Figure 6.4. Scatter plots for Change of the Average Cluster Size versus AAG. The
y-axis of each plot designates the Change in the Average Cluster Size metric, while
the x-axis designates the AAG values, of the proteins in the dataset. The left-most
label for each row indicates how hydrogen bonds were modeled, and the bottom-most
label for each column designates how hydrophobic interactions were modeled in that
column.
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Figure 6.5. Correlating rigidity metrics with experimental data. When Modeling
Scheme 1 (a) is used, the DRC rigidity metric correctly identifies the stability of the
three proteins relative to the wild-type, 2lzm. When Modeling Scheme 2 (b) is used,
the DRC metric incorrectly identifies protein 1L67 as more stable than 2lzm (the
negative AAG value for 1167 indicates that the protein is less stable than 2lzm), and
protein 1173 is incorrectly identified as less stable than 2lzm, (the positive AAG for
1173 designates that it is more stable than 2lzm).
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Figure 6.6. Quantitative correlations for Dominant Rigid Cluster and AAG. The
number at position z,y in the grid indicates for how many of the 158 proteins did
the rigidity results quantitatively correlate with experimentally derived data from the
literature. Boxes whose color tends towards yellow designate the modeling choices
whose rigidity results correlated best with AAG data.
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Hydrogen Bond and Hydrophobic Modeling; Correlating Cluster Configuration Entropy with AAG
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Figure 6.7. Quantitative correlations for Cluster Configuration Entropy and AAG.
The number at position z,y in the grid indicates for how many of the 158 proteins did
the rigidity results quantitatively correlate with experimentally derived data from the
literature. Boxes whose color tends towards yellow designate the modeling choices
whose rigidity metric values correlated best with AAG data.
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Figure 6.8. Quantitative correlations for Average Cluster Size and AAG. The num-
ber at position z,y in the grid indicates for how many of the 158 proteins did the
rigidity results quantitatively correlate with experimentally derived data from the
literature. Boxes whose color tends towards yellow designate the modeling choices
whose rigidity metric values correlated best with AAG data.
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CHAPTER 7
CONCLUSIONS

7.1 Summary of Contributions

Proteins bend and flex, and interact with other molecules, in order to perform their
functions. Scientists would like to understand, on an atomic level, how proteins move.
Having knowledge of where and how proteins bend and flex can guide the design of
drugs aimed to regulate proteans associated with diseases. Unfortunately there are
not existing experimental methods that permit observing on the atomic level, in real-
time, how proteins bend and flex. To gain insight into these motions, simulation based
methods have been developed, but unfortunately they are computationally intensive.

Rigidity analysis is an alternative, complimentary approach to simulation meth-
ods. Its goal is not to predict or simulate motion, but instead to infer which parts
of a protein are rigid, and which are flexible. In rigidity analysis, a protein’s atoms
and chemical interactions are used to build a mechanical model, which is associated
to a graph composed of nodes that represent atoms, and edges that correspond to
chemical constraints.

Rigidity analysis of proteins was first implemented in MSU-First and the first on-
line tool was FlexWeb. Beginning in the late 1990s, the usefulness of rigidity analysis
was demonstrated in inferring various structural and functional properties of proteins.
Many such studies relied on heuristics to determine which choice of modeling settings
of important stabilizing interactions allowed for extracting relevant biological obser-
vations from rigidity analysis results of a small set of proteins. This is one reason

why large-scale validate of protein flexibility has not been performed.
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Also, experimental methods such as X-ray crystallography produce the asymmet-
ric unit, which is the smallest portion of a crystallized protein on which symmetry
operations can be applied to reproduce the crystal lattice. The asymmetric unit most
often does not represent the biological functional form of a protein. The generate the
biological form of a protein, its asymmetric unit has be translated, rotated, copied,
etc. If done by hand, it is a time consuming process. MSU-First and FlexWeb do not
provide tools to generate the biological assembly of a protein, so performing rigidity
analysis on large datasets of biological forms of proteins cannot be done easily using
those tools.

Also, because MSU-First and FlexWeb do not provide the user with easily accessi-
ble options to designate how important stabilizing interactions should be modeled in
the mechanical model of a protein, these tools cannot be used to perform large-scale
studies to infer how changing the modeling of these interactions affects the rigidity
results. A consequence of this is that there is no agreed-upon choice of how chemical
interactions should be modeled in the mechanical framework of a protein.

In this thesis, we have made progress in addressing some of these obstacles, which
prevent high-throughput, large-scale validation of using rigidity analysis to infer pro-
tein flexibility. To achieve that, we have developed the KINARI software. This has
allowed us to generate and study the rigidity of a large set of biological assemblies.
Also, because KINARI is highly customizable, we’ve performed the first systematic
study to investigate the modeling of hydrogen bonds and hydrophobic interactions so
that rigidity results correlate with experimental data. The specifics of each contribu-

tion are described below.

7.1.1 KINARI: Infrastructure for Rigidity Analysis of Proteins
The first tools that implemented rigidity analysis of proteins offered few options

for curating PDB data files, and the choices of modeling of important stabilizing
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interactions were fixed. To provide an infrastructure to easily test if and how rigid-
ity analysis can function as a predictive tool for inferring biophysical properties of
proteins, we have developed KINARI-Web. It is a general, well-tested, versatile web
server for rigidity analysis of molecular structures. It relies on a mechanical model of a
protein that is customizable by the user, it performs rigidity analysis of the mechanical
framework, and it includes an interactive visualizer for exploring the rigidity results.
Moreover, the release of the C++ libraries for rigidity analysis allows a researcher
to easily integrate these tools into custom-made scripts meant for high-throughput
experiments of protein rigidity. The benchmarking experiments of more than 25,000
proteins that were performed as part of the this dissertation are an example of the

use of these freely-available tools.

7.1.2 Inferring Structural and Functional Information of Protein Biolog-
ical Assemblies and Crystals

PDB files contain only the asymmetric unit, which is the smallest part of a crystal
on which symmetry operations are applied to generate a crystal lattice and biologi-
cal form of a protein. The majority of previous rigidity-theoretic studies of protein
flexibility analyzed these asymmetric units. We extended KINARI and developed
the KINARICrystal and BioAssembly tools for generating crystal lattices and biolog-
ical assemblies from PDB structure files. With the features of KINARI that were not
available prior to the work presented in this thesis, it is now possible to perform larger
scale studies of the rigidity properties of the biological assemblies of proteins. Gener-
ating the biological forms of proteins is now easily done using the KINARICrystal and
BioAssembly feature that are integrated into the Curation feature of KINARI-Web.

As a demonstration, we have performed rigidity analysis of over 900 crystal lattices

and biological assemblies that we generated using these new tools. We’ve shown that
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when rigidity analysis is performed on only the asymmetric unit or just isolated

portions of a protein, then structural and functional information is missed.

7.1.3 KINARI-Mutagen: Inferring Critical Residues

To further expand the use of rigidity analysis in inferring structural and biological
properties of proteins, we developed KINARI-Mutagen. It infers which residues are
critical in maintaining a protein’s stability. The interpretation of the rigidity results is
not dependent on any in-depth, case-by-case knowledge of the biophysical properties
of studied protein. KINARI-Mutagen permits fast evaluation of in silico mutations
that may not be easy to perform in vitro. For two cases studies and a dataset of 48
proteins, we have shown that KINARI-Mutagen identifies critical residues that would
not have been easily identified using existing methods, or by ranking of residues by

their involvement in hydrogen bonds or hydrophobic interactions.

7.1.4 Correlating Rigidity Parameters to Experimental Data

A large-scale study correlating rigidity metrics to experimental data has not been
performed up until now. In Chapter 6, we have explain our method in which we
systematically varied how hydrogen bonds and hydrophobic interactions were modeled
for a dataset of 158 variants of lysozyme from bacteriophage T4. In correlating three
rigidity metrics for each of the proteins against AAG data, we have found that there is
no one single “best” choice of modeling hydrogen bonds and hydrophobic interactions.
However, for our dataset, there were a few modeling schemes so that the rigidity
metrics for more than 100 of the 158 variants correlated against AAG data.

Although we did not identify a single choice of modeling of hydrogen bonds and
hydrophobics which generated rigidity results that positively correlated with AAG
data in all of the protein structures that we studied, we have demonstrated the use
of our method in correlating rigidity metrics to experimental data. In addition, we

have shown that there are several combinations of modeling hydrogen bonds and
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hydrophobic interactions so that the Cluster Configuration Entropy metric correlates
better with experimental data than the Dominant Rigid Cluster metric. Moreover,
our method is not dependent on a case-by-case analysis of the studied proteins, but
instead requires only experimental data (here AAG), and rigidity metrics. As such,
with this method, we have provided a general, unbiased approach to correlate rigidity
metrics with experimental data. This now permits ranking rigidity metrics based on

how well they correlate with experimental data.

7.2 Future Directions

In the course of the work leading up to this dissertation, several future research

directions were identified. We describe a few of them here.

Rigidity of Protein Biological Assemblies and Crystal Structures

The crystal lattices that were generated using KINARICrystal were relatively small,
at most 2x2x2 unit cells. However, even these small crystals contained many atoms
(the largest lattice contained 54,107 atoms (PDB file 3hon, Table 4.2)). The reason
why larger crystals were not generated and analyzed was because curation, modeling,
and parts of the rigidity analysis required upwards of 10 minutes of run-time when
analyzing structure files with more than 10,000 atoms.

Several advancements to the software might be made. Firstly, stabilizing interac-
tions do not need to be computed for every unit cell. Instead the symmetry among
unit cells might be taken advantage of, which would require calculating interactions
for one unit cell only, under the assumption that the same interactions would exist
in other unit cells. If such a scheme were used, interactions would need to be also
identified in the boundary areas where unit cells abut. Secondly, a systematic study
could be performed on a dataset of biological assemblies. The KINARI curation tools

permit a user to easily generate components of a biological assembly. That feature
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could be used to classify proteins based on the degree to which each subunit con-

tributes (if at all) to the stability of the entire biological assembly.

Using Rigidity Analysis to Infer Which Residues are Critical In Stabilizing
a Protein’s Structure

KINARI-Mutagen performs in silico mutations to glycine, only, and calculates their
effects on the protein’s rigidity. The mutation engine can be expanded to permit
generating amino substitutions to other residues. Doing so would permit validating
KINARI-Mutagen against an even larger dataset of proteins, for which mutations to
a host of different residues have been performed.

Using other rigidity metrics, such as Cluster Configuration Entropy and Average
Cluster size, as predictors of which residues are critical, might permit identifying
important residues that the current version of the software missed. Moreover, in or-
der for KINARI-Mutagen to quantitatively predict the role of residues in stabilizing a
protein, a multi-dimensional analysis that incorporates several rigidity metrics, might

be required.

Correlating Rigidity Metrics with Experimental Data, and Evaluating How
Stabilizing Interactions Should Be Modeled

In this thesis, the hydrogen bonds and hydrophobic interactions were systematically
varied, and the resulting rigidity metrics were correlated with experimental data. In
our studies, no one single universal choice of modeling of these stabilizing interactions
was identified, that enabled any of the three rigidity metrics to always predict the
stability of a variant protein structure. One possible extension to our method would
entail modeling hydrophobic interactions according to their energies, just as we did

for hydrogen bonds.
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APPENDIX A

RIGIDITY RESULTS OF PROTEIN BIOLOGICAL
ASSEMBLIES AND CRYSTAL LATTICES

Table A.1. Rigidity results for putative protein from the gram-negative bacterium
Thermus thermophilus. The count of the sizes of the rigid clusters for PDB file 2yzt
are shown for the asymmetric unit (AU, column 2), the unit cell (column 3), the
2x1x1 crystal (column 4), and 2x2x1 crystal (column 5)

| Size (atoms) of rigid cluster || AU [ 111.2yzt | 211.2yzt | 221.2yzt |

3 4 26 49 91
4 21 106 201 308
5 122 632 1165 2126
6 22 88 133 1880
7 1 4 6 8
11 5t 26 49 93
12 2 8 12 16
26 1 4 6 8
463 1 2 3 4
2504 0 1 0 0
6084 0 0 1 0
14328 0 0 0 1
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Table A.2. Rigidity results of the scaffolding protein of Vaccinia Virus. The number
of each type of rigid cluster in PDB file 3saq is listed for the asymmetric (AU) and
biological units (BU). Column 2 lists the count of the different sizes of the rigid
bodies in the asymmetric unit, which contains one copy of chain A and B. Columns
3 and 5 list the counts of the different sizes of the rigid bodies in one-third of the
two biological units, respectively. Columns 4 (three copies of chain A) and 6 (three
copies of chain B) list the counts of the different sizes of the rigid bodies for the two
complete biological assemblies.

| Size (atoms) of rigid cluster | AU | BUla | BU1 | BU2a | BU2 |

3 321 303 911 140 434
4 7 45 132 40 117
5 1462 | 905 2715 696 2117
6 179 187 961 66 217
7 1 4 12 1 4
11 16 12 36 8 25
12 45 31 93 19 56
13 2 1 3 1 3
15 2 3 9 0 0
16 2 1 3 1 3
19 7 8 24 2 7
22 1 2 6 0 0
25 1 2 6 0 0
33 1 1 3 0 1
38 1 1 0 0 0
42 0 0 3 0 0
48 1 1 3 0 0
71 1 1 3 0 0
98 2 1 3 1 3
104 1 2 6 0 1
2277 0 1 3 0 0
3912 0 0 0 0 1
4562 0 0 0 1 0
7883 1 0 0 0 0
9475 0 0 0 0 1
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Table A.3. Rigidity results for Nucleoprotein from Rift Valley Fever Virus. The first
biological of PDB file 3ouo assembly is a hexamer, where each of the 6 units is a dimer
(chains A and B). The second biological assembly is made up of six copies of Chain
C. The number of each size (column 1, number of atoms) of rigid cluster is listed for
the asymmetric (AU) and biological (BU) units. Column 2 designates the number of
rigid clusters of the asymmetric unit, which contains one copy of chains A, B, and C.
Columns 3 and 4 list the count of the rigid clusters for chains A and B of the first
biological assembly. Columns 5 and 8 list the counts of the rigid bodies of the dimer
(chains A and B) and the monomer (chain C) in the asymmetric unit, respectively.
Column 7 lists the counts of the rigid clusters of two copies of the monomer (chain C).
Columns 6 and 9 list the counts of the rigid bodies for the first and second complete
biological assemblies, respectively.

[ Size (atoms) of rigid cluster [[ AU [ BUla | BUlb | BUlab | BU1 | BU2cc | BU2c | BU2 |

3 215 67 66 142 454 72 148 458
4 91 33 29 62 186 30 60 182
5 1289 429 431 854 2556 435 854 2520
6 159 52 57 107 318 53 102 300
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Table A.4. Rigidity results for Type III Antifreeze Protein RD1. The number of
each type of cluster for PDB file lucs is shown for the asymmetric unit (AU, column
2), the unit cell (column 3), the 2x1x1 crystal (column 4), and the 2x2x1 crystal
(column 5).

| Size (atoms) of rigid cluster [| AU [ 111.1ucs | 211.1ucs | 221.1ucs |

2 1 ) 11 22
3 63 255 511 1029
4 8 32 64 128
5 181 718 1434 2868
6 46 189 375 747
7 3 14 30 63
8 4 16 32 64
11 1 4 8 16
12 1 4 8 16
19 3 12 24 48
23 1 3 5 10
27 1 4 8 16
36 0 1 3 6
45 1 4 8 16
67 1 4 8 16

Table A.5. Rigidity results for Ribonuclease A. The count of different sized rigid
clusters of PDB file 5rsa is show for the asymmetric unit (AU, column 2), the unit
cell (column 3), the 2x1x1 crystal (column 4), and the 2x2x1 crystal (column 5).

| Size (atoms) of rigid cluster || AU [ 111.5rsa | 211.5rsa | 221.5rsa |

3 62 124 248 496
4 20 40 80 160
5 386 772 1544 3088
6 31 62 124 248
10 3 6 12 24
11 3 6 12 24
12 6 12 24 48
19 1 2 4 8
21 1 2 4 8
22 1 2 4 8
24 1 2 4 8
25 2 4 8 16
29 1 2 4 8
35 1 2 4 8
65 1 2 4 8
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APPENDIX B

EXPERIMENTAL AND RIGIDITY DATA FOR 48
MUTANT PROTEINS ANALYZED BY
KINARI-MUTAGEN

Table B.1. Protein structures with no stabilizing interactions at substitution. For
these, the wild-type residue did not engage in stabilizing interactions, so in silico
mutating the residue was not expected to change the rigidity results. DRC=Dominant
Rigid Cluster; HPhobe=Hydrophobic Interaction; HBond=Hydrogen Bond.

S
< SR
BRI
< g gl ol 3
wn = Q| 2| £
2 2 8| 2 EIES
= = > 3| B E E Q
7 n = i) o o| 0| €
Q Qg Q = | w| Q-2
A~ = 2 - ®w| @ +
0 00 o g | R3] ¢ 8
o 2. as | &l 8 |97 *3
= £ 2 | 55 |5 & |88 gt
= = T |5 2| U & &5
Q 8 o= S o= 4 = = o 2
2y o = | 2@ |8 4 |2|=2|0 ¢z
Istn Staphylococcal Nucl. 18,1 very |59 | -26 [ 0] 0 0
Istn Staphylococcal Nucl. 37,LL very 91391100 0
1stn Staphylococcal Nucl. 60,A | slightly | 77| -1.5 | 0 [ 0 0
Istn Staphylococcal Nucl. 62, T - 0-34]01]0 0
1rtb Thymidylic Acid 63,V very |41 | -35 |00 0
1rtb Thymidylic Acid 64,A | slightly | 77 [ -0.44 | 0 | O 0
11z1 Human Lysozyme 2,V very (68| -23 [0 ] 0 0
3mbp | Maltodextrin-Binding | 276,A | slightly | 0 | -1.5 | 0 | 0 0
2rn2 Ribonuclease H 52,A | slightly | 1 | =27 [ 0| 0O 0
3881 Streptomyces Subtilisin Protease Inh. 73,M Sllghtly 98 —049 0 0 0
1bve | Biliverdin apomyoglobin | 8,Q - 59| -05 [ 0|0 0
1ftg Apo Flavodoxin 84,A | slightly | O |-1.25 |0 | O 0
lcto Granulocyte 45,V very (62| -1.9 [ 0] 0 0

100



Table B.2. Protein structures with too fee stabilizing interactions at substitution.
For these structures, the wild-type residue engaged in fewer than exepcted hydro-
gen bonds or hydrophobic interactions, so in silico mutating the residue was not
expected to affect the rigidity results as much as if all expected hydrogen bonds
and/or hydrophobic interactions were detected. DRC=Dominant Rigid Cluster;
HPhobe=Hydrophobic Interaction; HBond=Hydrogen Bond.
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Table B.3. Protein structures with sufficient stabilizing interactions at substitution.
For these structures, the wild-type residue engaged in as many hydrogen bonds or
hydrophobic interactions as was expected via a visual inspection, so in silico mutating
the residue was expected to affect the rigidity results. In all but one case (protein
1bpi, residue 35), the change to the DRC positively correlated with the experimen-
tal AAG value. DRC=Dominant Rigid Cluster; HPhobe=Hydrophobic Interaction;
HBond=Hydrogen Bond
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Table B.4. Structure files with solvent exposed mutation points. Mutants for which
the wild-type residue at the mutation point was more than 50% solvent exposed were
not expected to be identified as critical using KINARI-Mutagen. DRC=Dominant
Rigid Cluster; HPhobe=Hydrophobic Interaction; HBond=Hydrogen Bond.
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