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Abstract

Efficient manipulation of genes in organisms has propelled research in understanding
mechanisms that govern life. New techniques that allow editing in single-celled
organisms as well as complex life forms such as animals and plants are gaining traction.
At the heart of such advances are custom-designed nucleases like zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs) and the

CRISPR/Cas9 system.

A naturally occurring adaptive defence mechanism found in prokaryotes, the
CRISPR/Cas9 system has been repurposed as an RNA-guided DNA targeting
machinery. This transformative technology has shown great promise for biology,
genetics and medicine. However, it’s widespread application for safe and effective
genome editing and transcription modulation has been curbed by its inadequate
specificity. In this thesis, the key factors involved in determining the efficacy of
CRISPR/Cas9 have been studied that can be incorporated in guide RNA design tools to
improve their predictions. Further, the study of the mechanism of on-target activity by
Gaussian accelerated molecular dynamics solution has been carried out to determine

sub-molecular interactions essential for driving Cas9 activity.
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and the nucleic acids per frame have been plotted. (b) RMSD plot. The root-mean
square deviation per frame of the protein backbone has been plotted. ........................ 88
Figure 35: The PMF (potential of mean force) of the S867-N1054 (left) and S355-
S867 (right) FRET distances. The plots describe the conformational change of the
HNH domain from the RNA-bound to the catalytically active state. FRET distances
derived from experimental values are shown by vertical lines. Figure adapted from

[L20T. oo eeeees e eeeee e seeeee e s s eeeees e s e e e e e e s ee e s e 88

XX



Figure 36: Inter-residue distance and time-averaged distance during GaMD
simulations of wt Cas9. Distance between N1054- S867 (a) and S867- S355 (b) are
plotted against time of simulation. Time averaged distances between the residues
N1054- S867 (c) and S867- S355 (d) are expected to converge but no such convergence
1S 0bserved 1N EIther PLOL. ......ccviiiiiieeiie e eeae e 89
Figure 37: RMSD plots of the Cas9-nucleic acid complexes. (a) SpCas9-DNA-
sgRNA complex and (b) DNA-sgRNA hybrids of wt Cas9 shown in green, eSpCas9
shown in orange and HypaCas9 shown in purple. .........cocceeviiiiiiniiiiiiniiiienieeee 90
Figure 38: RMSD plots of the various components of the simulated system. (a)
Stabilized protein RMSD calculated from a single trajectory depicting convergence of
the system. (b) The gRNA-tDNA hybrid, based on the RMSD profile, when bound to
hypaCas9 is observed to show marginally more fluctuations than when bound to the
wtCas9 and eSpCas9. The differences in the various Cas9-bound hybrid RMSDs can
be attributed to the PAM-distal region (c), the PAM-proximal region shows comparable
RMSD for the three systems (d). .....oeoeerieeiieniieieee e 92
Figure 39: Root mean square fluctuation (RMSF) plots. The RMSF of the guide
RNA (gRNA)- target DNA (tDNA) hybrids of the three variants- wt Cas9 (blue),
HypaCas9 (red) and eSpCas9 (green). Residues numbered 1-10 are those belonging to
the PAM proximal ends of the guide (g) RNA and target (t) DNA. Residues numbered
10-20 are the PAM-distal nucleotides of the RNA-DNA hybrid. .......cccccocerieninnennee. 93
Figure 40: Principal component analysis of the three Cas9 variants- wt, eSp and
hypa. (a) The first three principal components are plotted and coloured with a gradient
depicting a frame-wise progression. (b) The first and second principal components are
plotted for the wtCas9 (green), eSpCas9 (orange) and hypaCas9 (purple) (c) the second

and third components are plotted. The differences among the Cas9 mutants based on
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the dynamic spread is better understood in the projections, indicating differences in the
structural ensembles sampled in one trajectory for each variant. ..........c.cccccvveeennennnee. 95
Figure 41: Principal component analysis of the three Cas9 variants and the bound
gRNA-tDNA hybrids. (a) The projections of the first three principal components are
coloured according to a gradient depicting a frame-wise progression in one trajectory.
(b) Porjection of the first two principal components for wtCas9 (green), eSpCas9
(orange) and hypaCas9 (purple), and similarly (c) the projection of the second and third
principal components were analysed. In contrast to the protein principal components
projections, the heteroduplex projections show stark variations in conformational
spread among the three variant Cas9-bound hybrid trajectories............ccccceeeverecnnnee 97
Figure 42: Base pair parameters calculated and the trends observed. (a) The
structural distortion determined from different base pairing parameters is represented
schematically. The distortion measured across the simulation time in base pairing of the
gRNA-tDNA bound to wtCas9 (green), eSpCas9 (orange) and hypaCas9 (purple) are
measured in terms of the opening (b) and stretch (c). The central line is the median, the
box boundaries represent the 25th and 75th percentile. The 75th percentile of the data,
the 3rd quartile are the outlier boundaries. All other outliers, exceeding the outlier
whiskers are shown as distinct diamond points. In case the fluctuations are too large to
be plotted, the distinct points are the outliers and the median and quartiles are not
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Figure 43: Base pair parameters calculated across the first trajectory for the
hybrids bound to the three variants, across the length of the hybrid. The parameters
included are (a) buckle, (b) propeller, (c) shear and (d) stagger. The letter-value plot
indicates the distribution of the data around a median (indicated by a grey line across

the box), with the outliers plotted as diamonds. The trend observed in all the parameters
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calculated demonstrates a stability across the hybrid, except the three PAM-distal bases,
though complementary. The distortions were fewer in the eSpCas9-bound hybrid and
the most distortions were observed in the hypaCas9-bound hybrid. ...........ccceeneee. 99
Figure 44: The hybrid base pairing distortions measured for last four of the PAM-
distal bases across the simulation time of one trajectory. The distortions are
measured in terms of the (a) buckle, (b) opening, (c) propeller, (d) shear, (¢) stagger
and (f) stretch. The parameters for the three Cas9 variants are plotted- wtCas9 (green),
hypaCas9 (violet) and eSpCas9 (orange). The flat line at zero indicates that the
distortions are too large to be calculated...........cocoeeiieiiiiiiiniii e, 100
Figure 45: Probability density functions of interaction energies. (a) The
electrostatic component of the total interaction energy is compared for the three variant
systems based on the probability density function (pdf) plotted for wtCas9 (green),
eSpCas9 (orange) and hypaCas9 (purple). The pdf plot shape and peak shows
substantial differences in the protein-hybrid electrostatic interaction energy for the three
variant systems. (b) The interaction energy of the Cas9 protein and PAM-proximal
segments of the tDNA-gRNA hybrid shows negligible differences in the pdf plot. (c)
Contrarily, the energy of interaction of the Cas9 protein and PAM-distal regions show
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Figure 46: Analysis of the interaction energy based on the van der Waals
component by comparing the probability density functions of the three Cas9
variant-bound hybrids. Little variation is observed for the pdf of the three Cas9
variants- wt (green), eSp (orange) and hypa (purple). The PAM-proximal contributions
(b), and PAM-distal contributions (c) in the hybrid are equivalent, with the exception

of the broadening of the peak observed for the PAM-distal region of the hypaCas9-
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hybrid, indicating small variations in the structures sampled during the simulation time.

Appendix Figure 1: Mismatch tolerance across the length of the guide RNA. The
fraction of sites that remain unsubstituted are illustrated, i.e., they do not tolerate
mismatches in the positive off-targets evaluated. The plots also illustrate the type of
substitutions tolerated in each case when the target nucleotides are ‘C’ (a) and (b), ‘G’
(c) and (d), and ‘T’ (e) and (f). The figures (a), (¢) and (e) are for when the number of
mismatches are calculated from the sequences once per occurrence. The plots (b), (d)
and (f) are for the fraction of mismatches are calculated weighted on the frequency of
OCCUITENCE 1N the EXPEIIMENL. ...eiiiiiiieiiieeiiieeiiee et e et e eieeeeee e e reeesbeeeereeesebeeenreeas 123
Appendix Figure 2: Position-wise trends in gaps and mismatches. The trend is
depicted for the target nucleotides (a) adenine, “A” shown in green, (b) cytosine, “C”
shown in yellow, (¢) guanine, “G” shown in blue and (d) thymine “T” shown in pink.

The line indicating percentage gaps observed at each position is plotted in dark red.

Appendix Figure 3: LIME feature importance for the top 50 features. The features
ranked 11 through 50 are depicted in this chart, in continuation of the main Figure 3(a),
which lists the top ten ranked features. The importance values depict impact of the
features on MOdel QUIPUL. .......ooiuiiiiiiiiieeiiee e e 125
Appendix Figure 4: Schematic representation of the intra-base pair parameters.
(a) Stretch, (b) Opening, (c) Propeller, (d) Shear, (e) Stagger and (f) Buckle; and inter-
base pair parameters (g) Shift, (h) Slide, (i) Rise, (j) Tilt, (k) Roll and (I) Helix Twist
(HelT). Features used for the study but not included in the image are Major groove

width (MGW) and electrostatic potential (EP). .........ccocciiniiiiiiniiiiieeeee 126
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Appendix Figure 5: Model performance comparison on including novel features.
The performance of similar model architectures is compared on inclusion of three
different features of the same dataset- sequence (S), epigenetic (E) and DNA shape (D)
features. The classifier performance is also measured in three other metrics- (a) and (d)
Precision, (b) and (e) area under the Precision-Recall curve (auPR), and (c) and (f)
Kappa score. All the scores reported are measured on the unseen test dataset. The plots
(a), (b) and (c) depict model performance on S+E+D features and S+E features when
plotted against scores for only S features. The dashed line represents equivalent
performance. The plots (d), (¢) and (f) show the trend in predictive power with change
in number of model training parameters. The increase in performance on the datasets
with DNA shape is evident from the plots..........ccccuveiiiiiiiiiieciieeeeeeeee e 127
Appendix Figure 6: Domain-wise RMSD analysis of the three variants of Cas9
under study. The RMSD is calculated across one simulation trajectory for the (a)
recognition, i.e., REC domains, (b) the PAM-interacting C-terminal domain, (c) the
HNH nuclease domain and (d) RuvC nuclease domain.............ccceecueeiiiniienieeiennne. 128
Appendix Figure 7: The distortions in the hybrid base-pair parameters measured
for a PAM-proximal base. The geometric parameters were measured for the second
base in the hybrid, across the simulation time of one trajectory, as a reference for
parameters indicating stable base pairing. The plots indicate the deviation from the
expected (plotted along the zero on the vertical axis), and all values lie along the
expected with minor deviation. These plots provide a reference of the deviation that can
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