- sides of eqn. 4.1 were estimated using two level
of theories (i.e., B3LYP/6-31+G* and MO6-2X/6-31++G**). Note AE included the polarization
effect explicitly and approximately estimated the Mg?* versus Ca?" preference in the catalytic
pocket of lariat intron. The negative sign of AE implied that Mg?* was preferred over Ca* in the

lariat intron. The estimated AE’s are given in Figure 4.4.

[ B3LYP/6-31+G*
120 - E1MO06-2X/6-31++G**

Mg*vs. Ca**

Pre-hydrolytic (2s) Post-hydrolytic
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Figure 4.4. Single point relative energies (AE, see eqn. 4.1) estimated from quantum chemical
calculations for the reduced catalytic pocket model (indicated by *) of the pre-hydrolytic (2s) and
post-hydrolytic states by employing two levels of theories (M06-2X/6-311++G** and B3LYP/6-
31+G*). AE approximately captures the divalent metal ion preference in the lariat group II intron.

The negative sign of AE confirms that lariat intron prefers Mg?* binding relative to Ca?".

The large negative AE’s confirmed that Mg?* was energetically favored relative to Ca?* in the
reduced pocket of lariat intron, thus, ensuring that the sign of the estimated AAG’s was correct.
Note AE was just an indicator (limited by the small size of the reduced binding pocket that does
not consider entropy effect) of metal-ion preference, which can capture the free energy to some
extent. However, a simple indicator (viz., AE of eqn. 4.1) was computationally inexpensive for
ensuring if the sign of AAG estimated from MDFE was correct, thus, bypassing the use of
computationally expensive polarizable force-field for free-energy estimation. The same
methodology (estimating AAG using MD and AE using quantum chemical calculations) was
successfully used in similar contexts, including ion selectivity by linear group Il intron (Kumar
et al., 2020) and Casl protein (Kumar et al., 2021).

4.3.2 Comparison MD and X-ray Structure

To compare the overall structure of the cognate ion (Mg?*, K*) bound lariat intron between
template X-ray and MD structures, we estimated root-mean-square deviation (RMSD) for the
heavy atoms and given in Figure 4.5. The observed plateau after 30 ns of MD implied that the
structural convergence was attained. Small average RMSD of 1.74A (post-hydrolytic) and 1.96A
(pre-hydrolytic (2s)) with a standard deviation of maximum 0.07A indicated that the template X-
ray structure closely resembled the MD structures; thus, confirming the sampling of the desired
minima in the energy hypersurface. To access the flexibility, residue-wise root-mean-square
fluctuation (RMSF) was estimated from the last 50 ns of 100 ns MD trajectory (Figure 4.5).
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Figure 4.5. RMSD vs. Time plot from 100ns trajectory: (a) Root-mean-square deviation of heavy
atoms within 22A radius of the active site pocket of lariat group Il intron relative to template X-
ray structures. Pre-hydrolytic (2s) (black), post-hydrolytic (red). Structural comparison [MD
(coloured) and X-ray (Grey)]: (b) Pre-hydrolytic (2s), (c) post-hydrolytic.

The RMSF (Figure 4.6) illustrated that the pre-hydrolytic (2s) was relatively more flexible than
the post-hydrolytic state, particularly at the intron terminals. Very high B-factor (average > 300)
associated with exon-intron boundary (residue 619-624) and unresolved G1 in the X-ray structure
of the pre-hydrolytic (2s) state was in line with the observed high flexibility in the MD trajectory.

The divalent metal ion binding pocket residues of lariat intron were found to be rather rigid (RMSF
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~ 1 A), and the flexibility was found to be more or less identical between the pre-hydrolytic (2s)

and post-hydrolytic state of the lariat intron (Figure 4.6).

25
=== Pre hydrolytic (25)
mmm Post hydrolytic

Intron-exon boundary —.

igated exon

exon

*

Residue

Figure 4.6. Root-mean-square fluctuation (RMSF) of the heavy atoms of RNA nucleotides of
lariat group Il introns. Average RMSF was computed from the last 50 ns of post equilibrated MD
trajectory. Right-side (exon-part) and left-side (intron-part) of vertical line (black line). The metal-

ion binding pocket residues are marked with black/red arrows.
4.3.3 Mg?* and Ca?* bound (M1, M2 site) pre-hydrolytic (2s) lariat group Il intron

Overall the MD structure (Mg?* bound) was in good agreement with the crystal structure (Figure
4.5). However, the distance between the two Mg?* ions (M1 and M2 site) in the MD structure was
found to be increased (~5 A) relative to the X-ray structure (3.7 A, PDB 6CHR). Moreover, the 3’-
exon part was found deviated significantly from the experimentally reported location (Figure 4.5
b). The precise location of the 3’-exon part (U622, C623, and A624) in the X-ray structure (PDB
6CHR) was limited by the poor resolution (High average B factor of ~300), thus, explaining the
distinctly different orientation of the 3’-exon observed in the MD structure.

Mg?* in the M1 and M2 sites satisfied its 6 coordination by involving 3 water molecules, 2
phosphate-oxygens (C572 and A574), and one ribose hydroxyl (A16) of the RNA (Figure 4.7).
Ca?" substitution in the place of Mg?" (Figure 4.7 b) resulted in (1) disruption of M1...A16
interaction (2) single additional water entry in the M1 site. The average interaction distances

between the divalent metal ion (Mg?*, Ca?*) and the coordinating atoms in the first coordination

70

TH-2756_156106033



shell around M1 (Figure 4.7 ¢) and M2 site (Figure 4.7 d) showed the increase in the inter-atomic
distances (due to the obvious larger size of Ca?*). Note the interaction network in the first

coordination sphere in the M2 site was independent of the nature of the divalent metal ion.
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Figure 4.7. Representative MD structures of pre-hydrolytic (2s) state of lariat intron. Zoomed-in
view of the catalytic pocket: (a) Mg?* bound, (b) Ca?* bound. Water molecules coordinating with
the divalent metal ions (M1, M2) are shown explicitly as red spheres. Black dashed line indicates
direct interactions. MD trajectory averaged key interaction distances of Mg?*/Ca?* at (c) M1 site

(d) M2 site. Standard deviation is given as error bar.
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4.3.4 Mg?* and Ca?* bound (M1, M2 site) post-hydrolytic lariat group Il intron

MD structure of the catalytic pocket of Mg?* bound lariat intron (post-hydrolytic state) was in
excellent agreement (particularly the ligated exon part) with the X-ray structure (Figure 4.5).
However, the distance between two Mg?* ions was found to be larger (~5 A) than the template X-
ray structure (4.04 A, PDB 6CIH). Mg?* in the M1 pocket satisfied its six coordination (Figure
4.8 a) by involving two water molecules and three phosphates of the RNA backbone (A13, C572,
A574). Ca®* substitution in the M1 pocket allowed an additional water entry (Figure 4.8 b).

(a) Post-hydrolytic (b) Post-hydrolytic
Y MMz = Mg Yt<?  M1,M2=Ca*

Ncu
M\
Water molecules (M1 site) =2 Water molecules (M1 site) =3
Water molecules (M2 site) =3 Water molecules (M2 site) =3
(C) M1 site (d) M2 site
et (] Mg2+ [ ] Mg2+
< 2 B Ca? g 2 B Ca?+
83 83
82 52
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Figure 4.8. Representative MD structures of post-hydrolytic state of lariat intron. Zoomed-in view
of the catalytic pocket: (a) Mg?* bound, (b) Ca?" bound. Water molecules coordinating with the
divalent metal-ions (M1, M2) are shown explicitly as red spheres. Black dashed line indicates
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direct interactions. MD trajectory averaged key interaction distances of Mg?*/Ca?" at (c) M1 site

(d) M2 site. Standard deviation is given as error bar.

The atomic interaction network in the M2 site was found to be independent of metal ions (Figure
4.8 a, b), the same as pre-hydrolytic (2s) (Figure 4.7 a, b). Interestingly, the M1 site in the post-
hydrolytic state was relatively dry (2/3 water molecules coordinating Mg?*/Ca?*) relative to the
pre-hydrolytic (2s) state (3/4 water molecules coordinating Mg?*/Ca®"). Moreover, the negative
charge density around the M1 site of the post-hydrolytic state was relatively higher compared to
pre-hydrolytic (2s) state. Water entry in the M1 site and the increase in the interaction distances in
response to Mg?* = Ca?" mutation were further supported by the distance plots (Figure 4.8 c, d).

4.3.5 Na* /K* bound (K1 site) lariat group Il intron

Monovalent ion in the K1 binding pocket was found to be loosely bound, indicated by the multiple
modes of interactions from various independent MD runs (supported by different water
coordination, Figure 4.9). K1 site of the post-hydrolytic state was found to be relatively more
hydrated (up to 5 water molecules, Figure 4.9 c, d) relative to the pre-hydrolytic state (up to 2
water molecules, Figure 4.9 a, b). Multiple modes of interactions in the K1 site of the post-
hydrolytic state were observed from MD simulations (appendix Figure 4.1, 4.2). Post-hydrolytic
K1 binding was loose and solvent accessible, resulting in poor selectivity (AAG < 1 kcal mol—1)
between K* and Na*. The same argument held true for the pre-hydrolytic (2s) state, which was

found to be weakly discriminatory in favor of Na* binding against K*.
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Figure 4.9. Zoom-in view of monovalent ion binding pocket (K1 site) of the pre-hydrolytic (25)
(upper) and post-hydrolytic (lower) state of the lariat intron. K* bound structures on the left-side.
Na* bound structures at the right-side. Coordinating water molecules are explicitly shown as red

spheres. The black-dashed line indicates direct interaction in the first coordination shell of K1.
4.4. Discussion

X-ray structure-based molecular dynamics free energy simulation was used to estimate the metal
ion selectivity (Mg?* versus Ca?*, K* versus Na*) in the catalytic pocket of the eukaryotic lariat

group Il intron (Figure 2). MD simulations showed that lariat group Il intron was strongly selective
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between divalent metal-ions, favoring Mg?* against Ca?* [AAG (Pre-hydrolytic) ~13 kcal mol %,
AAG (Post-hydrolytic) ~20 kcal mol™Y]. Interestingly, lariat intron weakly discriminated between
monovalent ions (K* versus Na') [AAG (Pre-hydrolytic) ~ -1.96kcal mol™, AAG (Post-
hydrolytic) ~0.72 kcal mol™*]. Recently, we had estimated the divalent (Mg?* versus Ca®")
(Kumar et al., 2020) and monovalent (K* versus Na*) (Kumar et al., 2020) ion selectivity in the
active site of bacterial linear group Il intron at various stages (pre-hydrolytic, post-hydrolytic, free)
of self-splicing pathway. The strength of divalent (monovalent) ion selectivity for the pre-
hydrolytic and post-hydrolytic state of the bacterial group Il intron was reported to be ~12 (6) and
~10 (1) kcal mol™, respectively. It was evident that eukaryotic lariat intron was non-selective
between K* and Na*, in contrast to bacterial linear group Il intron. Moreover, eukaryotic lariat
intron was more selective between Mg?* and Ca®* (particularly in the post-hydrolytic state),
compared to bacterial linear group 11 intron. MD structures of Mg?* and Ca?* bound lariat intron
suggests six coordination of divalent metal ion in the M1 and M2 site of the catalytic pocket
(Figure 4.7, Figure 4.8). The atomic radii of Ca®" were larger than Mg?"; thus, the average
distances between the divalent-metal ion and oxygen of water/RNA were found to be smaller for
Mg?* (between 1.9-2.1A) relative to Ca?* (between 2.2-2.4 A). The first coordination shell of the
divalent metal-ion in the M1 site was altered in response to Mg?* = Ca?* substitution (coordinating
water molecules increased 3->4 and disrupted M1...A16 interaction), whereas the coordination
network in the M2 site seemed to be independent of the nature of the metal ion (Figure 4.7, 4.8).
The atomic interaction network around the M1 and M2 sites was a robust feature of the
simulations, confirmed by multiple independent MD trajectories. Thus, it can be argued that the
divalent metal ion was strongly bound to the catalytic pockets (M1 and M2). The M1 site of the
pre-hydrolytic (2s) state was found to be wetter (water molecules = 3/4) than the post-hydrolytic
state (water molecules = 2/3). The higher discriminatory power of the post-hydrolytic state (AAG
~20 kcal mol™?) relative to pre-hydrolytic (2s) state (AAG ~13 kcal mol ™) seemed to be linked
with the wetness of the binding pocket, particularly M1 site. Wet binding pocket (pre-hydrolytic
(2s)) discriminated weakly, whereas dry binding pocket (post-hydrolytic) discriminated strongly
between Mg?* and Ca?*, favored the former. The monovalent ion was found to be loosely bound
in the K1 site (supported by the various possible coordination modes of K*/Na* in the MD
structures) with high degree of solvent exposure. Water molecules were found to satisfy the

binding requirement of K*/Na* in the K1 pocket involving water molecules ranging from 0 to 5.
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The various possible mode of interaction indicated the loosely bound water exposed K1 pocket.
Thus, K*=> Na" mutation in the loose and wet K1 pocket of the lariat intron always ensured the
bonding requirement of the monovalent ion, leading to loss of discrimination. Thus, we proposed
that the metal-ion selectivity in the lariat group Il intron depended on the solvent accessibility of
the metal-ion binding pocket; dry binding pocket ensured strong discrimination, and wetness off-
sets the discriminatory ability. Water-shielding has been reported to boost the discriminatory
power in various biomolecular recognition events, including metal-ion selectivity in bacterial
group Il intron (Kumar et al., 2018; Kumar et al., 2020), mRNA decoding (Satpati et al., 2014;
Satpati et al., 2014; Kumar et al., 2017), tRNA recognition by synthetases (Kumar et al., 2019),

etc.

Mg?* (ionic radii = 0.86 A) was smaller than Ca?* (ionic radii = 1.14 A) (Shannon, 1976), thus,
charge density was higher for the former. High charged density usually resulted in stronger binding
to negatively charged binding pockets (Jing et al., 2018). Thus, it was expected that the use of
classical force field (which only included polarization effects implicitly) for binding affinity
estimation will always have bias Mg?* binding against Ca?* in the metal ion binding pockets.
Indeed, it has been shown that many-body effects ensured favorable Ca?* binding against Mg?* to
the calcium-binding proteins (Jing et al., 2018; Kohagen et al., 2014). Thus, estimation of
divalent metal ion selectivity (Mg?* and Ca?*) demanded calculations using expensive polarizable
force fields. Clearly, the estimated divalent metal ion selectivity (AAG: Mg?" versus Ca®*, Figure
4.3) required justification. To verify if the sign of the estimated AAG (Mg?" versus Ca?*, Figure
4.3) was correct, we estimated a quantity “AE” (eqn. 1) using density functional theory, that can
explicitly consider polarization and approximately estimated the relative free energy of binding
(Mg?* versus Ca?"). Estimated AE was limited by the size (reduced binding pocket models from
MD structures), solvation model (implicit dielectric), and absence of entropic effect (See Methods
Chapter 1). But AE estimation was computationally inexpensive and could be considered as an
indicator of divalent metal-ion preference. Estimated AE (Figure 4.4) implied that Mg?* in the
catalytic pocket was preferred against Ca?*, in line with the classical MD estimations (Figure 4.3).
The magnitude of the metal-ion preference in the lariat intron pocket (AAG) was experimentally
unknown. Thus, the estimated AAG’s (Figure 4.3) cannot be disproved or confirmed. However,
the sign of the estimated AAG’s corroborated the experiment (Sigel, 2005). Experiments confirmed

that Mg?* was the cognate metal ion and key for the catalytic activity of lariat group Il intron.
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Notably, the structures of the Ca?*-bound lariat intron were uncharacterized experimentally to date.
Thus, the MD structures provided an insight into the experimentally uncharacterized states and

encouraged experimental verification.

4.5. Conclusion

Using the X-ray structures (pre-hydrolytic (2s) and post-hydrolytic state) of eukaryotic lariat group
I intron, we carried out classical molecular dynamics free energy simulations with cognate (Mg?*,
K*) and near-cognate (Ca?*, Na*) intron structures and estimated the divalent and monovalent ion
selectivity (AAG) in the binding pocket (Figures 4.3). Eukaryotic lariat group Il intron strongly
discriminated between Mg?* and Ca?*, favored the (AAG > 10 kcal mol?, Figure 4.3). Density
function calculations (Figure 4.4) indicated that the sign of the MD estimated divalent metal-ion
discriminatory power (AAG) was correct, thus confirming the Mg?* preference against Ca?* in the
catalytic pocket of lariat intron. Notably, the lariat intron showed weak monovalent ion
discrimination (K* versus Na*, Figure 4.3). The divalent metal ions (M1, M2 sites) were strongly
bound in the dry catalytic pocket, whereas the monovalent ion (K1 site) was loosely associated in
the solvent accessible wet binding pocket of the lariat intron. The solvent-accessibility of the ion
binding pocket determined the strength of metal-ion selectivity. Dry binding pockets ensured high
selectivity, whereas loosely bound wet binding pockets diminished the discriminatory power of

the lariat group Il intron.
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Chapter 5

Divalent metal ion (Mg?* vs. Ca#*) selectivity in
CRISPR-Cas system associated Casl protein

Casl is a universally conserved essential metalloenzyme of the CRISPR immune system of
prokaryotes that can cut and integrate a part of viral DNA to its host genome with the help of other
proteins. The integrated DNA acts as a memory of viral infection which can be transcribed to RNA
and stop future infection by recognition followed by protein-mediated degradation of the viral
DNA. It has been proposed that the presence of single manganese (Mn?*) ion in a conserved
divalent metal-ion binding pocket (key residues: E190, H254, D265, D268) of Casl is crucial for
its function. Cas1-mediated DNA degradation was proposed to be hindered by metal substitution,
metal chelation, or mutation of the binding pocket residues. Casl is active towards dsDNA
degradation with both Mn?* and Mg?*. X-ray structures of Casl revealed an intricate atomic
interaction network of the divalent metal ion-binding pocket and open up the possibility of
modelling related metal ions (viz., Mg?*, Ca?") in the binding pocket of wild-type and mutated
Casl protein for computational analysis, which includes (1) quantitative estimation of the
energetics of the divalent-metal ion preference (2) explore the structural and dynamical aspects of
the protein in response to divalent metal ion substitution or amino-acid mutation. Using X-ray
structure of Casl protein from Pseudomonas aeruginosa as a template (PDB 3GOD), we
performed (~2.23ps) classical molecular dynamics simulations to compare structural and
dynamical differences between Mg?* and Ca?* bound binding pocket of wildtype (WT) and mutant
(E190A, H254A, D265A, D268A) Casl. Results suggest that Cas1 prefers Mg?* binding relative
to Ca?* and the preference is strongest for WT and weakest for D268A mutant. Quantum chemical
calculations indicate that Mn?* is most preferred relative to both Mg?*, Ca?* in the wild-type Casl.
Substitution of Mg?* by Ca?* does not alter the interaction network between Casl and divalent
metal ion but increase the wetness of the binding pocket by introducing a single water molecule in
the first coordination shell of the latter. The strength of metal ion preference seems to be dependent

on the solvent accessibility of the binding pocket.
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5.1 Background

Prokaryotes are known (Barrangou et al., 2007; Brouns et al., 2008; Barrangou et al., 2014) to
acquire immunity by integrating short fragments (24 - 48 nt) of viral DNA into its genome
intercalated by short repeating elements (CRISPR: clustered regularly interspaced short
palindromic repeats). Insilico studies (Mojica et al., 2000; Makarova et al., 2006) first identified
a distinct repetitive DNA feature common in the prokaryotic genome called CRISPR. CRISPR
repeats contain “unique” spacer sequences in between. It has been established (Bolotin et al.,
2005; Mojica et al., 2005; Pourcel et al., 2005) that these “unique” spacer sequences are identical
to foreign genetic elements (e.g. viruses and plasmids). Bacteria can transcribe RNA from those
“unique” spacer sequences and readily neutralize the infecting virus by recognizing through DNA-
RNA complementarity and fragmenting the viral DNA by involving associated proteins (CRISPR-
associated proteins). CRISPR-Cas system acquires adaptive immunity in three stages: adaptation,
expression and interference (Van der Oost et al., 2009; Garneau et al., 2010; Nufiez et al., 2014;
Jackson et al., 2017). A fragment of foreign DNA (“unique” spacer) is selected and inserted into
the CRISPR array during adaptation, which serves as a memory of viral infection. In the expression
and interference step, RNA is expressed from the integrated spacer followed by the fragmentation
of the foreign DNA. Each of these steps involves multiple diverse sets of proteins (Makarova et
al., 2006; Haft et al., 2005; Jansen et al., 2002). CRISPR-Cas systems have received considerable
attention from the theoretical/computational community in the recent past (Haft et al., 2005;
Martynov et al., 2017; Pinello et al., 2016; Zheng et al., 2017; Zeng et al., 2018; Xu et al.,
2017; Estarellas et al., 2015; Wan et al., 2019; Palermo et al., 2016; Palermo et al., 2017).
Bioinformatics approach has identified different Cas protein families (Haft et al., 2005) and
estimated the optimum number of nucleotide spacers that maximizes prokaryotic immunity
(Martynov et al., 2017). A computational tool “CRISPResso” has been developed to analyse
CRISPR editing experiments (Pinello et al., 2016). Coarse-grained modelling (Zheng et al., 2017)
and dynamics (Zeng et al., 2018) of CRISPR-Cas9 systems were studied. The statistical
mechanical approach proposed a strong correlation between Cas9 mediated DNA cleavage
efficiency and the stability of the DNA-RNA loop in the protein complex (Xu et al., 2017). The
first molecular dynamics (MD) simulations addressed the structure and dynamics of the Csy4-
RNA complex (Csy4 is another protein component of the CRISPR system) and highlighted the

limitations of the simulation techniques in studying protein-RNA systems (Estarellas et al., 2015).
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MD simulations of Casl1-Cas2 (protein complex) binding to duplex DNA (Wan et al., 2019)
indicated that the presence of PAM sequence (a short 2-6 base-pair DNA sequence) in the target
DNA improves the stability of the Cas1-Cas2-DNA complex. Classical MD simulations (Palermo
et al., 2016; Palermo et al., 2017) of the CRISPR/Cas9 system revealed the importance of the
HNH domain of Cas9 in the concerted editing mechanism. Thus, computational studies are a useful
complement to experiments in understanding the mechanism of the CRISPR-Cas system in atomic
details. CRISPR-associated protein 1 (Casl) is a universally conserved (and hallmark) protein of
the CRISPR immune system. Casl is a metal-dependent (Mn?*) endonuclease that can cut foreign
DNA and produces small DNA fragments for integration to host-genome (Wiedenheft et al.,
2009). Casl, together with Cas2 (another universally conserved CRISPR protein) recognizes,
cleave, and integrates the foreign DNA into the host CRISPR loci. Thus, Casl is essential for
spacer acquisition/adaptation step (Brouns et al., 2008; Nufiez et al., 2014; Martynov et al.,
2017). Experiments confirmed that at physiological KCI concentrations, Casl shows the highest
nuclease activity on dsDNA with Mn?* than with Mg?* (Wiedenheft et al., 2009). Moreover,
Casl-mediated ssSDNA cleavage is exclusively supported with Mn?* (Wiedenheft et al., 2009).
The structural study of the Casl protein revealed the intricate atomic interaction network in the
conserved divalent metal ion-binding pocket. Biochemical studies showed that metal-ion
substitution, mutation of conserved metal ion-binding residues, metal ions chelation inhibits Cas1-
mediated DNA fragmentation (Wiedenheft et al., 2009).

As discussed in Chapter 1, the structure of Casl protein from Pseudomonas aeruginosa reveals
that Casl is organized into N-terminal (10 B-strand and 2 a-helix) and C-terminal (8a-helices
connected with loops) domain connected via loop-linker (Figure 5.1). The metal ion-binding
domain is present in the a-helical C-terminal domain, where the universally conserved residues
(E190, H254, D265) and a strongly conserved residue at position 268 (D or E) cluster around the

manganese (Mn?*, cognate divalent metal ion).

Despite experimental and theoretical studies, several important questions remain unanswered
related to Casl, which are essential for understanding the role of Casl in the CRISPR adaptation
step of prokaryotic immunity. The energetics of divalent metal ion selectivity is not known. The
link between metal-ion selectivity and 3D structure is missing. Furthermore, the structures of

related divalent metal-ion bound (Mg?*, Ca?*) Casl are not yet experimentally resolved. Using the
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X-ray structure as a template we have performed computational analysis and quantitatively
estimated the energetics of divalent metal-ion selectivity by Casl. Results confirm Mn?* is the
most preferred ion in the Casl binding pocket. Moreover, Casl is selective between Mg?* and
Ca2*, favouring the former. The strength of ion selectivity seems to be linked with the wetness of

the metal-ion binding pocket.
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Figure 5.1. 3D architecture of Casl protein. Cartoon representation of Casl protein (PDB:3GOD)
(N-terminal: cyan, linker: magenta, C-terminal: yellow, divalent ion (Mn*?): grey sphere). Key
residues involved in stabilizing interactions across the divalent metal ion (Mn*?) are marked and

highlighted by sticks.

81
TH-2756_156106033



5.2 Methods
5.2.1 Molecular dynamics procedure

The structure of Cas 1 protein was taken from the PDB entry 3GOD (resolution 2.17 A)
(Wiedenheft et al., 2009), and a 25 A radii sphere, centred at the backbone oxygen of L269 was
truncated. Template PDB 3GOD (Wiedenheft et al., 2009) consists of manganese (Mn?*) ion at
the binding pocket. Mg?*, Ca?* bound Cas1 was modelled by substituting Mn?*. Mutants of Cas1
were modelled by in silico mutation of single amino-acid sidechain (E190A, H254A, D265A, and
D268A) of the Casl protein into the template structure (PDB 3GOD, and the resulting models
were subjected to MD. Total ~49178 atoms were considered in our simulations.

For each of the simulation models, several independent replicas were performed (from minimum
6 to a maximum of 7). These independent 6-7 trajectories were divided into two groups: (A) for
structural analysis (B) for free energy calculation. 2 trajectories were used for (A), which include
300/350 ps equilibration followed by 150 ns production dynamics for each trajectory. Thus, for
each simulation model total 300 ns production run was considered for structural analysis. In total
1500 ns of production MD simulations were considered for structural analysis of wild-type and
mutant Casl protein. The rest 4-5 replicas were used for (B), discussed in detail in the next section.
The overall charge of the simulation was neutralized by adding counter ions (5 chloride ions were
added for WT and H254A mutant, 4 chloride ions were added for E190A, D265A, and D268A
mutants). Root-mean-square deviation (RMSD) of the heavy atoms (within 22 A of simulation
sphere) of the Cas1 protein relative to the X-ray structure (PDB: 3GOD) was estimated to compare
MD structures with its template X-ray structure. Average RMSD and RMSF were estimated by

averaging over the last 100 ns of 150 ns production MD.
5.2.2 Protocol for binding free energy calculation

An appropriate thermodynamic cycle (Figure 5.2) was used to estimate the relative binding
affinity (AAG) of Mg?*/Ca?* binding to Casl. The vertical arms of the cycle (Figure 5.2)
correspond to Mg?*/Ca®" binding. Whereas, horizontal arms correspond to the alchemical
transformation of Mg?* into Ca®* (cannot be realized experimentally); in complex with the Casl
protein (upper arm) or free in water (lower arm). We have computed the free energy change
associated with the horizontal alchemical arm of the cycle, which includes the free energy change
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associated with the change in van der Waals radii during Mg?* = Ca?* transformation. Free energy
calculation for each replica was based on 88-110 ns of data collection averaged over 4-5 replicas
with different initial velocities. Each replica includes 22 ns production dynamics for free energy
calculation. Computed free energies from different MD runs are in excellent agreement (appendix
Table 5.1). A total of 704 ns of molecular dynamics free energy simulations have been performed
to get good convergence and reasonable statistical error (< 1 kcal/mol). Free energy derivatives at
different A values are given in appendix Table 5.1, 5.2 and support convergence. Positive AAG
refers to favourable Mg?* binding relative to Ca?* (appendix Table 5.3).
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Figure 5.2. Thermodynamic cycle for Mg?* vs Ca?* ion binding to the divalent ion binding sites
of Casl protein. Vertical legs correspond to divalent ion binding; horizontal legs correspond to the
alchemical transformation of Mg?* into Ca?* in the casl binding sites, either in the Cas1 bound
(above) or free (below) in solution. Free energy associated with the horizontal legs of the
thermodynamic cycle has been computed by MD simulations and thermodynamic integration. The
binding free energy difference is AAG = AGcomp — AGtree = AGbind(Ca®*) — AGpind(Mg?*).
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5.2.3 Ab initio quantum calculations

Representative MD snapshot from the production dynamics of the Casl protein was selected. Then
divalent metal-ion and its amino-acid residues of the first coordination shell, coordinating waters
were taken (reduced binding pocket model) and considered for electronic structure calculations.
Methyl/hydrogen capping has been done for amino-acid residues (appendix Figure 5.1). The
reduced binding pocket model was embedded in aqueous dielectric and was subjected to single
point density functional energy calculation in two different levels of theory (1) M06-2X functional
(Zhao et al., 2008) in combination with 6-311++G** basis set (2) B3LYP functional (Becke 1988;
Lee et al., 1988) with 6-31+G™* basis. Solvation was included by implicit SMD solvent model
(Marenich et al., 2009). Gaussian16 program (Frisch et al., 2016) was used for abinitio
calculations. Free Mg?*/Ca* in an aqueous dielectric was also subjected to abinitio energy
calculation. We estimated the single point energy difference (AE) of the right and the left-hand
side of egn (5.1, 5.2):

[Mg** — water] + [Mn** — Cas1] —» [Mn** — water] + [Mg?** — Cas1] (5.1)

[Mg?* — water] + [Ca?t — Casl] » [Ca*' — water] + [Mg?* — Casl] (5.2)

[M2* — cas1] and [M?* — water] represents M?* (Mn?*/ Mg?*/Ca?*) in the reduced binding pocket
of Casl and free in water respectively. Single point energy differences (AE, see appendix Table
5.4) evaluated between the right-hand and left-hand side of eqn (5.1) and eqgn (5.2) approximates
the relative divalent cation preference (Mn?* vs Mg?*) and (Mg?* vs Ca?") respectively, into the
Casl binding pocket. A positive energy difference (AE) from eqn (5.1) implies Mn?* preference
over Mg?*, whereas, negative energy difference (AE) from eqn (5.2) implies a Mg?* preference
over Ca?* at the Casl1 active site. Transition metal Mn?* ion (d® electronic configuration) may have
various possible spin states (high-spin state with S = 5/2, low-spin state = 1/2 or 3/2). However,
low-spin states are expected to be energetically disfavoured due to half-filled d-shell
configurations. We performed ab initio calculations using unrestricted B3LYP functional
considering of all the three spin states of Mn?* (S= 5/2, 3/2, and 1/2). The results confirmed that
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Mn?* in the high-spin state (S=5/2) is preferred in the free as well as in the truncated binding pocket
model of Casl (results not shown). Thus, the Mn?* in the high-spin state was considered for

estimating AE using equation (5.1).
5.3 Results

Classical force fields are the popular choice of computational chemistry/biochemistry because they
allow efficient phase space sampling of the biological systems at atomic details and estimate
thermodynamic properties (viz. free energies). Divalent ions, which are fundamental units of
biochemistry, are described as a set of constant parameters in the classical force field. Fixed
parameter description in the force field especially for the transition metal ions (viz. Mn?")
represents a challenge (Comba et al., 1995; Banci 2003; Hu et al., 2011; Zhang et al., 2012;
Neves et al., 2013). Force-field modification seems to be necessary for transition metals as the
parameters strongly depend not only on the oxidation state of the transition metal ion but also on
the nature of the residues of the metal ion-binding pocket (Neves et al., 2013). In the paper, using
Mn?* bound Cas1 as template we first modelled Mg?* and Ca?* bound Cas1 and subjected those
models to classical MD simulation and estimated the relative preference of Mg?* and Ca?*. Rather
than attempting to simulate Mn?* bound Cas1 using classical MD or computationally demanding
polarizable force-field, we performed quantum chemical calculations (considering a simple
reduced binding pocket-model) to approximately evaluate the Mn?* preference relative to
Mg?*/Ca?" in the Cas1 binding pocket.

5.3.1 MD insight into the structural convergence and overall flexibility of the protein

Root mean square deviation (RMSD) is a straightforward and popular choice for overall structural
comparison. RMSD of the protein-heavy atoms relative to template X-ray structure was estimated
(Figure 5.3) to evaluate the convergence of the simulations and structural similarity between X-
ray and MD structures. Within 50ns, RMSD reaches a plateau and fluctuates around 1.21 A with
a standard deviation of 0.04 A. The plateau of the RMSD plot indicates structural convergence.
Moreover, small average RMSD of 1.21-1.28 A indicates that the MD structures closely resemble
the experimental structure, thus sampling the desired minima of the potential energy hypersurface

was confirmed.
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Figure 5.3. Root-mean-square deviation of heavy atoms within 22A of unrestrained simulation
sphere with respect to X-ray structure. WT (black), E190A (red), H254A (blue), D265A (cyan),
and D268A (yellow).

The flexibility of the amino-acid residues of Casl protein during MD simulations was evaluated
by estimating the trajectory averaged root-mean-square fluctuations (RMSF) (Figure 5.4). The
RMSF colour scale (Figure 5.4 a-f) cannot illustrate the distinct difference in flexibility between
WT and mutated Casl. But they do highlight that the divalent metal binding pocket is rather rigid
but indicates increased flexibility at various regions (helix 2, loop connecting helix 2 and 3, helix
5, loop connecting helix 5 and 6: L5/6) in the E190A mutant Casl relative to its wild-type

analogue.
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Figure 5.4. Casl protein active site flexibility upon mutations. (a) Root-mean-square fluctuation
(RMSF) of the Ca atom. Graphs are shown for WT (black), E190A (red), H254A (blue), D265A
(cyan), and D268A (yellow). RMSF is shown for last 100 ns of production MD trajectory. The
RMSF are color-coded according to the scale (0.50-0.75: blue, 0.76-1.0: green, and >1: yellow).
RMSFs by color are shown for WT (b), E190A (c), H254A (d), D268A (e), and D265A (f).

5.3.2 Energetics of ion selectivity

To understand the energetics of divalent metal ion selectivity (Mg?* vs Ca®"), we performed
classical MD simulations couple to free energy estimations using the thermodynamic integration
(T1) methodology. The calculations involve estimation of the change in divalent metal ion binding
affinity upon Mg?* - Ca?" mutation in the Casl binding pocket and free in water (Figure 5.2).
Further, the effect of Casl mutations (E190A, H254A, D265A, and D268A) in divalent metal ion
selectivity (Mg?* vs Ca?*) was also examined. The results (Figure 5.5) suggest that: (1) Mg?* is
favoured over Ca®* by ~ 4-5 kcal/mol in Cas1 protein. The energetic penalty may result in facile
Ca?* dissociation relative to Mg?* from the Casl binding pocket, ensuring selectivity. (2) The
strength of discrimination is highest for WT and lowest for the D268A mutant of Casl. However,
Mg?* vs Ca?* selectivity in protein binding pocket estimated by classical force-field is tricky
(Neves et al., 2013; Jing et al., 2018). Due to the smaller size and higher charge density on Mg?*
relative to Ca?*, one can expect the former to bind relatively tightly to the negatively charged side-
chain of the protein binding pocket as in Casl. Gel electrophoresis and urea denaturation
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experiments (Cruz-Leon et al., 2020) was performed to measure the folding equilibrium of the
Tetrahymena ribozyme in the presence of various divalent metal cations (Mg?*, Ca?*, Sr**, Ba®").
The results suggest stability increases with the charge density of the cation and the binding affinity,
therefore, follows a direct Hofmeister ordering Mg?* > Ca?* > Sr?* > Ba?*. The catalytic activity
of introns was shown to be compromised significantly by replacing small amounts of Mg?*
(cognate) with near-cognate Ca®* (Schnabl et al., 2010; Fedorova et al., 2007). The above
experimental studies (Cruz-Leén et al., 2020; Schnabl et al., 2010; Fedorova et al., 2007)
confirm preferable Mg?* binding relative to Ca?* and support the “high charge density resulting in
high-affinity binding concept. However, the concept cannot be generalized for all. Although Mg?*
is a better charge acceptor, calcium-binding proteins with highly charged binding pockets can
selectively bind Ca®* against a much higher concentration of Mg?* (Dudev et al., 2014; Gifford
et al., 2007; Schwaller, 2010). It has been shown (Jing et al., 2018) that Mg?* vs Ca?* selectivity
of proteins is dictated by the many-body polarization effect; thus, consideration of electronic
polarization might be appropriate. Thus, Ca?* versus Mg?* selectivity seems to be dependent on
two factors (i) geometric constraint and (2) the many-body effect. However, the same is not been
proved for other divalent metal ions (Jing et al., 2018). Note, classical force-field is limited by the
fact that it does not include electronic polarizability explicitly. Instead of using computationally
expensive polarizable force-field, we performed quantum-chemical ab-initio calculations on the
reduced model of the divalent metal ion binding pocket (including divalent metal ion and its 1%
and 2" coordination shell from selected MD snap-shots, appendix Figure 5.1). We computed the
single-point ab initio energy difference (AE) between right and left- side of Eqn (5.1), which
approximates the divalent metal ion preference (Mg?* vs Ca?*, and Mn?* vs Mg?*) in the Casl
binding pocket. Positive AE indicates that the left side of Egn (5.1) is energetically more stable,
i.e, Mn?* in Casl pocket is energetically more favourable relative to Mg?*. The abinitio result
obtained from M06-2X/6-311++G** level of theory is shown in Figure 5.6.
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Figure 5.5. Calculated energetics of divalent ion (Mg?* vs Ca?*) binding to cas1 protein for wild-
type and different mutations (E190A, H254A, D265A, and D268A). Error bars represented by the

standard error of the mean.
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Figure 5.6. Quantum chemical single point energies calculated (Mn?* vs Mg?*, and Ca?*) bound
Casl for wild-type and mutated.

Large negative AE implies Mg?" is energetically more favoured relative to Ca®* at Cas1 active site.
Note, AE is an approximation to the divalent metal ion selectivity (limited by small size of the

binding pocket model as well as the absence of entropic effect), thus should be viewed just as an
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indicator of metal-ion selectivity. Representative snapshots (Mg?* and Ca?* bound Cas1) from the
molecular dynamics trajectories were selected for modelling of simplified binding-pocket for
quantum chemical analysis. Mn?* bound WT reduced binding pocket model was generated by
using the X-ray structure (PDB 3GOD) as template. Results (Figure 5.6) indicate that (1) divalent
metal ion preference of Casl follow the order Mn?* > Mg?* > Ca?*, and (2) Mg?* vs Ca?
discrimination is highest for WT Cas1 and least for D268A mutant. The strength of divalent metal
ion binding to a given binding pocket (ligand) depends on several factors, viz., the ionic radii of
the metal, charge-accepting ability of the metal, coordination number of the metal, crystal field
stabilization energy of the metal-ligand complex, the binding pocket geometry (the 3D architecture
and the nature of the ligands around the metal), etc (Dudev et al., 2014; Cotton et al., 1988;
Kuppuraj et al., 2009). Large ionic radii decrease the charge density on the metal, resulting in
less favourable metal-binding free energy. However, between two cations of the same formal
charge and similar ionic radii, the metal ion with the better electron-accepting ability (Lewis acid)
binds more strongly to the same ligand. The coordination number of the metal alters the metal-
ligand distances (Dudev et al., 2000). For example, high-level ab initio calculations (Pavlov et
al., 1998) show that the average Mg...O distances for tetrahydrated (1.98 A) and hexahydrated
(2.08 A) differ by 0.10A. The radius (and coordination number) of Mn?*, Mg?*, and Ca?* are 0.97A
(6), 0.86A (6), and 1.14A (7) respectively (Dudev et al., 2014; Shannon, 1976). Thus, divalent
manganese has a radius somewhat larger (by 0.11A) than that of magnesium, and smaller than that
of calcium. The largest size of Ca?* can be correlated with the weak binding affinity. But the
question is why does Casl prefer to bind to Mn?* rather than Mg?*? Structural analyses of Mg?*
and Mn?* binding pockets (Bock et al., 1999) highlighted the striking similarity (viz., both Mn?*
and Mg?* prefer 6 coordination number) and differences (Mn?* will bind more readily to a site
containing nitrogen in addition to oxygen, whereas Mg?* exclusively prefers oxygen in its binding
pocket). Nitrogen is more polarizable than oxygen. Therefore, Mn?* could be classified as “softer”
than Mg?*, implying that Mn?" is relatively more polarizable than Mg?*. Thus, although Mn?* and
Mg?* have the same charge and similar ionic radii (differing by only 0.11A), Mn?* can accept more
charge from the binding pocket residues (better Lewis acid) than Mg?*, and the favourable charge-
transfer result in preferable Mn?* binding relative to Mg?*. Thus, it appears that Casl ensures
favourable binding of Mn?* over Mg?* by inserting nitrogen-containing histidine (H254 of Figure
5.1) in the catalytic pocket.
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5.3.3 MD insight into the Mg?* and Ca?* bound binding pocket of WT Casl

The overall structure of Mg?* bound WT Casl is very similar to its template Mn?* bound X-ray
structure (RMSD= 1.21 + 0.04 A, Figure 5.3 and Figure 5.7 a-c). However, an inspection of the
metal ion binding pocket reveals residues (Q137, E190, D272, and K271) rearrange the interaction
network (1% and 2" coordination shell) around Mg?*/Ca?* (Figure 5.7 c-d) relative to the X-ray

structure (Figure 5.7 b).

(b)

(@)

K271 K271
D272

D272

Figure 5.7. Crystal and MD structures of wild type Casl protein active site and waters around the
divalent ions (Mn?*, Mg?*, and Ca?*) (a) Crystal (grey) vs MD (yellow) structure (b) Mn?* bound
crystal structure (c) Mg?*-bound MD structure (d) Ca?*-bound MD structure. For clarity hydrogens

(in the zoomed-in view) were not shown.
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Robust features observed from the simulations of Mg?* bound WT Cas1 are (1) Bifurcated E190-
Mg?* interaction, (2) R140-E190 and K271-D268 salt-bridge interactions. It can be argued that
Mg?* substation results in more compact divalent metal ion binding pocket, which include Mg?*
coordination with three protein residues (E190, D268, H254) and two water molecules in its first
coordination sphere (Figure 5.7 c), (3) Mg?* seems to anchor two helices and a loop (helix 4, helix
6, and L5/6), (4) Mg?* is surrounded by shells of alternating charges (shell A: negatively charged
including residues E190, D268; shell B: positively charged including residues R140, K271), and
(5) Side-chain interaction involving Q137 and R140 residues. Ca?* substitution does not disrupt
the interaction network observed as in the case of Mg?* bound binding pocket but results in an

additional water entry in the binding pocket (Figure 5.7 d).

5.3.4 MD insight into the Mg?* and Ca?* bound binding pocket of mutated Casl

Mutation of the residues (E190A, H254A, D268A) directly coordinating with the Mg?* disrupt the
helix-loop cross talk (Figure 5.7, and 5.8) and increases the wetness of the metal ion-binding
pocket by introducing additional water molecules in the first coordination shell of the Mg?* ion
(Figure 5.8 a, ¢, and e). Ca?* substitution in the mutated Cas1 introduces additional water in the
first coordination shell of Ca?* (Figure 5.8 b, d, and f), keeping the interaction network intact as
observed in the case of Mg?*. Irrespective of the nature of divalent metal ion, MD simulations
confirm stable hydrogen-bonding interaction (Figure 5.7 c-d, 5.8 a-f, 5.9 a-b, and Table 5.1)
between side-chains of (1) D265: H254 (except for H254A, and D265A mutant), (2) R140: E190
(except for E190A), (3) K271: D268 (except for D268A), and (4) Q137: R140. It seems residues
within the first coordination shell of the divalent metal ion were held in place by the second-shell
residues (R140, D265, and K271). R140 side-chain is oriented by Q137 and D272 residues.
Simulations with H254A mutant show H-bonding involving side-chain of D265 and backbone of
A254 (Figure 5.8 c and d). Second shell mutation (D265A) does not alter the first-shell interaction

network of the divalent metal ion, resemble WT binding pocket (Figure 5.9).
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Figure 5.8. MD insight into the Mg?* & Ca?" bound Casl active site (mutated) (a,b) E190A
mutated Mg?* & Ca?* bound Cas1 active site (c,d) H254A mutated Mg?* & Ca?* bound Cas1 active
site (e,f) D268A mutated Mg* & Ca?* bound casl active site. For clarity hydrogens (in the

zoomed-in view) were not shown.

Divalent metal ion solvation depends on the nature of the Cas1 binding pocket. The divalent metal
ion is in a relatively dry binding pocket (with 2-3 water molecules in the first coordination sphere)
for WT and D265A mutant (Figure 5.7 ¢, 5.9, and Table 5.1), relative to its first shell mutant
analogues (E190A, H254A, D268A) in which metal-ion coordinates with 3-5 water molecules
(Figure 5.8, Table 5.1). The smaller size of Mg?* in the binding site results in compact and dry
(Table 5.1) binding pocket. Ca?* substitution leads to bigger and relatively wet (allowing an

additional water entry) binding pocket.

(a) e A 4 (b)

D272 D272

Figure 5.9. MD structures of D265A mutant casl site and waters around the divalent ions (a)
Mg?*-bound (b) Ca®*-bound.

Table 5.1. Selected interatomic distances (in A) in the active site of Cas1 protein.
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Interacting
residues

Wild type

E190A

H254A

D265A

D268A

MgZ+

Ca2+

M92+

Ca2+

M92+

C a2+

M92+

C a2+

M92+

C a2+

Mg?/Ca?* :
OD2-Asp268

1.81(0.04)

2.22(0.07)

1.88(0.05)

2.11(0.05)

1.82(0.04)

2.13(0.06)

1.80(0.03)

2.12(0.05)

Mg?*/Ca?*:
NE2-His254

2.10(0.07)

2.36(0.08)

2.15(0.09)

2.33(0.07)

2.12 (0.08)

2.34 (0.06)

2.12 (0.08)

2.38(0.08)

Mg?*/Ca?*:
OE2-Glu190

1.89(0.06)

2.23(0.08)

1.89(0.06)

2.25(0.10)

1.90 (0.06)

2.24 (0.08)

1.82 (0.04)

2.13(0.06)

Mg?/Ca?* :
OE1-Glu190

1.93(0.07)

2.27(0.12)

1.94(0.07)

2.24(0.08)

1.93 (0.07)

2.27 (0.09)

Mg?/Ca?* :
OD1-Asp268

1.91(0.06)

2.47(0.12)

Glu190-OE1
: NH1Arg140

2.72(0.10)

2.77(0.21)

2.73(0.11)

2.71(0.11)

2.77 (0.13)

2.74(0.11)

2.72 (0.10)

2.78(0.16)

Argl140-NE :
OD2-Asp272

2.77(0.14)

2.94(0.23)

2.79(0.14)

2.79(0.15)

2.72(0.10)

2.77(0.14)

2.77 (0.14)

3.05 (0.20)

2.80 (0.16)

2.80(0.16)

Arg140-NH2
: OD1Asp272

2.72(0.12)

2.66(0.09)

2.72(0.11)

2.80(0.20)

2.71(0.16)

2.76(0.18)

3.10 (0.25)

2.89 (0.41)

2.76 (0.14)

2.77(0.15)

Arg140-NH1
: OE1GIn137

2.76(0.11)

2.75(0.10)

2.98(0.33)

2.96(0.36)

2.89(0.16)

2.78(0.13)

2.88 (0.23)

2.83 (0.20)

2.78(0.12)

2.80(0.13)

Asp268-OD1
:NZ-Lys271

2.68(0.10)

2.76(0.17)

4.68(0.54)

2.76(0.31)

2.70(0.13)

2.67(0.10)

2.68 (0.12)

2.67 (0.09)

Asp265-0D1
: ND1His254

2.69(0.09)

2.67(0.08)

2.69(0.10)

2.71(0.10)

2.99 (0.26)

3.01(0.25)

Asp265-0OD1
: N-His254

2.83(0.18)

2.78(0.10)

3.10(0.24)

3.29(0.27)

3.01 (0.20)

3.05(0.22)

Asp265-0D1
- N-Ala254

2.95(0.16)

2.96(0.16)

Asp265-0D2
- N-Leu253

2.97(0.18)

3.13(0.22)

2.76(0.10)

2.80(0.12)

2.77 (0.10)

2.80(0.11)

Asp272-0D2
. NZ-Lys271

2.71(0.11)

Mg?/Ca?* :
TIP3

2.10(0.11)

2.35(0.10)

2.03(0.08)

2.24(0.06)

2.00(0.07)

2.26(0.07)

1.96(0.06)

2.34(0.09)

1.99(0.06)

2.36(0.08)

Mg?*/Ca?* :
TIP3

1.96(0.06)

2.30(0.08)

1.95(0.06)

2.24(0.06)

1.97(0.06)

2.34(0.09)

2.09(0.10)

2.28(0.07)

2.00(0.06)

2.30(0.09)

Mg?*/Ca?* :
TIP3

2.41(0.15)

1.95(0.06)

2.25(0.07)

2.03(0.07)

2.27(0.07)

2.33 (0.09)

2.00 (0.07)

2.31(0.09)

Mg?/Ca?":
TIP3

2.23(0.06)

2.30(0.08)

2.03(0.07)

2.33(0.13)

Mg?/Ca?":
TIP3

2.33(0.12)

5.4 Discussion

Universally conserved Casl protein of CRISPR immune systems is a metal-dependent

endonuclease that produces double-stranded DNA fragments from viral DNA and integrates the

same to a bacterial genome. Casl catalysed DNA fragmentation is inhibited by the mutation in the

metal ion-binding residues. Moreover, the nature of metal ion is crucial for Casl function.
Cleavage of dsDNA by Casl is only possible if Mn?* or Mg?* is bound to the Casl1. Note, Casl

exhibits the highest dSDNA cleavage activity only with Mn?*. Despite extensive structural and
biochemical studies (Wiedenheft et al., 2009; Nufiez et al., 2015; Wang et al., 2015; Xiao et al.,

2017; Shannon, 1976; Wright et al., 2017), the energetic origin of metal ion specificity of Casl
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protein is not known. Using X-ray structure (Wiedenheft et al., 2009) of Casl protein (Mn?
bound) as a template, we performed MD simulations of Mg?* and Ca?* bound Casl (WT and
mutants) and quantified their relative binding affinities (Figure 5.5). The results suggest that Mg?*
is preferred over Ca* by ~ 4-5 kcal/mol in Cas1 protein. Smaller size of Mg?* (ionic radii = 0.86A)
relative to Ca?* (ionic radii = 1.14A) (Shannon, 1976) results in higher charge density in Mg?*. A
divalent metal ion with higher charge density is known to bind strongly in the negatively charged
protein binding pocket (Jing et al., 2018). Thus, the use of classical force field (which does not
explicitly include many-body polarization effects) in estimating the relative binding affinity of
divalent metal ions (Mg?* versus Ca?*) might be inappropriate. Thus, computationally expensive
polarizable force fields (Jing et al., 2018) may be necessary for relative binding free energy
estimation of divalent metal ions (Mg?* and Ca?") to Casl. Indeed, it has been shown (Kohagen
et al., 2014) that Ca?* binding free energies to calmodulin protein estimated by MD simulations
can be greatly improved by the inclusion of polarization effect via charge rescaling. Thus, to check
if the sign of our estimated relative binding free energies (AAG, Figure 5.5), we define a quantity
“AE” (i.e., single-point abinitio energy difference between the right and left side of eq (5.1, 5.2),
See methods) which explicitly include polarization and approximately capture the essence of the
relative free energy of binding to some extent. Note, AE is limited due to the simplified description
of metal ion binding pocket (Divalent metal ion with its first coordination shell embedded into a
water dielectric). The objective was not to estimate AAG accurately from abinitio calculations but
to focus a quantity that can indicate divalent metal ion preference in a computationally inexpensive
way. AE as an indicator of metal ion preference and likely to justify the sign of AAG estimated
from classical MD simulations. Results obtained from quantum chemical calculations (Figure 5.6)
suggest that Mg?* indeed energetically preferred relative to Ca?*, as suggested by classical MD
simulations. Moreover, Mn?* is preferred relative to both Mg?* and Ca?* in the binding pocket of
WT Casl (Figure 5.6). Note, Casl is known to be more active with Mn?* than with Mg?* at
physiological conditions, in line with our estimated relative binding preference. The Casl protein
has a relatively rigid metal ion-binding core (Figure 5.7) and softer outer regions, especially h2,
h4, and h6 and loop between h5 and h6 (Figure 5.4). Simulation suggests that the first coordination
shell of Mg?* and Ca?* in the Cas1 binding pocket are more or less similar, except the presence of
single extra water molecule for the later (Figure 5.7, 5.8, and 5.9). Mutation of residues of the
first-coordination shell (E190A, H254A, and D268A) of the divalent metal ion results in water
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exposure relative to WT Casl (Figure 5.8). D265A mutation does not disrupt the first shell
interaction network of the divalent metal ion as observed in WT Casl. MD simulations of free
Mg?* and Ca?* in explicit water suggest that the ions are coordinated with 6 and 7 water molecules
respectively in its first coordination shell (appendix Figure 5.2). The average distance between
metal ion and oxygen of waters are between 1.9-2.1A (for Mg?*) and 2.2-2.4A (for Ca?")
respectively, consequence of larger atomic radii of the later. Note, the structures of Casl bound to
Mg?*/Ca®* has not been characterized experimentally till now. The coordination number of the
divalent metal ion is the same as those observed in the free water simulation (6 for Mg?* and 7 for
Ca?"). The number of water molecules coordinating with the metal ion depends on the nature of
the divalent metal ion and its coordinating amino-acid residues (Table 5.1, Figure 5.7, 5.8, and
5.9). WT and D265A mutants are dry which include only 2/3 water molecules coordinating
Mg?*/Ca®*. Whereas D268A mutant shows maximum wetness, which includes 4/5 water
molecules coordinating Mg?*/Ca?*. E190A and H254A mutants could be considered as of
intermediate wetness, consist of 3/4 water molecules coordinating with Mg?*/Ca?*. The magnitude
of divalent metal ion preference (favouring Mg®* over Ca?*) estimated from quantum chemical
calculations follow the order (WT & D265A) > (E190A & H254A) > D268A (Figure 5.5 and
5.6). Classical MD also suggests the discriminatory power (in favour of Mg?* binding relative to
Ca?") of WT Casl (dry binding pocket) is highest and lowest for D268A mutant (wet binding
pocket). Thus, it can be argued that the wetness of the binding pocket is linked to divalent metal
ion selectivity; dryness results in high selectivity. Indeed Mg?" and Ca®* have comparable binding
affinities with acetate in water (AG%ing ~ —1.73 versus —1.6 kcal/mol at 300K) (Xu et al., 2017).
The similarity of binding affinities (between Mg?* and Ca?*) may be due to the dielectric screening
of the water (Liu et al., 2017). The various divalent metal ion (viz., Mn?*, Mg?*, Ca®* etc.) binding
affinities to Casl catalytic pocket are experimentally unknown. Thus, our estimated divalent metal
ion selectivity (AAG’s) cannot be proved or disproved. We believe our work will encourage
experimental verification. The effects of metal ions on the structure and stability of a protein could
be investigated using a combination of circular dichroism and protein melting experiments (Sissi
etal., 2005). Cas1 in various buffers (differing only by divalent metal ion Mn?*, Mg?*, Ca?*) might
be subjected to CD experiments and thermal denaturation experiments. The secondary structure
content and Casl stability at various buffers might be monitored in the CD and protein melting

experiments respectively. CD and NMR experiments as a function of metal (Mn?* or Mg?* or Ca®*)
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titration to Casl protein might also provide the Casl:metal dissociation constant (Ye et al., 2001).
In principle, the Kq values will be obtained by fitting the titration curves from the CD signals and
NMR chemical shift changes. However, experimental verification might be challenging because
our estimated metal ion selectivity is related to only a specific site of the Casl protein. The role of
additional active site metals cannot be ruled out but has not yet been identified by experimental
studies. It is believed that single Mn?* in the Cas1 binding pocket coordinates the nuclease activity
(Yang et, 2008). Computer simulation suggests that Mg?* is preferred over Ca?* by Casl.
Moreover, divalent metal ion substitution (Mg by Ca?*) or mutations (E190A, H254A, and
D265A) alter the solvent accessibility of the divalent metal ion binding pocket, which might be

linked to its selectivity.
5.5 Conclusion

Efficient divalent-metal ion discrimination is essential for Casl mediated endonuclease activity.
Casl is known to be active with Mn?* and Mg?* (highest activity with the former) but loses its
activity with Ca?*. Mutation of the Casl protein residues in the divalent metal ion-binding site
inhibits Cas1-mediated DNA degradation. Using the crystal structure of Casl protein as a template,
we modelled and performed classical molecular dynamics simulations with Mg?*, Ca?* bound WT,
and mutant Cas1 proteins (Figure 5.7, 5.8, and 5.9), and attempted to estimate the divalent metal
ion selectivity in the binding pocket. Classical molecular dynamics free energy calculations
suggest that Casl imposes energy penalty of ~ 4-5 kcal/mol for Ca?* binding relative to Mg?*
(Figure 5.5). Quantum chemical calculations indicate: (1) Mg?* binding is preferred over Ca?*, in
line with the results obtained from classical MD simulations, (2) Mn?* is the most preferred ion in
the WT Cas1 binding pocket among all the three ions studied in this work (i.e. Mg?*, Ca**, Mn?*)
(Figure 5.6). The metal ion binding pocket of Cas1 is dry when bound to Mg?*. Ca?* substitution
results in a single water entry (wet) in the ion-binding pocket (Figure 5.7 ¢, and d). Mutation of
conserved amino acids that coordinates with the divalent metal ion also results in water exposure
of the metal ion binding pocket (Figure 5.8, and 5.9). The strength of divalent metal ion selectivity
depends on the wetness of the binding pocket. Wet binding pocket is less selective, and dry binding

pocket is more selective in favor of Mg?* binding relative to Ca?".
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Chapter 6

Overall conclusion and future perspective

Metal ions play key roles in a variety of cellular processes and serve a variety of functions within
their respective biological processes. Recent advancements in the structural characterization of
metal ion bound biomolecular complexes (RNA/protein) and the ever-increasing computational
power, make structure-based computational analysis as a powerful tool for understanding the
biology in terms of structure, dynamics and energetics in atomic detail. In this dissertation,
structure-based classical molecular dynamics free energy calculations and ab initio quantum
calculations were used to determine the thermodynamics of metal ion selectivity in RNA (group
Il intron) and protein (Casl) systems. An attempt has been made to correlate computed energetics

(strength of metal ion selectivity) with 3D structures or biomolecular structures.

In the Chapter 1, a brief overview of the group Il intron, Casl protein and the methodology

adopted in this thesis was discussed. Objectives of the thesis is described at the end of this chapter.

Chapter 2 discussed the principle of monovalent metal ion selectivity (K* vs. Na*) in group Il
intron at various stages of the splicing pathway (pre-hydrolytic, post-hydrolytic, and ligand-free
group-I1 intron) of a bacteria Oceanobaciellus iheyensis. We found that the strength of monovalent
ion selectivity (K™ versus Na* binding to intron: AAG) changes along the self-splicing pathway.
The ligand-free and pre-hydrolytic stages are highly selective for K* over Na*, whereas post-
hydrolytic show weak selectivity. Na* in the free and pre-hydrolytic states was shown to be trapped
in the dry pocket with an unsatisfied first coordination shell, resulting in strong discrimination
(AAG =6-7 kcal/mol) in favor of K*. On the other hand, the post-hydrolytic state allows water
entry and fulfills the Na* bonding requirement, resulting in minimal discrimination (AAG ~1

kcal/mol).

Chapter 3 provides insights into the energetics of divalent metal ion selectivity (Mg?* vs. Ca®*) in

bacterial (Oceanobaciellus iheyensis) group Il intron at various stages of splicing pathway (pre-
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hydrolytic, post-hydrolytic, and ligand-free group-11 intron). Estimated energetics show that group
Il intron imposes a very high energetic penalty (9-14 kcal/mol) for Ca?* binding in all three stages
of splicing. The orientation of nucleophilic water relative to scissile phosphate is strikingly
different between Mg?* and Ca?* bound pre-hydrolytic state. The nature of the divalent metal-ion
(Mg?* or Ca*?) does not disrupt the overall architecture/integrity of group Il intron but could
perturb the local environment, which might be sufficient to modulate the catalytic activity.
Furthermore, ab initio calculations ensured that the sign of AAG (Mg?* vs. Ca?*) estimated from
classical MD is correct.

Chapter 4 discussed the divalent (Mg?* vs. Ca®") and monovalent (K* vs. Na*) ion selectivity in
group Il intron of a eukaryotic brown algae Pylaiella littoralis. Two states of lariat intron were
considered for this study, i.e., pre-hydrolytic and post-hydrolytic states. Estimated
thermodynamics (AAG) suggests that lariat group Il intron is strongly selective for divalent-metal
ions (AAG ~ 12-19 kcal/mol, Mg?* versus Ca®*) but non-selective for monovalent ions (AAG ~ 0.0
kcal/mol, K* versus Na*). Divalent metal ion binding pocket was found to be compact and dry.
Thus, high selectivity was ensured by trapping the Ca?* in the binding pocket with the unsatisfied
first-shell coordination sphere. Moreover, the direct interaction between Mg?* and ribose sugar of
the 5’-exon (observed in the X-ray and MD structures) was disrupted in response to divalent-metal
ion substitution by Ca?*. The bonding requirement of the monovalent ion (K* or Na*) is satisfied

in the lariat intron resulting in weak selectivity.

Chapter 5 has explored the energetics of divalent metal ion selectivity (Mg?* vs. Ca®") in the
CRISPR-Cas system associated Casl protein. Classical molecular dynamics free energy
calculations suggest that Cas1 imposes the free energy penalty (AAG ~ 4-5 kcal/mol) for Ca?*
binding relative to Mg?*. Quantum chemical calculations indicate: (1) Mg?* binding is preferred
over Ca%*, in line with the results obtained from classical MD simulations, (2) Mn?* is the most
preferred ion in the WT Casl binding pocket among all the three ions studied in this work (i.e.,
Mg?*, Ca?*, Mn?*). The metal ion binding pocket of Casl is dry when bound to Mg?*. Ca?
substitution results in a single water entry in the ion-binding pocket. Mutation of conserved amino
acids that coordinates with the divalent metal ion also results in water exposure of the metal ion

binding pocket. The strength of divalent metal ion selectivity depends on the wetness of the binding

100
TH-2756_156106033



pocket. Wet binding pocket is less selective, and dry binding pocket is more selective in favor of

Mg?* binding relative to Ca®*.

In this dissertation, we established that structure-based molecular dynamics free energy
calculations are a viable and reliable methodology for answering some of the most fundamental
concerns underlying metal ion selectivity in biological systems comprising proteins and RNAs.
Water accessibility of the metal-ion binding pocket seems to be linked with the strength of
recognition by biomolecules viz., group Il intron, and Casl protein. Dry binding pocket results in
high selectivity, whereas water accessibility diminishes the strength of recognition. Our approach
of combining classical MD and quantum chemical calculations is relatively less expensive and
successful in establishing the link between 3D atomic structures (cognate or near-cognate
complexes) of the biomolecule and free energy differences. The same structure-based simulation
strategy could be used to estimate the strength of recognition for related RNA and protein in

general.
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Appendices

Appendix 2

Table 2.1. Calculated free energetics (in kcal/mol) and simulation time scale (in ns) for the
alchemical transformation of K1 = Nal in free and intron bound conformations.

System Alchemical Simulation length (Time in nano AG
transfor- seconds)
mation Equilibra- | Free Dy- | Freeen-
tion namics | ergy cal-
culations
by Ther-
mody-
namic in-
tegration
0.28 2 22 -23.47 (0.41)
0.28 2 22 -23.45 (0.35)
In solution K*=> Na* 0.32 2 22 -23.36 (0.56)
0.32 2 22 -23.28 (0.28)
0.32 2 22 -23.51 (0.37)
Average over 5 repli- | -23.41+0.39
cas
0.28 2 22 -15.91 (0.17)
0.49 2 22 -16.38 (0.35)
Ligand free K*=> Na* 0.32 2 22 -15.55 (0.30)
state 0.32 2 22 -15.73 (0.50)
0.32 2 22 -15.57 (0.29)
0.38 5 55 -15.56 (0.59)
Average over 6 repli- | - 15.78+0.36
cas
0.32 2 22 -17.66 (0.59)
0.32 2 22 -17.41 (0.65)
Pre-hydro- K*-> Na* 0.63 2 22 -16.70 (0.44)
Iytic state 0.63 2 22 -17.54 (1.02)
0.32 2 22 -17.23 (0.30)
Average over 5 repli- | -17.30+0.60
cas
0.20 2 22 -23.66 (0.73)
Post-hydro- K> Na* 0.26 2 22 -22.65 (0.90)
Iytic state 0.24 2 22 -21.63 (1.05)
0.30 2 22 -22.03 (0.48)
Average over 4 repli- | -22.49+0.79
cas
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Table 2.2: Free energy derivative 0G/0\ vs A plot for alchemical transformation K™ - Na*. Free
energies in kcal/mol. The MD trajectories were divided into two equal halves and the difference
between the computed 0G/0X’s from the two halves is reported as uncertainty in the parenthesis

at each A points.

K*=> Na* in solution

Run1

Run 2

Run 3

Run 4

Run 5

1.0

07.25 (0.06)

07.12 (0.20)

07.28 (0.02)

07.28 (0.27)

07.20 (0.12)

0.9

08.97 (0.22)

08.95 (0.06)

08.78 (0.19)

08.91 (0.02)

08.98 (0.23)

0.8

10.52 (0.00)

11.05 (0.22)

10.95 (0.07)

10.80 (0.36)

11.05 (0.30)

0.7

13.23 (0.11)

13.60 (0.31)

13.33 (0.33)

13.63 (0.00)

13.17 (0.70)

0.6

16.49 (0.11)

16.41 (0.31)

16.46 (0.71)

15.99 (0.38)

16.12 (0.21)

0.5

20.00 (0.29)

20.23 (0.90)

20.01 (0.18)

19.89 (0.02)

20.25 (0.22)

0.4

24.41 (0.32)

24.24 (0.19)

24.19 (1.02)

24.12 (0.70)

24.52 (0.24)

0.3

29.87 (1.23)

29.76 (0.00)

29.17 (0.00)

30.11 (0.56)

30.40 (0.62)

0.2

36.35 (0.28)

35.90 (0.10)

36.24 (0.38)

35.08 (0.28)

36.34 (0.90)

0.1

44.38 (1.72)

44.27 (0.88)

43.91 (1.35)

43.88 (0.52)

43.88 (0.52)

0.0

53.73 (0.24)

53.01 (0.75)

53.92 (2.01)

53.56 (0.02)

53.59 (0.02)

AG

-23.47 (0.41)

-23.45 (0.35)

-23.36 (0.56)

-23.28 (0.28)

-23.51 (0.37)

Run 1

K*=>» Na* in ligand-free group Il intron

Run 2

Run 3

Run 4

Run 5

Run 6

1.0

06.06 (0.06)

05.95 (0.15)

05.11 (0.11)

05.65 (0.47)

05.94 (0.08)

05.98(0.15)

0.9

07.33 (0.16)

07.15 (0.21)

05.86 (0.51)

06.68 (0.03)

07.01 (0.00)

06.62(0.18)

0.8

08.25 (0.22)

08.54 (0.04)

07.32 (0.06)

08.62 (0.03)

07.73 (0.29)

08.57(0.37)

0.7

09.51 (0.11)

09.86 (0.13)

09.00 (0.53)

10.16 (0.21)

09.23 (0.70)

09.73(0.53)

0.6

11.59 (0.10)

12.33 (0.16)

11.22 (0.24)

11.83 (0.55)

11.41 (0.38)

11.74(0.29)

0.5

13.94 (0.05)

14.48 (0.38)

14.08 (0.08)

13.53 (0.00)

13.84 (1.01)

13.30(0.20)

0.4

16.81 (0.12)

17.88 (0.27)

16.24 (0.03)

16.20 (0.52)

15.76 (0.20)

16.31(1.02)

0.3

19.55 (0.12)

20.40 (0.82)

19.88 (0.65)

19.27 (0.43)

19.37 (0.31)

19.23(1.21)

0.2

23.30 (0.36)

23.66 (0.19)

24.31 (0.43)

23.94 (0.82)

22.40 (0.05)

22.58(0.09)

0.1

28.70 (0.34)

28.78 (0.14)

28.73 (0.15)

2767 (0.70)

29.41 (0.17)

27.56(1.24)

0.0

34.17 (0.26)

35.42 (1.37)

32.54 (0.53)

33.15 (1.78)

33.18 (0.10)

33.99(1.22)

AG

-15.91(0.17)
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K*-> Na* in pre-hydrolytic group Il intron state

A Run 1 Run 2 Run 3 Run 4 Run 5
1.0 | 06.71 (0.16) | 06.38 (0.24) | 06.09 (0.04) | 06.49 (0.50) | 06.63(0.19)
0.9 | 07.84(0.13) | 07.22 (0.17) | 07.65(0.07) |07.83(0.26) | 07.86 (0.29)
0.8 | 09.35(0.00) | 09.37 (0.25) | 08.72 (0.42) |09.23(0.24) | 08.83(0.07)
0.7 | 11.30 (0.36) | 11.25(1.04) | 10.86 (0.09) | 10.56 (0.19) | 11.47 (0.06)
0.6 | 13.83(0.17) | 13.34 (0.05) | 12.61(0.76) |12.31(0.34) |13.15(0.11)
0.5 | 15.34 (0.68) | 15.51 (0.38) | 15.26 (0.10) | 14.80(0.31) | 15.36(0.20)
0.4 | 18.20 (0.74) | 18.29 (0.38) | 17.78(0.29) | 17.82(0.45) | 18.08 (0.18)
0.3 | 21.30(0.30) | 21.83 (0.40) | 20.34 (1.02) |20.83(0.70) | 22.02 (0.43)
0.2 | 27.23(0.83) | 25.99 (1.74) | 24.68 (0.19) |24.89(0.18) | 25.25(0.24)
0.1 | 32.10(2.12) | 29.57 (1.02) | 28.95(0.25) |28.94 (0.16) | 29.15 (0.93)
0.0 | 33.51(1.04) | 37.16 (1.56) | 34.17 (1.66) | 49.88(7.94) | 35.64 (0.63)
AG | -17.66 (0.59 | -17.41 (0.65) | -16.70 (0.44) |-17.54 (1.02) | -17.23 (0.30)
K*-> Na* in post-hydrolytic group Il intron state

A Run 1 Run 2 Run 3 Run 4

1.0 | 06.06 (0.22) | 07.07 (0.22) | 05.69 (0.02) | 05.29 (0.03)

0.9 | 07.20 (0.53) | 09.74 (0.76) | 07.96 (0.09) | 06.10 (0.01)

0.8 | 10.49 (0.24) | 10.94 (0.59) | 09.11(0.04) | 07.69 (0.55)

0.7 | 13.63(0.35) | 13.93(0.12) | 12.45(1.21) | 10.16 (0.77)

0.6 | 18.13(1.26) | 16.33(0.25) | 16.87 (0.62) | 17.21 (0.61)

0.5 | 19.67 (0.62) | 18.47 (0.37) | 19.59 (1.26) | 21.43 (0.26)

0.4 | 25.63(0.45) | 24.09 (3.08) | 23.04 (3.19) | 25.48 (0.80)

0.3 | 31.28(1.04) | 29.25(3.09) | 27.64 (1.45) | 30.24 (0.25)

0.2 | 36.73(0.90) | 32.08 (0.38) | 34.18(1.36) | 34.89 (0.50)

0.1 | 45.15(1.90) | 42.41(0.39) | 37.67 (2.25) | 39.93 (0.64)

0.0 | 51.37(0.61) | 51.39(0.72) | 49.81(0.16) | 49.00 (0.86)

AG | -23.66(0.73) |-22.65(0.90) | -21.63(1.05) | -22.03(0.48)
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Figure 2.1. Root-mean-square deviation and MD (sticks) vs X-ray (line) structural comparison (a)
RMSD of heavy atoms within 22A of unrestrained simulation sphere with respect to X-ray
structure. RMSD is shown for 2ns MD trajectory averaging over 2ps interval. (b) Ligand Free

intron (c) intron in Pre-hydrolytic state (d) intron in Post-hydrolytic state.

MD structure Crystal structure
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Figure 2.2. (a) Active site of Nal bound group Il intron: MD insight of the high energy state. (b)

X-ray structure of group Il intron in presence of Na*and Mg?*. No ions were bound to the X-ray

structure and different conformation of CYT377 and ADE287 is visible (marked with arrow in the

MD structure).
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Figure 2.3. Plot of free energy derivative vs A (coupling coordinate) for the alchemical

transformation of K* — Na* in the free and intron bound state for different replicas (denoted with

different color). Data for different replicas are shown in different color. Uncertainties are shown

as vertical bars (often too small to be seen). Total number of A points = 11.
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Appendix 3

Table 3.1. Alchemical coordinate A was defined and connects end states i.e, A =1 corresponds to

Mg?* and A =0 corresponds to Ca?*. Free energy derivative 6G/O\ was calculated for alchemical

transformation Mg*2 > Ca*2 for 11 points between 1 and 0. Free energy derivative was calculated

as 0G/0h = <U(A=1) — U (A=1)>,, where < > represents averaging over MD trajectory at a specific

value of A. Alchemical transformation associated free energies (in kcal/mol) was calculated by

numerically integrating 6G/oA vs A plot. The MD trajectories were divided into two equal halves

and the difference between the computed 6G/0A’s from the two halves is reported as uncertainty

in the parenthesis at each A point. Derivative at each A is given below:

Mg?* = Ca?* in solution

A Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
1.0 | -153.84(0.16) | -154.32(0.71) | -155.68(0.08) | -154.70 (0.53) | -154.85 (0.80) | -154.39 (1.78)
0.9 | -121.86(0.33) | -122.17(0.07) | -121.06(1.49) | -121.23 (0.73) | -121.03 (1.34) | -121.43(0.32)
0.8 | -100.52(0.68) | -100.19(1.13) | -99.68(0.81) | -100.28 (0.08) | -99.83(0.92) | -100.40 (0.10)
0.7 | -8457(0.42) | -84.15(0.54) | -84.29(0.36) | -83.57 (0.01) -84.65 (0.40) -84.29 (0.34)
0.6 | -72.25(0.05) | -71.84(0.67) | -72.20(0.27) | -71.67 (0.01) -72.30 (1.51) -71.62 (0.46)
0.5 | -62.09(0.44) | -62.06(0.40) | -61.58(0.72) | -61.76 (0.14) -61.75 (0.58) -61.55 (0.90)
0.4 | -53.08(0.77) | -53.75(0.95) | -53.00(0.62) | -52.40 (2.23) -52.69 (1.68) -53.13 (0.08)
0.3 | -44.73(0.69) | -4451(1.38) | -45.29(0.74) | -45.04(0.72) -44.16 (0.90) -45.47 (0.20)
0.2 | -34.74(1.64) | -34.47(0.15) | -34.13(1.97) | -34.11(0.56) -34.65 (2.56) -34.70 (0.35)
0.1 | -27.67(1.53) | -26.93(0.24) | -27.41(0.26) | -27.44(0.44) -26.79 (0.33) -26.77 (0.29)
0.0 | -24.05(0.38) | -23.55(0.43) | -23.64(0.63) | -23.17(0.40) -23.30 (0.50) -23.09 (0.36)
AG | 69.05(0.64) 68.90(0.60) 68.83(0.72) 68.64 (0.50) 68.69 (1.04) 68.81 (0.47)
Mg?* = Ca?* in ligand-free group Il intron
A Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
1.0 | -337.13(2.75) | -340.12(0.32) | -341.38(1.83) | -343.90(0.26) | -339.65(0.79) | -341.13(1.95)
0.9 | -261.11(0.11) | -265.20(1.66) | -263.86(1.85) | -267.75(0.70) | -262.94(0.44) | -265.16(1.24)
0.8 | -212.40(2.08) | -218.11(1.84) | -216.58(1.47) | -217.95(1.84) | -216.62(0.25) | -216.85(0.41)
0.7 | -179.76(0.18) | -182.23(0.77) | -181.29(0.91) | -184.14(1.45) | -181.98(0.82) | -182.26(0.71)
0.6 | -153.82(0.70) | -155.40(0.20) | -154.74(1.54) | -155.02(1.28) | -154.39(0.08) | -154.48(0.54)
0.5 | -131.70(0.61) | -134.20(1.09) | -133.33(1.35) | -132.82(1.32) | -133.12(0.39) | -134.36(0.82)
0.4 | -113.93(0.19) | -115.53(0.34) | -116.00(0.68) | -115.94(0.57) | -115.91(0.45) | -115.47(0.38)
0.3 | -99.14(0.54) |-101.48(1.82) | -100.76(2.18) | -100.30(1.34) | -101.00(0.16) | -99.49(0.07)
0.2 | -84.39(3.46) | -84.96(1.89) | -84.43(2.42) | -84.84(1.04) | -86.72(1.40) | -86.64(1.50)
0.1 | -69.28(1.85) | -72.81(2.65) | -70.70(2.62) | -73.54(1.15) | -72.35(1.07) | -72.88(0.13)
0.0 | -59.74(1.11) | -61.41(0.10) | -60.75(0.04) | -60.59(0.83) | -61.59(0.02) | -61.35(0.09)
AG | 150.40(1.23) | 153.07(1.15) | 152.28(1.53) | 153.45(1.07) | 152.56(0.53) | 152.08(0.71)
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Run1

Run 2

Run 3

Ca?* - Mg?*in pre-hydrolytic group Il intron

Run 4

Run 5

1.0

63.41 (1.07)

63.28 (1.03)

62.95 (0.58)

58.58 (0.58)

59.05 (0.41)

0.9

70.90 (0.07)

72.20 (1.50)

72.36 (0.64)

71.25 (0.19)

66.95 (0.13)

0.8

82.28 (0.15)

81.38 (0.64)

82.64 (0.15)

80.44 (1.26)

86.45 (0.47)

0.7

92.34 (1.79)

94.45 (0.98)

94.14 (0.75)

93.30 (0.90)

99.55 (0.06)

0.6

106.69 (1.25)

113.91 (1.97)

108.08 (0.28)

105.91 (0.37)

115.85 (0.44)

0.5

129.99 (0.60)

130.41 (0.52)

124.51 (0.27)

121.39 (0.56)

130.69 (1.00)

0.4

150.83 (0.98)

152.28 (0.25)

143.75 (0.51)

143.67 (0.21)

153.05 (0.70)

0.3

179.38 (2.65)

181.17 (1.31)

168.73 (1.31)

169.14 (2.51)

185.08 (1.31)

0.2

210.48 (2.03)

220.17 (2.22)

213.44 (0.91)

211.92 (0.20)

222.41 (2.46)

0.1

271.95 (2.88)

265.77 (1.33)

272.63 (2.96)

267.37 (0.02)

273.85 (0.04)

0.0

332.86 (0.39)

361.01 (2.06)

355.15 (2.20)

353.57 (0.21)

355.00 (1.14)

AG

-149.30 (1.26)

-152.39 (1.25)

-148.93 (0.96)

-147.04 (0.64)

-154.10 (0.74)

Run 1

Mg?* = Ca?* in post-hydrolytic group Il intron

Run 2

Run 3

Run 4

Run 5

Run 6

1.0

-332.98(1.18)

-330.67(0.11)

-330.63(2.68)

-327.40(3.23)

-331.10(0.96)

-330.22(1.08)

0.9

-256.39(0.20)

-256.87(1.78)

-253.85(0.15)

-255.90(3.52)

-256.89(0.05)

-254.07(2.45)

0.8

~210.14(0.09)

-210.79(1.86)

-209.61(2.78)

-211.27(0.85)

-210.33(0.45)

-207.58(1.25)

0.7

-177.11(2.03)

-176.37(1.07)

-175.60(0.06)

-177.55(1.95)

-175.62(1.28)

-176.34(1.34)

0.6

-152.64(2.02)

-153.60(0.03)

-149.11(0.23)

-150.66(0.26)

-148.17(1.59)

-148.42(0.31)

0.5

~130.54(0.00)

-131.53(2.12)

-132.42(0.06)

~128.12(0.89)

-128.41(1.88)

-132.30(2.18)

0.4

-113.59(0.67)

-114.16(1.30)

-113.72(0.71)

-113.24(0.07)

-109.67(4.55)

-109.71(2.10)

0.3

-97.62(0.57)

-97.42(3.80)

-98.29(0.89)

-101.10(0.63)

-94.99(0.46)

-94.60(3.00)

0.2

-83.86(1.69)

-83.43(0.29)

-81.45(0.76)

-84.40(0.29)

-78.59(0.02)

-79.65(0.46)

0.1

-71.38(0.84)

-65.66(1.78)

-63.46(3.16)

-64.48(3.49)

-58.44(1.02)

-66.26(2.90)

0.0

-61.31(1.35)

-54.26(1.44)

-52.50(0.72)

-53.94(1.56)

-53.35(0.26)

-60.56(1.03)

AG

149.04(0.97)
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Table 3.2. Free energy calculations. (a) Calculated free energetics (in kcal/mol) and simulation
time scale (in ns) for the alchemical transformation of Mg?*=> Ca?* in free and intron bound

conformations.

System | Alchemical | Rep- MD Free en- Estimated AG
transfor- lica Equili- ergy calcu- (kcal/mol)
mation bration lations
Time (ns) | Time (ns)
Run 1 2.28 22 69.05 (0.64)
Run 2 2.28 22 68.90 (0.60)
(A) Free Mg*?-> Run 3 2.32 22 68.83 (0.72)
in water Ca*™ Run 4 2.32 22 68.64 (0.50)
Run 5 2.32 22 68.69 (1.04)
Run 6 2.38 22 68.81 (0.47)
Average = 68.82 +0.13
Run 1 2.28 22 150.40 (0.47)
Run 2 2.28 22 153.07 (0.30)
(B) Lig- Mg*> Run 3 2.32 22 152.28 (1.12)
and-free Ca*? Run 4 2.32 22 153.45 (0.14)
intron Run 5 2.32 22 152.56 (0.14)
state Run 6 2.38 22 152.08 (0.46)
Average = 152.30 £0.97
Run 1 0.28 22 -149.30 (1.58)
Run 2 0.28 22 -152.39 (0.26)
(C) Pre- Ca**> | Run3 0.32 22 -148.93 (0.84)
hydrolytic Mg*2 Run4| 0.38 22 -154.10 (0.23)
intron Run 5 0.32 22 -147.04 (0.38)
Average = -150.34 £2.53
Run 1 0.28 22 149.04 (0.56)
Run 2 0.28 22 148.23 (0.55)
(D) Post Mg*-> Run 3 0.32 22 146.91 (0.29)
hydrolytic Ca* Run4 | 0.32 22 147.74 (0.92)
-state Run 5 0.32 22 145.33 (0.65)
Run 6 0.38 22 146.43 (0.97)

Average = 147.28 +1.21
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Table 3.3. Calculated Mg?* vs Ca?* relative binding free energy (AAG in kcal/mol) to group II

intron active sites M1, M2.

State (Alchemical path) AGcomp AGfree AAG
Pre-hydrolytic state 150.34 +2.53 11.91 (2.49)
(2 Mg?* 2 Ca?)
Post-hydrolytic state 147.28 +1.21 9.64 (3.01)
(2 Mg?* 2 Ca?") 137.64 £0.13
Ligand —free state 152.30 +0.97 14.66 (2.40)
(2 Mg?* >2 Ca?)

Table 3.4. Quantum chemical single point energies calculated for free and intron bound divalent

ions embedded into a water dielectric.

Energy (Au) E4+ES-
(E1+E2)*62
7.5095
+(2El) +2 +2(E2)+2 i +2(E3)+2 +§E4) +2 = AE (ill
System Theory | [Mg' Mg™- | [Ca™ Ca™in- | [Ca™ Ca™- | [Mg™ Mg™- | ca1/mol)
Wat] tron] Wat] intron]

Pre | b3lyp/631+g* | -399.6619832 | -7823.4542225 | -1354.9648355 | -6868.3557733 | -128.26
MO062X/6- -399.624579 | -7822.9552468 | -1355.0242504 | -6867.7823557 | -142.31
311++g**

Post | b3lyp/631+g* | -399.6619832 | -6795.8063715 | -1354.9648355 | -5840.71433 -132.28
MO062X/6- -399.624579 | -6795.4221387 | -1355.0242504 | -5840.1914875 | -106.06
311++g**

Free | b3lyp/631+g* | -399.6619832 | -6644.376168 | -1354.9648355 | -5689.3103142 | -148.72
MO062X/6- -399.624579 | -6644.082263 | -1355.0242504 | -5688.8908034 | -130.65
311++g**
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Figure 3.1. (a) The convergence of MD simulations, RMSD vs Time from 10ns trajectory.
Structural comparison around M1, M2 sites of group Il intron: X-ray (line) and MD structure

(sticks), (b) ligand-free state (c) pre-hydrolytic state (d) post-hydrolytic state.
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Figure 3.2. Number of waters around M2 (left) and M1 (right) sites. (a,b) Pre-hydrolytic state (c,d)

post-hydrolytic state and (e,f) ligand-free state

Appendix 4

Table 4.1. Estimated free energetics (in Kcal/mol) and simulation time scale (in ns) for the
alchemical transformation of Mg?*— Ca?*, and K*— Na" in water (Free) and in complex with
lariat group Il intron at pre-hydrolytic and post-hydrolytic state.
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Alchemical System Replica MD Free en- Estimated AG
transfor- ergy calcula- (Kcal/mol)
mation tions
Time (ns)

Replica 1 25 68.90 (0.41)

Replica 2 25 68.83 (0.56)

Replica 3 25 68.64 (0.62)

Free inwater | Replica 4 25 68.69 (0.67)

Replica 5 25 68.81 (0.49)

Average 68.77 £0.11

Replica 1 25 150.56 (1.57)

Replica 2 25 150.38 (1.52)

Replica 3 25 150.74 (1.67)

Replica 4 25 150.22 (2.23)

Pre-hydrolytic | Replica 5 25 151.68 (1.10)

Mg?* — Ca?* state Replica 6 25 151.52 (0.79)
Average 150.85 (0.61)

Replica 1 25 156.45 (1.78)

Replica 2 25 157.69 (1.40)

Replica 3 25 155.18 (2.56)

Replica 4 25 158.53 (1.57)

Post-hydrolytic | Replica 5 25 157.91 (1.41)

state Replica 6 25 157.88 (1.56)
Average 157.27 (1.23)

Replica 1 25 -23.47 (0.41)

Replica 2 25 -23.45 (0.35)

Replica 3 25 -23.36 (0.56)

Free in water | Replica 4 25 -23.28 (0.28)

Replica 5 25 -23.51 (0.37)

Average -23.41 (0.09)

Replica 1 25 -22.53 (0.72)

Replica 2 25 -20.09 (0.41)

Replica 3 25 -21.57 (0.55)

Replica 4 25 -20.61 (1.56)

Pre-hydrolytic | Replica 5 25 -21.49 (0.38)

K Na* state Replica 6 25 -22.40 (0.77)
Average -21.45 (0.96)

Replica 1 25 -23.56 (0.98)

Replica 2 25 -22.84 (0.94)

Replica 3 25 -22.90 (1.43)

Replica 4 25 -25.77 (1.08)

Post-hydrolytic | Replica 5 25 -25.37 (1.15)

state Replica 6 25 -24.35 (0.56)

Average -24.13 (1.25)
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Table 4.2. Alchemical coordinate A was defined that connects end states i.e, A =1 corresponds to

Mg?*/K* and A =0 corresponds to Ca?*/Na*. Free energy derivative 0G/O\ was calculated for

alchemical transformation Mg?*—Ca?*/K*—Na* for 11\ points between 1 and 0. Free energy

derivative was calculated as 0G/OA = <U(A=1) — U (A=1)>3, where < > represents averaging over

MD trajectory at a specific value of A. Alchemical transformation associated free energies (in

Kcal/mol) was calculated by numerically integrating 6G/0\A vs A plot. The MD trajectories were

divided into two equal halves and the difference between the computed 0G/0\’s from the two

halves is reported as uncertainty in the parenthesis at each A point. Derivative at each A is given

below:
Mg?*—Ca?* free in water

A Replica 1 Replica 2 Replica 3 Replica 4 Replica 5

1.00 | -154.32 (0.71) | -155.68 (0.08) | -154.70 (0.53) | -154.85(0.80) | -154.39 (1.78)

0.90 | -122.17 (0.07) | -121.06 (1.49) | -121.23 (0.73) | -121.03 (1.34) | -121.43(0.32)

0.80 | -100.19 (2.13) | -99.68 (0.81) | -100.28 (0.08) | -99.83(0.92) | -100.40 (0.10)

0.70 | -84.15(0.54) | -84.29(0.36) | -83.57 (0.01) | -84.65 (0.40) -84.29 (0.34)

0.60 | -71.84 (0.67) | -72.20(0.27) | -71.67 (0.01) | -72.30 (1.51) -71.62 (0.46)

0.50 | -62.06 (0.40) | -61.58(0.72) | -61.76(0.14) | -61.75 (0.58) -61.55 (0.90)

0.40 | -53.75(0.95) | -53.00(0.62) | -52.40(2.23) | -52.69 (1.68) -53.13 (0.08)

0.30 | -44.51(1.38) | -45.29(0.74) | -45.04(0.72) | -44.16 (0.90) -45.47 (0.20)

0.20 | -34.47 (0.15) | -34.13(1.97) | -34.11(0.56) | -34.65 (2.56) -34.70 (0.35)

0.10 | -26.93 (0.24) | -27.41(0.26) | -27.44(0.44) | -26.79 (0.33) -26.77 (0.29)

0.00 | -23.55(0.43) | -23.64(0.63) | -23.17 (0.40) | -23.30 (0.50) -23.09 (0.36)

AG | 68.90 (0.41) 68.83 (0.56) 68.64 (0.62) 68.69 (0.67) 68.81 (0.49)

Mg?*—Ca?* pre-hydrolytic state
A Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 Replica 6
1.00 | -335.63 (3.37) | -335.68 (5.39) | -334.78 (3.67) | -338.06 (7.88) | -340.30 (0.38) | -352.04 (0.76)
0.90 | -257.91 (3.01) | -257.09 (2.04) | -261.65 (2.03) | -256.23 (3.94) | -261.06 (0.39) | -260.39 (2.40)
0.80 | -210.25 (0.62) | -212.41 (2.59) | -215.20 (0.78) | -210.22 (0.71) | -214.50 (0.29) | -213.68 (1.72)
0.70 | -174.19 (0.49) | -180.32 (0.51) | -179.85(2.47) | -174.01 (0.28) | -181.21 (1.66) | -178.65 (0.60)
0.60 | -150.06 (1.75) | -150.73 (0.96) | -149.41 (5.45) | -150.70 (0.67) | -151.32 (2.33) | -153.47 (0.12)
0.50 | -129.55 (1.46) | -130.64 (0.65) | -127.41(1.80) | -129.31 (0.86) | -132.07 (0.89) | -132.65 (1.23)
0.40 | -115.88 (0.26) | -114.35(0.73) | -109.92 (0.20) | -110.80 (1.10) | -113.77 (0.00) | -112.11(0.31)
0.30 | -101.74 (0.39) | -93.27 (2.35) | -99.20(0.53) | -100.43 (1.29) | -100.31 (0.86) | -96.80 (0.07)
0.20 | -88.25(0.25) | -86.26 (0.09) | -86.93(0.50) | -89.29(0.42) | -86.81(1.48) | -84.47 (0.36)
0.10 | -76.86 (1.60) | -77.43(0.31) | -76.60(0.61) | -79.08 (1.14) | -75.45(1.33) | -74.16(0.49)
0.00 | -66.20 (4.13) | -66.91(1.14) | -67.54(0.36) | -66.21(6.22) | -60.13 (2.50) | -65.60 (0.68)
AG | 150.56 (1.57) | 150.38 (1.52) | 150.74 (1.67) | 150.22 (2.23) | 151.68 (1.10) | 151.52 (0.79)
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Mg?*—Ca?* post-hydrolytic state

A Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 Replica 6
1.00 | -367.73 (2.92) | -367.97 (4.29) | -375.10 (2.43) | -373.72 (3.58) | -365.99 (2.08) | -355.53 (4.87)
0.90 | -277.77 (1.59) | -278.79 (0.86) | -284.41 (2.30) | -279.84 (0.08) | -277.56 (0.46) | -275.85 (0.77)
0.80 | -224.61 (4.11) | -224.59 (1.26) | -229.78 (2.72) | -226.46 (0.28) | -226.29 (2.52) | -223.92 (1.85)
0.70 | -187.08 (1.76) | -188.54 (2.11) | -173.30 (4.17) | -189.90 (0.47) | -188.32(0.11) | -185.83 (3.30)
0.60 | -159.54 (2.00) | -160.21 (0.63) | -146.71 (1.31) | -159.40 (1.92) | -160.00 (1.31) | -158.89 (0.89)
0.50 | -135.76 (2.11) | -136.91 (0.45) | -130.55 (2.41) | -135.63 (0.91) | -138.28 (0.04) | -137.04 (1.37)
0.40 | -115.40 (0.47) | -117.41 (0.59) | -113.34 (4.45) | -118.19 (1.10) | -117.55 (0.15) | -116.73 (1.30)
0.30 | -100.35(2.27) | -98.72(3.56) | -94.73 (2.77) | -97.85(5.29) | -103.04 (1.42) | -102.22 (0.91)
0.20 | -79.69 (0.43) | -83.83(0.69) | -85.22(4.70) | -84.10(0.47) -80.14 (1.84) -89.60 (0.84)
0.10 | -70.82 (1.05) | -72.03(0.16) | -74.38(0.83) | -74.02(1.08) -74.78 (2.52) -77.41 (0.68)
0.00 | -59.20(0.92) | -63.65(0.77) | -63.60(0.10) | -65.94 (2.05) -60.13 (3.11) -67.12 (0.38)
AG | 156.45(1.78) | 157.69 (1.40) | 155.18 (2.56) | 158.53(1.57) | 157.91 (1.41) | 157.88 (1.56)
K*—Na* free in water

A Replica 1 Replica 2 Replica 3 Replica 4 Replica 5

1.00 07.25 (0.06) 07.12 (0.20) 07.28 (0.02) 07.28 (0.27) | 07.20 (0.12)

0.90 08.97 (0.22) 08.95 (0.06) 08.78 (0.19) 08.91 (0.02) | 08.98 (0.23)

0.80 10.52 (0.00) 11.05 (0.22) 10.95 (0.07) 10.80 (0.36) | 11.05 (0.30)

0.70 13.23 (0.11) 13.60 (0.31) 13.33(0.33) 13.63 (0.00) | 13.17 (0.70)

0.60 16.49 (0.11) 16.41 (0.31) 16.46 (0.71) 15.99 (0.38) | 16.12 (0.21)

0.50 20.00 (0.29) 20.23 (0.90) 20.01 (0.18) 19.89 (0.02) | 20.25 (0.22)

0.40 24.41 (0.32) 24.24 (0.19) 24.19 (1.02) 24.12 (0.70) | 24.52 (0.24)

0.30 29.87 (1.23) 29.76 (0.00) 29.17 (0.00) 30.11 (0.56) | 30.40 (0.62)

0.20 36.35 (0.28) 35.90 (0.10) 36.24 (0.38) 35.08 (0.28) | 36.34 (0.90)

0.10 44.38 (1.72) 44.27 (0.88) 43.91 (1.35) 43.88 (0.52) | 43.88(0.52)

0.00 53.73 (0.24) 53.01 (0.75) 53.92 (2.01) 53.56 (0.02) | 53.59 (0.02)

AG -23.47 (0.42) -23.45(0.36) | -23.36 (0.57) | -23.28 (0.28) | -23.51 (0.37)

115

TH-2756_156106033




K*—Na* pre-hydrolytic state

. | Replical Replica 2 Replica 3 Replica 4 Replica 5 Replica 6
1.00 | 6.27(0.07) 6.75 (0.19) 6.67 (1.12) 4.47 (0.28) 6.38 (0.06) 6.17 (0.18)
0.90 | 7.39(0.30) 8.11 (0.31) 7.11 (0.26) 6.08 (1.80) 7.38 (0.61) 7.71 (0.38)
0.80 | 11.02 (0.60) 10.12 (0.26) | 8.69 (0.78) 7.00 (1.27) 11.59 (0.17) | 10.42 (0.22)
0.70 | 13.31(0.45) 14.51 (0.45) | 10.75(0.01) | 8.51 (1.29) 13.03 (0.33) | 12.32(0.63)
0.60 | 16.87(0.21) 16.33 (0.29) | 15.01(0.01) | 9.55(0.51) 14.36 (0.02) | 14.96 (0.10)
0.50 | 21.51(0.22) 18.27 (0.74) | 19.71(0.30) | 22.38(0.88) | 14.84(0.03) | 18.95 (0.20)
0.40 | 23.27(0.06) | 21.43(0.04) | 22.35(0.64) | 26.24(0.80) | 22.96 (0.94) | 26.38(0.72)
0.30 | 27.62(2.63) | 24.49(0.14) | 27.57 (0.03) | 28.47(1.74) | 27.91(0.74) | 30.06 (1.20)
0.20 | 35.50(0.88) | 29.81(0.85) | 34.31(0.71) | 30.67 (2.27) | 34.99 (0.96) | 37.32(1.38)
0.10 | 41.11(0.50) | 33.07(0.15) | 41.65(0.03) | 39.90(0.44) | 39.41(0.17) | 37.97(1.81)
0.00 | 48.99(2.03) | 42.81(1.11) | 50.26 (2.18) | 50.02 (5.90) | 50.32 (0.13) | 49.50 (1.70)
AG |-2253(0.72) |-20.09 (0.41) |-21.57 (0.55) | -20.61 (1.56) |-21.49(0.38) | -22.40 (0.77)

K*—Na* post-hydrolytic state
A Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 Replica 6
1.00 | 7.88 (0.18) 7.07 (0.26) 7.58 (0.33) 7.46 (0.37) 6.33 (0.30) 7.38(0.17)
0.90 | 9.15 (0.76) 8.43 (0.68) 8.00 (0.42) 9.90 (0.99) 8.05 (0.69) 9.01 (0.79)
0.80 | 11.05(1.37) 10.75 (0.57) |10.29(0.02) |11.75(0.14) |10.25(0.68) | 11.50(0.29)
0.70 | 13.87 (2.68) 12.67 (0.10) |12.71(0.70) |14.72(1.62) |14.54(1.16) |13.93(0.03)
0.60 | 17.70 (0.97) 16.23 (0.31) | 16.00(1.00) |18.38(0.91) | 16.09(0.22) |17.18(0.78)
0.50 | 21.06 (1.59) 18.63 (1.95) [19.36(2.52) |22.13(0.54) |25.92(0.38) |19.89(0.21)
0.40 | 25.28 (0.06) 24.49 (0.86) | 25.24 (0.60) |24.69 (1.52) | 27.89(2.82) |24.83(0.46)
0.30 | 28.87 (0.94) 29.05(0.35) |28.34(3.21) [30.98(0.18) |34.26(1.74) [29.03(0.39)
0.20 | 36.37 (0.26) 35.28(1.44) |36.21(0.32) |41.10(0.81) |34.32(0.04) [37.38(1.12)
0.10 | 42.87 (0.80) 42.34 (0.86) |42.53(1.07) [50.41(1.86) |49.84(3.13) |48.47(0.76)
0.00 | 50.81 (0.37) 54.01 (2.99) |52.94 (5.54) |59.71(2.97) |58.60(1.51) |[57.03(1.16)
AG |-23.56 (0.98) |-22.84(0.94) |-22.90(1.43) |-25.77 (1.08) | -25.37 (1.15) | -24.35 (0.56)
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Table 4.3. Calculated Mg?* vs. Ca?* and K* vs. Na* relative binding free energy (AAG in Kcal/mol)

to the lariat group Il intron active site.

Alchemical State AGcomp AGfree AAG
path (kcal/mol)
Mg? — Ca?* | Pre-hydrolytic state 150.85 + 0.61 13.21 +0.62
Post-hydrolytic state 15757 £1.23 | 137.64+£0.13 | 19.93+1.24
K*— Na* Pre-hydrolytic state -21.45+£0.96 -1.96 + 0.96
Post-hydrolytic state -24.13+£1.25 | -23.41+0.09 0.72+1.25
Table 4.4. Single point energies estimated from quantum chemical calculations.
Energy (in Hartree)
E4+E3-
N = 7 = P I
ystem Y | Mg2*+-wat] | E2:[Ca2*- E3:[Ca2t- |[MgZ*-intron] 5= AE
intron] Wat] (in
kcal/mol)
B3LYP/6- -934.883365 |7028.0286755 |1890.0150122 +6073.0453898 |[-93.10
Pre- 31+G*
hydrolytic (MO62X/6-  |934.8501293 [7027.799285 [1890.1025138 (6072.6601375 [-71.06
state 31++G**
B3LYP/6- -858.4338742 9006.9311672 £1813.5575499 [-8051.9359819 (-80.63
Post- Bl1+G*
hydrolytic \Mo62x/6-  [858.3921152 [9006.6318331 |1813.6450037 [8051.4867215 |-67.63
state RB14++G**
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K™ bound structures Na™ bound structures

(a) (b)
Run 1
Interactions: 6 Interactions: 6
Water: 2 Water: 2
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Run 2
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Water: 2 ‘Water: 1
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Water: 1 Water: 1

Figure 4.1. MD insight of multiple replicas in the pre-hydrolytic (2s) state (a,c,e,g,i and k) K*

bound structures (b,d,f,h,j, and I) Na* bound structures.
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K™ bound structures Na™ bound structures
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Figure 4.2. MD insight of multiple replicas in the post-hydrolytic state (a,c,e,g, and i) K* bound

structures (b,d,f,h, and j) Na* bound structures.
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Appendix 5

Table 5.1. Free energy calculations. (a) Calculated free energetics (in kcal/mol) and simulation
time scale (in ns) for the alchemical transformation of Mg?*—Ca?" in free and Casl bound

conformations.

System Alchemical Replica MD Free Estimated AG
transformation Equilibration energy (kcal/mol)
Time (ns) calculations
Time (ns)
Run 1 2.28 22 68.90 (0.41)
Run 2 2.28 22 68.83 (0.56)
Free Mg#*— Ca** | Run3 2.32 22 68.64 (0.62)
Run 4 2.32 22 68.69 (0.67)
Run 5 2.32 22 68.81 (0.49)
Average = 68.77 (0.11)
Run 1 2.28 22 73.67 (1.08)
Run 2 2.28 22 73.97 (1.54)
Wild type | Mg*—Ca** | Run3 2.32 22 73.54 (0.56)
Run 4 2.32 22 73.22 (0.94)
Run 5 2.32 22 74.55 (0.84)
Average = 73.79 (0.50)
Run 1 2.28 22 72.37 (1.30)
Run 2 2.28 22 73.20 (0.88)
E190A Mg?*—Ca? Run 3 2.32 22 72.98 (0.95)
Run 4 2.32 22 72.81 (0.58)
Run 5 2.32 22 73.57 (0.78)
Average = 72.99 (0.45)
Run 1 0.28 22 73.36 (0.62)
Run 2 0.28 22 74.37 (0.99)
H254A Mg*—Ca®* | Run3 0.32 22 73.76 (0.92)
Run 4 0.38 22 73.56 (0.86)
Run 5 0.32 22 74.09 (0.55)
Average = 73.83 (0.40)
Run 1 0.28 22 73.26 (0.64)
Run 2 0.28 22 73.51 (0.98)
D265A Mg?*—Ca? Run 3 0.32 22 73.75 (0.95)
Run 4 0.32 22 73.37 (1.23)
Run 5 0.32 22 73.75 (1.10)

Average = 73.53 (0.22)
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Run 1 0.28 22 72.50 (1.05)

Run 2 0.28 22 73.11 (2.05)

D268A Mg?*—Ca? Run 3 0.32 22 72.45 (1.45)
Run 4 0.32 22 71.88 (0.94)

Run 5 0.32 22 73.74 (0.74)

Average = 72.74 (0.71)

Table 5.2. Alchemical coordinate A was defined and connects end states i.e, A =1 corresponds to

Mg?* and A =0 corresponds to Ca?*. Free energy derivative 6G/0\ was calculated for alchemical

transformation Mg?* — Ca?* for 11 points between 1 and 0. Free energy derivative was calculated

as 0G/0h = <U(A=1) — U (A=1)>,, where < > represents averaging over MD trajectory at a specific

value of A. Alchemical transformation associated free energies (in kcal/mol) was calculated by

numerically integrating 6G/0A vs A plot. The MD trajectories were divided into two equal halves

and the difference between the computed 6G/0\’s from the two halves is reported as uncertainty

in the parenthesis at each A point. Derivative at each A is given below:

Mg?*—Ca?* free in water

Iy Run 1 Run 2 Run 3 Run 4 Runb5
1.00 | -154.32(0.71) -155.68 (0.08) -154.70 (0.53) -154.85 (0.80) | -154.39 (1.78)
0.90 | -122.17 (0.07) -121.06 (1.49) -121.23 (0.73) -121.03 (1.34) | -121.43 (0.32)
0.80 | -100.19 (1.13) -99.68 (0.81) -100.28 (0.08) -99.83 (0.92) -100.40 (0.10)
0.70 -84.15 (0.54) -84.29 (0.36) -83.57 (0.01) -84.65 (0.40) -84.29 (0.34)
0.60 -71.84 (0.67) -72.20 (0.27) -71.67 (0.01) -72.30 (1.51) -71.62 (0.46)
0.50 -62.06 (0.40) -61.58 (0.72) -61.76 (0.14) -61.75 (0.58) -61.55 (0.90)
0.40 -53.75 (0.95) -53.00 (0.62) -52.40 (2.23) -52.69 (1.68) -53.13 (0.08)
0.30 -44.51 (1.38) -45.29 (0.74) -45.04 (0.72) -44.16 (0.90) -45.47 (0.20)
0.20 -34.47 (0.15) -34.13 (1.97) -34.11 (0.56) -34.65 (2.56) -34.70 (0.35)
0.10 -26.93 (0.24) -27.41 (0.26) -27.44 (0.44) -26.79 (0.33) -26.77 (0.29)
0.00 -23.55 (0.43) -23.64 (0.63) -23.17 (0.40) -23.30 (0.50) -23.09 (0.36)
AG 68.90 (0.41) 68.83 (0.56) 68.64 (0.62) 68.69 (0.67) 68.81 (0.49)
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WT

A Run 1l Run 2 Run 3 Run 4 Run5
1.00 -181.04(2.79) -177.85(3.28) -180.21(0.67) -178.56(0.12) -177.89(0.89)
0.90 -135.02(1.60) -135.37(1.15) -136.79(0.37) -134.86(0.55) -137.79(2.32)
0.80 -108.67(0.26) -110.07(0.08) -110.24(1.35) -108.61(0.29) -110.62(0.35)
0.70 -93.02(0.16) -91.31(1.82) -92.87(0.91) -91.35(0.21) -91.32(1.10)
0.60 -78.09(1.07) -77.07(0.54) -76.46(1.22) -77.95(0.26) -73.66(0.24)
0.50 -64.65(0.30) -66.22(2.60) -52.82(0.15) -61.91(5.90) -64.70(0.93)
0.40 -47.35(2.22) -48.75(5.55) -53.85(0.67) -46.96(0.22) -55.66(0.03)
0.30 -40.69(0.72) -40.28(0.61) -40.64(0.18) -41.81(0.08) -40.15(0.46)
0.20 -35.15(0.87) -35.56(0.54) -35.87(0.50) -35.20(0.38) -36.06(1.08)
0.10 -30.65(1.28) -31.87(0.07) -31.48(0.15) -30.99(0.27) -32.17(0.80)
0.00 -25.60(0.62) -28.52(0.66) -28.39(0.00) -26.54(1.98) -28.71(1.01)
AG 73.67(1.08) 73.97(1.54) 73.54(0.56) 73.22(0.94) 74.55(0.84)

E190A

A Run 1 Run 2 Run 3 Run 4 Run 5
1.00 | -166.46(0.31) -169.00(2.96) -167.31(1.88) -167.47(1.26) -167.11(0.58)
0.90 | -128.96(0.36) -127.66(0.91) -127.90(0.42) -127.09(1.18) -128.76(0.97)
0.80 | -103.84(0.40) -100.64(1.18) -102.05(0.52) -102.60(0.18) -100.41(0.58)
0.70 -84.79(0.31) -86.34(0.64) -85.67(2.41) -86.40(0.18) -86.19(0.40)
0.60 -72.40(1.41) -73.43(1.02) -73.49(0.51) -74.48(0.19) -73.59(1.64)
0.50 -58.96(6.16) -63.99(0.11) -64.24(0.43) -63.85(0.32) -63.50(1.47)
0.40 -52.30(0.20) -55.53(1.31) -53.02(0.24) -55.82(0.97) -55.20(0.22)
0.30 -47.28(0.56) -47.61(0.55) -46.09(0.29) -41.38(0.32) -48.49(0.22)
0.20 -38.92(2.80) -41.24(0.28) -40.89(1.54) -42.22(0.26) -42.72(0.47)
0.10 -37.15(0.96) -36.38(0.43) -36.56(0.73) -36.19(0.28) -36.97(0.80)
0.00 -31.56(0.84) -29.28(0.25) -32.32(1.43) -28.62(1.17) -32.55(1.15)
AG 72.37(1.30) 73.20(0.88) 72.98(0.95) 72.81(0.58) 73.57(0.78)
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H254A

A Run 1 Run 2 Run 3 Run 4 Run5
1.00 | -172.67(0.65) -190.60(0.68) -180.41(1.14) -173.02(2.45) -183.43(0.03)
0.90 | -131.78(0.25) -136.28(1.10) -136.65(2.09) -137.29(2.35) -140.18(1.85)
0.80 | -114.68(0.10) -112.12(1.30) -113.06(1.30) -109.04(1.10) -113.70(0.99)
0.70 | -88.26(0.14) -91.59(0.83) -89.24(0.28) -92.79(0.33) -94.42(0.78)
0.60 | -79.43(0.43) -73.65(1.47) -75.14(0.27) -73.51(0.14) -71.41(0.37)
0.50 | -58.09(3.84) -59.27(1.22) -60.34(2.61) -62.57(0.18) -55.09(0.89)
0.40 | -47.48(0.67) -50.55(2.13) -47.62(0.25) -48.85(1.29) -47.45(0.14)
0.30 | -41.88(0.00) -41.45(0.62) -41.51(1.05) -41.35(0.25) -42.40(0.30)
0.20 | -37.76(0.30) -36.62(0.23) -36.39(0.02) -36.88(0.69) -36.77(0.29)
0.10 | -33.08(0.41) -32.59(0.12) -32.76(0.63) -32.04(0.39) -32.93(0.08)
0.00 | -29.48(0.04) -28.58(0.18) -29.23(0.45) -29.18(0.33) -29.55(0.28)
AG 73.36(0.62) 74.37(0.99) 73.76(0.92) 73.56(0.86) 74.09(0.55)

D265A
A Run 1 Run 2 Run 3 Run 4 Run5
1.00 | -178.54 (0.06) -178.68 (1.36) -176.56 (2.41) -173.33 (0.33) -179.36 (2.15)
0.90 | -132.78 (1.42) -132.54 (0.13) -133.62 (2.07) -136.52 (1.07) -135.83 (1.95)
0.80 | -107.79 (1.99) -108.67 (1.67) -108.38 (0.31) -109.23 (1.37) -108.08 (0.37)
0.70 -90.29 (0.63) -90.14 (0.89) -90.99 (0.30) -89.09 (1.03) -89.30 (0.94)
0.60 -77.43 (0.65) -73.84 (1.39) -72.91 (0.96) -76.35 (1.52) -73.82 (2.39)
0.50 -64.95 (0.21) -63.79 (0.08) -62.55 (0.23) -64.57 (0.33) -63.68 (2.19)
0.40 -47.74 (0.38) -50.16 (1.14) -54.44 (0.25) -51.47 (4.38) -53.80 (1.12)
0.30 -40.77 (0.67) -44.05 (0.55) -42.66 (0.76) -40.61 (0.49) -40.56 (0.12)
0.20 -35.68 (0.11) -37.84 (2.46) -36.96 (0.65) -35.38 (0.47) -36.28 (0.05)
0.10 -31.73 (0.08) -30.81 (0.62) -32.73 (0.95) -31.20 (0.42) -32.16 (0.46)
0.00 -28.35 (0.82) -27.73 (0.52) -27.79 (1.49) -25.09 (2.06) -28.46 (0.27)
AG 73.26 (0.64) 73.51 (0.98) 73.75 (0.95) 73.37 (1.23) 73.75 (1.10)
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D268A

A Run 1 Run 2 Run 3 Run 4 Run 5
1.00 | -161.36 (2.91) -169.56 (1.44) -160.37 (1.23) -159.80 (1.20) -169.97 (1.94)
0.90 | -125.10(1.72) -131.19 (2.25) -126.33 (0.32) -124.65 (0.01) -130.66 (0.08)
0.80 | -100.98 (0.48) -105.78 (1.00) -103.63 (0.16) -101.52 (0.43) -105.64 (1.40)
0.70 -85.66 (1.07) -85.79 (0.10) -86.65 (0.61) -85.28 (0.01) -85.78 (1.37)
0.60 -73.19 (0.49) -73.53 (0.19) -73.59 (0.68) -73.19 (0.14) -74.45 (1.32)
0.50 -64.05 (0.02) -63.31 (0.77) -63.81 (0.97) -63.89 (0.72) -62.23 (0.16)
0.40 -54.91 (0.18) -55.53 (1.24) -54.94 (0.40) -55.04 (0.15) -54.83 (0.94)
0.30 -46.96 (0.46) -45.86 (4.40) -48.12 (0.38) -47.45 (0.07) -47.14 (0.18)
0.20 -41.79 (0.34) -40.37 (2.05) -39.92 (4.80) -41.60 (1.62) -40.97 (0.49)
0.10 -36.07 (1.72) -31.32 (5.59) -33.93 (3.81) -33.34 (3.77) -35.39 (0.25)
0.00 -31.17 (2.20) -27.12 (3.47) -26.74 (2.56) -25.76 (2.11) -30.52 (0.02)
AG 72.50 (1.05) 73.11 (2.05) 72.45 (1.45) 71.88 (0.94) 73.74 (0.74)

Table 5.3. Calculated Mg?* vs Ca?* relative binding free energy (AAG in kcal/mol) to Cas1 active

sites.

State (Alchemical path) AGcomp AGfree AAG
(Mg*—Ca?) (kcal/mol)
Wild type 73.79 £0.50 5.02 £ 0.36
E190A 72.99 (0.45) 422 +0.31
68.77 £0.11

H254A 73.83 (0.40) 5.06 £ 0.41

D265A 73.53 (0.22) 4.76 £ 0.16

D268A 72.74 (0.71) 3.97+0.61
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Table 5.4. Quantum chemical single point energies calculated for free and Casl bound divalent

ions embedded into a water dielectric.

Energy (in hartree)

+ ” -
[Mn?* -Wat] E2:[Mg?* - | E3:[Mg?* - [Mn?*-casl] | 627.5095
Syste | Theory casl] Wat] _ AE (in
m E2:[CaZ - | E3’:[Ca?* - kcal/mol)
casl] Wat]
WT B3LYP/6 | -1379.983466 | -3618.4970701 | -429.2065101 | -4569.326185 | -32.73
el -4095.9472798 | -906.7979605 -121.36
E190A | B3LYP/6 | -1456.4217949 | -3467.4438553 | -505.6644207 | -4418.2977688 | -60.58
e -3944.9611905 | -983.2119464 -79.52
H254A | B3LYP/6 | -1456.4236473 | -3469.8844016 | -505.6665397 | -4420.6821449 | -25.50
SI+GY -3947.3572744 | -983.2275078 -80.80
D268A | B3LYP/6 | -1532.8575864 | -3583.1949785 | -582.1054835 | -4534.027688 | -50.58
e -4060.730279 | -1059.6698246 -68.80
D265A | B3LYP/6 | -1379.9817044 | -3430.336254 | -429.2034479 | -4381.169419 | -34.45
e -3907.8292782 | -906.7987892 -98.66
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Figure 5.1. Local environment around divalent metal ion binding sites (Mn*?, Mg*?, and Ca*?)
considered for quantum chemical calculations. WT (a,b), E190A (c,d), H254A (e,f), D265A (g,h),

and D268A (i,)).
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Figure 5.2. MD insight into the first coordination shell of free Mg?* and Ca?* in water. Interaction

distances are shown as broken lines.
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