
Figure 6.4. Scatter plots for Change of the Average Cluster Size versus ∆∆G. The
y-axis of each plot designates the Change in the Average Cluster Size metric, while
the x-axis designates the ∆∆G 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 ∆∆G value for 1l67 indicates that the protein is less stable than 2lzm), and
protein 1l73 is incorrectly identified as less stable than 2lzm, (the positive ∆∆G for
1l73 designates that it is more stable than 2lzm).

1Bar

2Bars

3Bars

4Bars

5Bars

Hinges

6Bars

ByEnergy1

ByEnergy2

ByEnergy3

ByEnergy4

ByEnergy5

ByEnergy6

ByEnergy7

1Bar 2Bars 3Bars 4Bars 5Bars Hinges 6Bars

H
o
w

 H
y
d
ro

g
e
n
 B

o
n
d
s
 w

e
re

 m
o
d
e
le

d

How Hydrophobic Interactions were modeled

Hydrogen Bond and Hydrophobic Modeling; Correlating Dominant Rigid Cluster with ∆∆G

C
o
lo

r 
L
e
g
e
n
d
 f
o
r 

C
o
u
n
t 
o
f 
P

o
s
it
iv

e
 C

o
rr

e
la

ti
o
n
s

 0

 20

 40

 60

 80

 100

1

1

43

69

63

63

62

72

64

12

12

45

71

62

62

59

67

62

36

36

46

57

55

55

53

55

59

39

39

46

56

75

75

72

69

70

47

46

48

73

84

84

76

73

69

45

44

48

73

84

84

76

73

69

26

24

95

75

71

71

69

64

65

58

49

67

66

56

60

56

61

66

57

63

51

57

60

50

69

68

64

54

69

64

72

60

66

70

64

72

60

66

70

62

69

62

66

69

Figure 6.6. Quantitative correlations for Dominant Rigid Cluster and ∆∆G. The
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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 ∆∆G 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 ∆∆G data.

Although we did not identify a single choice of modeling of hydrogen bonds and

hydrophobics which generated rigidity results that positively correlated with ∆∆G

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 ∆∆G), 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 2×2×2 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
2×1×1 crystal (column 4), and 2×2×1 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 5 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 BU1a BU1 BU2a BU2
3 321 303 911 140 434
4 77 45 132 40 117
5 1462 905 2715 696 2117
6 179 187 561 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 BU1a BU1b BU1ab 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
7 10 3 3 8 27 2 4 12
11 32 10 10 19 57 13 25 72
12 31 9 12 20 57 11 21 60
13 1 1 0 1 3 1 2 6
15 5 3 2 4 12 1 1 0
16 11 4 3 7 18 4 9 30
17 1 0 0 0 0 1 1 0
19 5 2 1 3 9 2 4 12
22 6 2 2 4 12 2 4 12
23 1 0 0 0 0 1 2 6
30 2 0 2 2 6 0 0 0
38 1 1 0 1 3 0 0 0
39 0 0 0 0 0 1 2 6
55 1 1 0 1 3 0 0 0
56 2 0 0 0 0 2 4 10
57 3 1 1 2 6 1 2 6
58 3 0 1 1 3 1 2 6
60 0 0 0 0 0 0 0 2
64 3 1 1 2 6 1 2 6
66 1 1 0 1 3 0 0 0
73 1 0 1 1 3 0 0 0
86 1 0 1 1 0 0 0 0
89 0 1 0 0 0 0 0 0
90 0 0 1 0 0 0 0 0
91 2 1 0 1 3 1 2 6
92 1 0 0 0 0 2 3 6
93 2 1 0 1 3 0 0 0
97 1 0 0 0 0 1 1 0
100 1 0 1 1 3 0 0 0
105 1 0 0 0 0 1 2 6
111 1 0 1 1 6 0 0 0
113 1 0 1 1 3 0 0 0
115 1 1 0 1 0 0 0 0
118 1 1 0 1 0 0 1 6
122 1 0 0 0 0 1 1 0
152 0 0 1 0 0 0 0 0
174 1 2 0 1 3 0 0 0
175 1 0 0 1 3 0 0 0
187 1 0 1 1 3 0 0 0
197 1 0 0 0 0 1 1 0
221 1 0 0 0 0 1 2 6
237 0 0 0 0 3 0 0 0
277 1 0 0 0 0 1 1 0
381 1 0 0 1 3 0 0 0
536 1 0 1 1 3 0 0 0
585 1 1 0 1 3 0 0 0
737 0 0 0 0 0 0 1 6
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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 1ucs is shown for the asymmetric unit (AU, column
2), the unit cell (column 3), the 2×1×1 crystal (column 4), and the 2×2×1 crystal
(column 5).

Size (atoms) of rigid cluster AU 111.1ucs 211.1ucs 221.1ucs
2 1 5 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 2×1×1 crystal (column 4), and the 2×2×1 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.
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1stn Staphylococcal Nucl. 18,I very 59 -2.6 0 0 0
1stn Staphylococcal Nucl. 37,L very 9 -3.9 0 0 0
1stn Staphylococcal Nucl. 60,A slightly 77 -1.5 0 0 0
1stn Staphylococcal Nucl. 62,T - 0 -3.4 0 0 0
1rtb Thymidylic Acid 63,V very 41 -3.5 0 0 0
1rtb Thymidylic Acid 64,A slightly 77 -0.44 0 0 0
1lz1 Human Lysozyme 2,V very 68 -2.3 0 0 0
3mbp Maltodextrin-Binding 276,A slightly 0 -1.5 0 0 0
2rn2 Ribonuclease H 52,A slightly 1 -2.7 0 0 0
3ssi Streptomyces Subtilisin Protease Inh. 73,M slightly 98 -0.49 0 0 0
1bvc Biliverdin apomyoglobin 8,Q - 59 -0.5 0 0 0
1ftg Apo Flavodoxin 84,A slightly 0 -1.25 0 0 0
1cto Granulocyte 45,V very 62 -1.9 0 0 0
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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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1stn Staphylococcal Nucl. 61,F medium 34 -4.7 0 0 0
3ssi Streptomyces Subtilisin Protease Inh. 103,M slight 0 -6.8 0 0 0
1stn Staphylococcal Nucl. 36,L very 0 -5.4 0 2 0
1rtb Thymidylic Acid 54,V very 0 -4.87 0 1 0
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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 ∆∆G value. DRC=Dominant Rigid Cluster; HPhobe=Hydrophobic Interaction;
HBond=Hydrogen Bond
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1rtb Thymidylic Acid 47,V very 22 -7.35 1 2 6
1rtb Thymidylic Acid 108,V very 4 -7.29 0 3 9
1bpi Trypsin 43,N - 15 -5.7 3 0 7
1rtb Thymidylic Acid 57,V very 14 -5.52 0 3 12
1bpi Trypsin 35,Y - 7 -5.0 0 3 0
1rtb Thymidylic Acid 81,I very 34 -4.81 0 2 6
1bpi Trypsin 44,N - 20 -4.7 1 2 18
1stn Staphylococcal Nucl. 76,F medium 25 -4.7 0 1 13
1lz1 Human Lysozyme 59,I very 2 -3.83 0 1 6
1stn Staphylococcal Nucl. 95,D - 67 -3.1 1 0 5
1stn Staphylococcal Nucl. 83,D - 63 -2.8 4 0 49
1rtb Thymidylic Acid 118,V very 20 -2.7 0 1 6
1iob Interleukin1 9,T very 4 -2.6 1 1 7
2rn2 Ribonuclease H 68,S - 2 -2.4 2 0 12
1lz1 Human Lysozyme 38,Y - 12 -2.32 0 4 16
1stn Staphylococcal Nucl. 77,D - 0 -2.2 4 0 9
2abd Acyl-coenzyme A 9,A slight 12 -1.8 0 3 3
2abd Acyl-coenzyme A 34,A slight 0 -1.57 0 4 3
1pga Streptococcal G 53,T - 38 -1.2 1 1 8
1rtb Thymidylic Acid 16,V very 18 -1.18 0 2 9
3mbp Maltodextrin-Binding 8,V very 31 -1.0 0 1 6
1rtb Thymidylic Acid 109,A slight 8 -0.43 0 2 3
1ank Adenylate Kinase 88,R - 36 -0.2 2 1 19
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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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1rtb Thymidylic Acid 93,P - 69 -2.6 0 0 0
1lz1 Human Lysozyme 103,P - 94 -0.1 0 0 0
1lz1 Human Lysozyme 78,H - 86 -0.12 0 0 0
1rtb Thymidylic Acid 114,P - 81 -3.6 0 0 0
1lz1 Human Lysozyme 74,V very 62 -0.22 0 0 0
1lz1 Human Lysozyme 71,P - 57 -1.6 0 0 0
1iob Interleukin1 97,P - 51 -1.2 0 0 0
3ssi Streptomyces Subtilisin Protease Inh. 13,V very 56 -9.3 0 0 0

103



BIBLIOGRAPHY

[1] Abyzov, A., Bjornson, R., Felipe, M., and Gerstein, M. RigidFinder: a fast
and sensitive method to detect rigid blocks in large macromolecular complexes.
Proteins 78, 2 (February 2010), 309–324.

[2] Alber, T., Dao-pin, S., Nye, J.A., Muchmore, D.C., and Matthews, B.W.
Temperature-sensitive mutations of bacteriophage T4 lysozyme occur at sites
with low mobility and low solvent accessibility in the folded protein. Biochem-
istry 26, 13 (1987), 3754–3758.

[3] Alber, T., Dao-pin, S., Wozniak, J.A., Cook, S.P., and Matthews, B.W. Contri-
butions of hydrogen bonds of Thr 157 to the thermodynamic stability of phage
T4 lysozyme. Nature 330 (November 1987), 41–46.

[4] Alder, B.J., and Wainwright, T.E. Studies in molecular dynamics. I. General
method. Journal of Chemical Physics 31, 2 (1959), 459–466.

[5] Bahar, M., Graham, S., Stuart, D., and Grimes, J. Insights into the evolution
of a complex virus from the crystal structure of vaccinia virus D13. Structure 19
(July 2011), 1011–1020.

[6] Bell, J.A., Becktel, W.J., Sauer, U., Baase, W.A., and Matthews, B.W. Dissec-
tion of helix capping in T4 lysozyme by structural and thermodynamic analysis
of six amino acid substitutions at Thr 59. Biochemistry 31, 14 (1992), 3590–3596.

[7] Bello, J., and Nowoswiat, E.F. The activity of crystalline ribonuclease A.
Biochimica et Biophysica Acta (BBA) - Enzymology and Biological Oxidation
105, 2 (1965), 325–332.

[8] Berova, N., Nakanishi, K., and Woody, R. Circular Dichroism: Principles and
Applications. Wiley-VCH, 2000.

[9] Brown, S., Fawzi, N.J., and Head-Gordon, T. Coarse-grained sequences for
protein folding and design. Proceedings of the National Academy of Sciences
100, 19 (2003), 10712–10717.

[10] Capriotti, E., Fariselli, P., and Casadio, R. A neural-network-based method for
predicting protein stability changes upon single point mutations. Bioinformatics
20, Supplemental (2004), i63–i68.

[11] Center for Biological Physics, Arizon State University. FIRST 6.2.1 User Guide.
Available at: http://flexweb.asu.edu/ (10 June 2011, date last accessed).

104



[12] Cheng, J., Randall, A., and Baldi, P. Prediction of protein stability changes
for single-site mutations using support vector machines. PROTEINS: Structure,
Function, and Bioinformatics 62 (2006), 1125–1132.

[13] Clark, P., Grant, J., Monastra, S., Jagodzinski, F., and Streinu, I. Periodic
rigidity of protein crystal structures. In 2nd IEEE International Conference on
Computational Advances in Bio and Medical Sciences (ICCABS’12) (February
2012).

[14] Clegg, Robert M. Forster resonance energy transfer–FRET what is it, why do
it, and how it’s done. In Fret and Flim Techniques, T.W.J. Gadella, Ed., vol. 33
of Laboratory Techniques in Biochemistry and Molecular Biology. Elsevier, 2009,
pp. 1–57.

[15] Diez, M, Zimmermann, B., Borsch, M, Konig, M., Schweinberger, E., Steigmiller,
S., Reuter, R., Felekyan, S., Kudryavtsev, V., Seidel, C.A., and Graber, P.
Proton-powered subunit rotation in single membrane-bound F0F1-ATP syn-
thase. Nature Structural and Molecular Biology 11, 5 (2004), 135–41.

[16] Ebihara, A., Manzoku, M., Iino, H., Kanagawa, M., Shinkai, A., Yokoyama,
S., and Kuramitsu, S. Crystal structure of uncharacterized protein ttha1756
from thermus thermophilus hb8: Structural variety in upf0150 family proteins.
Proteins: Structure, Function, and Bioinformatics 71 (2008), 2097–2101.

[17] Echols, N., milburn, D., and Gerstein, M. MolMovDB: analysis and visualization
of conformational change and structural flexibility. Nucleic Acids Research 31
(2003), 478–482.

[18] Eriksson, A.E., Baase, W.A., Zhang, X.J., Heinz, D.W., Baldwin, E.P., and
Matthews, B.W. Response of a protein structure to cavity-creating mutations
and its relation to the hydrophobic effect. Science 255 (1992), 178–183.

[19] Ferron, F., Li, Z., Danek, E.I., Luo, D., Wong, Y., Coutard, B., Lantez, V.,
Charrel, R., Canard, B., Waiz, T., and Lescar, J. The hexamer structure of the
rift valley fever virus nucleoprotein suggests a mechanism for its assembly into
ribonucleoproteiin complexes. PLoS Pathogens 7, 5 (May 2011).

[20] Fox, N., Jagodzinski, F., Li, Y., and Streinu, I. KINARI-Web: A server for
protein rigidity analysis. Nucleic Acids Research 39 (Web Server Issue) (2011),
W177–W183.

[21] Fox, N., Jagodzinski, F., and Streinu, I. Kinari-lib: a C++ library for pebble
game rigidity analysis of mechanical models. In Minisymposium on Publicly
Available Geometric/Topological Software, Chapel Hill, NC, USA (June 2012).

[22] Fox, N., and Streinu, I. Towards accurate modeling for protein rigidity analysis.
In 2nd IEEE International Conference on Computational Advances in Bio and
Medical Sciences (ICCABS’12). Feb. 23-25 (February 2012).

105



[23] Garman, S.C., and Garboczi, D.N. Structural basis of Fabry disease. Molecular
Genetics and Metabolism 77, 1-2 (2002), 3 – 11.

[24] Gilis, D., and Rooman, M. Predicting protein stability changes upon muta-
tion using database-dervied potentials: Solvent accessibility determines the im-
portance of local versus non-local interactions along the sequence. Journal of
Molecular Biology 272, 2 (1997), 276–290.

[25] Gohlke, H., and Radestock, S. Exploiting the link between protein rigidity and
thermostability for data-driven protein engineering. Engineering Life Science 8
(2008), 507–522.

[26] Granzin, J., Puras-Lutzke, R., Landt, O., Grundert, H-P, Heinemann, U.,
Saenger, W., and Hahn, U. RNase T1 mutant Glu46Gln binds the inhibitors
2’GMP and 2’AMP at the 3’ subsite. Journal of Molecular Biology 225, 2 (1992),
533–542.

[27] Guerois, R., Nielsen, J.E., and Serrano, L. Predicting changes in the stability of
proteins and protein complexes: A study of more than 1000 mutations. Journal
of Molecular Biology 320, 2 (2002), 369–387.

[28] Holder, T. Supercell. http://www.pymolwiki.org/index.php/Supercell, Au-
gust 2011.

[29] Hutschison, C.A., Philipps, S., Edgell, M.H., Gillham, S., Jagnke, P., and Smith,
M. Mutagenesis at a specific position in a DNA sequence. Journal of Biological
Chemistry, 18 (1978), 6551–6560.

[30] Hyun, J.K., Accurso, C., Hijnen, M., Schult, P., Pettikiriarachchi, A., Mitra,
A.K., and Coulibaly, F. Membrane remodeling by the double-barrel scaffolding
protein of poxvirus. PLoS Pathogens 7, 9 (September 2011).

[31] Ishima, R., Freedberg, D.I., Wang, Y.-X., Louis, J.M., and Torchia, D.A. Flap
opening and dimer-interface flexibility in the free and inhibitor-bound HIV pro-
tease, and their implications for function. Structure 7, 9 (1999), 1047–1055.

[32] Jacobs, D.J., and Hendrickson, B. An algorithms for two-dimensional rigidity
percolation: the pebble game. Journal of Computational Physics 137 (1997),
346–365.

[33] Jacobs, D.J., Rader, A.J., Thorpe, M.F., and Kuhn, L.A. Protein flexibility
predictions using graph theory. Proteins 44 (2001), 150–165.

[34] Jacobs, D.J., and Thorpe, M.F. Generic rigidity percolation: the pebble game.
Physics Review Letters 75 (1995), 4051–4054.

[35] Jagodzinski, F., Clark, P., Liu, T., Grant, J., Monastra, S., and Streinu, I.
Rigidity analysis of periodic crystal structures and protein biological assemblies.
Submitted, BMC BioInformatics (2012).

106



[36] Jagodzinski, F., Hardy, J., and Streinu, I. Using rigidity analysis to probe
mutation-induced structural changes in proteins. In Workshop on Computational
Structural Bioinformatics (November 2011), IEEE Int. Conf. on Bioinformatics
and Biomedicine (BIBM’11), pp. 432–437.

[37] Jagodzinski, F., Hardy, J., and Streinu, I. Using rigidity analysis to probe
mutation-induced structural changes in proteins. Journal of Bioinformatics and
Computational Biology 10, 3 (2012).

[38] Jagodzinski, F., and Streinu, I. Towards biophysical validation of constraint
modeling for rigidity analysis of proteins. BMC Bioinformatics , Accepted.

[39] Kendrew, J.C., Bodo, G., Dintzis, H.M., Parrish, R.G., and andD.C. Phillips,
H. Wyckoff. A three-dimensional model of the myoglobin molecule obtained by
x-ray analysis. Nature 181, 4610 (1958), 662–666.

[40] Ko, T.-P, Robinson, H., Gao, Y.-G, Cheng, C.-H.C., DeVries, A.L, and Wang,
A.H.-J. The refined crystal structure of an eel pout type III antifreeze protein
RD1 at 0.62-A resolution reveals structural microheterogeneity of protein and
solvation. Biophysical Journal 84 (2003), 1228–1237.

[41] Krebs, W.G., and Gerstein, M. The morph server: a standardized system for
analyzing and visualizing macromolecular motions in a database framework. Nu-
cleic Acids Research 28, 8 (2000), 1665–1675.

[42] Kumar, M.D., Bava, K.A., Gromiha, M.M., Prabakaran, P., Kitajima, K.,
Uedaira, H., and Sarai, A. Protherm and pronit: thermodynamic databases
for proteins and proteinâĂŞnucleic acid interactions. Nucleic Acids Research 34,
suppl 1 (2005), D204–D206.

[43] Kyte, J., and Doolittle, R.F. A simple method for displaying the hydropathic
character of a protein. Journal of Molecular Biology 157, 1 (1982), 105–132.

[44] Lakowicz, J.R. Principles of Fluorescence Spectroscopy. Springer, 3rd edition,
2006.

[45] Laman, G. On graphs and rigidity of plane skeletal structures. Journal of
Engineering Mathematics 4 (1970), 331–340.

[46] Lee, A., and Streinu, I. Pebble game algorithms and sparse graphs. Discrete
Mathematics 308, 8 (2008), 1425—1437.

[47] Lee, B., and Richards, F.M. The interpretation of protein structures: Estimation
of static accessibility. Journal of Molecular Biology 55, 3 (1971), 379–400.

[48] Lee, C., and Levitt, M. Accurate prediction of the stability and activity effects
of site-directed mutagenesis on a protein core. Nature 352 (1991), 448–451.

107



[49] Lou, X., Tu, X., Pan, G., Xu, C., Fan, R., Lu, W., Deng, W., Rao, P., Teng,
M., and Niu, L. Purification, N-terminal sequencing, crystallization and pre-
liminary structural determination of atratoxin-b, a short-chain alpha-neurotoxin
from Naja atra venom. Acta Crystallography 59, 6 (2003), 1038–1042.

[50] Lovell, S.C., Word, J.M., Richardson, J.S., and Richardson, D.C. The penul-
timate rotamer library. Proteins Structure Function and Genetics 40 (2000),
389–408.

[51] Matsumura, M., Becktel, W.J., and Matthews, B.W. Hydrophobic stabilization
in t4 lysozyme determined directly by multiple substitutions of ile 3. Nature 334
(1988), 406–410.

[52] Matsumura, Masazumi, Becktel, Wayne J., Levitt, Michael, and Matthews,
Brian W. Stabilization of phage t4 lysozyme by engineered disulfide bonds.
Proceedings of the National Academy of Sciences 86, 17 (1989), 6562–6566.

[53] Maxwell, J.C. On the calculation of the equilibrium and stiffness of frames.
Philosophical Magazine Series 4 27 (1864), 294–299.

[54] Mayo, S.L., Dahiyat, B.I., and Gordon, D.B. Automated design of the surface
positions of protein helices. Protein Science 6, 6 (1997), 1333–1337.

[55] McCammon, J.A., Gelin, B.R., and Karplus, M. Dynamics of folded proteins.
Nature 267, 5612 (1977), 585–590.

[56] McCoy, R.H., Meyer, C.E., and Rose, W.C. Feeding experiments with mixtures
of highly purified amino acids. viii. isolation and identification of a new essential
amino acid. Journal of Biological Chemistry 112 (1935), 283–302.

[57] Mcnaught, A. D., and Wilkinson, A. IUPAC. Compendium of Chemi-
cal Terminology, 2nd ed. (the "Gold Book"), xml on-line corrected version:
http://goldbook.iupac.org (2006-) created by m. nic, j. jirat, b. kosata; updates
compiled by a. jenkins ed. Blackwell Scientific Publications, Oxford, 1997.

[58] Michalet, X., Weiss, S., and Jager, M. Single-molecule fluorescence studies of
protein folding and conformational dynamics. Chemical Reviews 106, 5 (2006),
1785–1813.

[59] Mooers, B., Baase, W.A., Wray, J.W., and Matthews, B.W. Contributions of all
20 amino acids at site 96 to the stability and structure of T4 lysozyme. Protein
Science 18, 5 (2009), 871–880.

[60] Nachman, J., Miller, M., Gilliland, G.L., Carty, R., Pincus, M., and Wlodawer,
A. Crystal structure of two covalent nucleoside derivatives of ribonuclease a.
Biochemistry 29, 4 (1990), 928–937.

108



[61] Nicholson, H., Soderlind, E., Tronrud, D.E., and Matthews, B.W. Contributions
of left-handed helical residues to the structure and stability of bacteriophage T4
lysozyme. Journal of Molecular Biology 210, 1 (1989), 181–193.

[62] Nicholson, L. K., Yamazaki, T., Torchia, D. A., Grzesiek, S., Bax, A., Stahl,
S. J., Kaufman, J. D., Wingfield, P. T., Lam, P. Y. S., Jadhav, P. K., and
Others. Flexibility and function in HIV-1 protease. Nature Structural Biology 2,
4 (1995), 274–280.

[63] Palmer, A.G, Grey, M.J., and Wang, C. Solution nmr spin relaxation methods
for characterizing chemical exchange in high-molecular-weight systems. In Nu-
clear Magnetic Resonance of Biological Macromolecules, Thomas L. James, Ed.,
vol. 394 of Methods in Enzymology. Academic Press, 2005, pp. 430 – 465.

[64] Pande, Vijay S., Baker, Ian, Chapman, Jarrod, Elmer, Sidney P., Khaliq, Siraj,
Larson, Stefan M., Rhee, Young Min, Shirts, Michael R., Snow, Christopher D.,
Sorin, Eric J., and Zagrovic, Bojan. Atomistic protein folding simulations on the
submillisecond time scale using worldwide distributed computing. Biopolymers
68, 1 (2003), 91–109.

[65] Perryman, A.L., Lin, J.-H., and McCammon, J.A. HIV-1 protease molecular
dynamics of a wild-type and of the V82F/I84V mutant: Possible contributions
to drug resistance and a potential new target site for drugs. Protein Science 13,
4 (2004), 1108–1123.

[66] Prevost, M., Wodak, S.J., Tidor, B., and Karplus, M. Contribution of the
hydrophobic effect to protein stability: analysis based on simulations of the Ile-
96-Ala mutation in barnase. Proceedings of the National Academy of Sciences,
U.S.A. 88, 23 (1991), 10880–10884.

[67] R Development Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria, 2010.
ISBN 3-900051-07-0.

[68] Rader, A. J., and Bahar, I. Folding core predictions from network models of
proteins. Polymer 45, 2 (2004), 659–668.

[69] Rader, A.J., Anderson, G., Basak, I., Bahar, I., and Klein-Seetharaman, J. Iden-
tification of core amino acids stabilizing rhodopsin. Proceedings of the National
Academy 0f Science of the United States of America 101, 19 (May 2004), 7246–
7251.

[70] Rader, A.J., Hespenheide, B.M, Kuhn, L.A., and Thorpe, M.F. Protein unfold-
ing: Rigidity lost. Proceedings of National Academy of Sciences, U.S.A. (2002),
3540–3545.

[71] Rupp, B. Biomolecular Crystallography: Principles, Practice, and Application
to Structural Biology, 1st ed. Garland Science, New York, 2009.

109



[72] Senechal, Marjorie. Crystalline Symmetries, An Informal Mathematical Intro-
duction. Adam Hilger Publishing, 1990.

[73] Smith, M.J-de. STATSREF: Statistical analysis handbook. http://www.
statsref.com/, 2010.

[74] Smith, S.O., Eilers, M., Song, D., Crocker, E., Ying, W., Groesbeek, M., and
Aimoto, G. Metz M. Ziliox S. Implications of threonine hydrogen bonding in
the glycophorin a transmembrane helix dimer. Biophysics Journal 82 (2002),
2476–2486.
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[84] Ueda, Y., Taketomi, H., and Gō, N. Studies on protein folding, unfolding, and
fluctuations by computer simulation. II. A. three-dimensional lattice model of
lysozyme. Biopolymers 17, 6 (1978), 1531–1548.

[85] Weaver, L.H., and Mathews, B.W. Structure of bacteriophage T4 lysozyme
refined at 1.7 A resolution. Journal of Molecular Biology 193 (1987), 189–199.

[86] Wells, S.A., Jimenez-Roldan, J.E., and Romer, R.A. Comparative analysis of
rigidity across protein families. Physical Biology 6, 4 (2009).

[87] Westbrook, John, Berman, Helen M., Feng, Zukang, Gilliland, Gary, Bhat, T. N.,
Weissig, Helge, Shindyalov, Ilya N., and Bourne, Philip E. The protein data
bank. Nucleic Acids Research 28 (2000), 235–242.

[88] Worth, C.L., Preissner, R., and Blundell, L. SDM-a server for predicting effects
of mutations on protein stability and malfunction. Nucleic Acids Research 39,
Web Server Issue (2011), W215–W222.

[89] Xu, J., Baase, W.A., Baldwin, E., and Matthews, B.W. The response of T4
lysozyme to large-to-small substitutions within the core and its relation to the
hydrophobic effect. Protein Science 7, 1 (1998), 158–177.

[90] Zhang, X.-J., Wozniak, J.A., and Matthews, B.W. Protein flexibility and adapt-
ability seen in 25 crystal forms of t4 lysozyme. Journal of Molecular Biology 250
(1995), 527–552.

111


