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γ-crystallins are structural eye lens proteins responsible for focusing light into the retina.

These proteins are highly stable, being capable of remaining soluble at concentratins exceed-

ing 300 g/L for an entire lifetime. Upon a loss in solubility, either by mutation or chemical

damage to the protein structure, opaque aggregates form in the eye lens, known as cataract.

Understanding the conformations and interactions of the γ-crystallins in their aggregated

state will provide a deeper understanding of the mechanisms behind cataract formation.The

work presented in this dissertation will investigate cataract-related sequences of γS- and

γD-crystallins (γS-WT and γD-WT, respectively). Using molecular dynamics and other

modeling techniques, I investigate potential sites for interprotein interaction, often through

the exposure of hydrophobic residues. In the congenital cataract-related G18V variant of

γS-crystallin (γS-G18V), the exposure of hydrophobic patches are identified in a relatively

folded protein. Simulated protein-ligand conformations of a hydrophobic probe (ANS) iden-

tify hydrophobic sites both local and allosteric to the site of mutation. In the W42R variant

of γD-crystallin (γD-W42R), a 17 µs molecular dynamics simulations shows the sponta-

neous separation of the N- and C-terminal domains (whereas γS-WT remains stable for 50

µs). Two protein simulations show that the hydrophobic interdomain interface becomes

the main site for interprotein interaction, providing strong support for a domain swapping

xvii



aggregation pathway at physiological conditions. The thermal stability is analyzed for the

γS-crystallins of the human and Antarctic toothfish. The less thermally stable toothfish

proteins show correlated increases in backbone flexibility and decreases in the packing of the

hydrophobic core, yet maintain similar structure and dynamics at their native temperature.

Finally, an analysis of the domain-domain motions in γD-WT fluctuations is performed in

the presence and absence of macromolecular crowding. The autocorrelation function of the

interdomain distance ages over 50 µs of simulation, showing non-convergent dynamics even

after significant computational sampling.
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Chapter 1

Introduction

Cataract is the leading cause of blindness worldwide, accounting for more than 50% of

cases of blindness, globally[1]. Cataract is the opacification of the eye lens caused by a

loss in solubility and aggregation of structural eye lens proteins called crystallins. The

cloudiness formed in cataract is a result of the scattering of visible light from large aggregates

of the crystallin proteins[2]. The cataracterous lenses can be replaced surgically, however

the procedure can be expensive and the cataract surgical rates are reported to be low in

some regions such as sub-Saharan Africa and southeast Asia[3, 4]. This necessitates the

development of non-surgical methods for cataract treatment. A deeper understanding of the

molecular mechanisms behind cataract formation is essential for the development of novel

treatments for regions without access to cataract surgery.

The human eye lens contains some of the oldest cells in the human body[5]. Nearly 99% of the

eye lens core[6] is composed of bundles of elongated, transparent cells called lens fiber cells.

Upon cellular differentiation, all lens fiber cell organelles are lost, leaving high concentrations

(90% by mass[7]) of tightly packed crystallin proteins. These crystallin proteins provide the

refractive medium to focus light towards the retina[8], and, since lens fiber cells lack any
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protein expression mechanisms, must remain soluble for an entire lifetime. Crystallins are

divided into 2 families: α- and βγ-crystallin. α-crystallins are large chaperone complexes

that protect the eye lens from large scale aggregation by binding misfolded proteins[9, 10].

The βγ-crystallins are the structural eye lens proteins where β-crystallins exist as dimers

and γ-crystallins exist as monomers. In this dissertation, I will be focusing on structure and

dynamics related to the monomeric γ-crystallin.

Figure 1.1: Cartoon representation of the NMR structure of human γS-crystallin[10]. Each
Greek key motif is colored separately, and the protein is oriented such that the N-terminal
domain is on the left and the C-terminal domain is on the right.

γ-crystallins exist as a 21 kDa, two domain protein, where each domain contains two Greek

key motifs, composed of four anti-parallel β-strands in each motif (Figure 1.1). Each of the

four Greek keys are structurally homologous, yet non-identical. The N-terminal (NTD) and

C-terminal (CTD) domains are joined by a compact hydrophobic interface, resulting in a

globular protein about 5 nm in diameter. γ-crystallins are highly stable proteins, capable of

remaining soluble at high concentrations (450-1000 g/L)[11, 12] in the eye lens. However,

congenital or post-translational modifications to the protein sequence can result in a loss

in solubility and aggregation, resulting in a loss of lens opacity. The cloudiness that is

characteristic of lens cataract is a result of the scattering of visible light from these insoluble
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crystallin aggregates.

The crystallin aggregation pathway has been shown to be highly dependent on both the

protein environment[13, 14, 15] and alterations to the protein sequence[10, 16, 17]. The

current hypothesized aggregation mechanisms involve different degrees of misfolding[18]. The

condensation mechanism details the aggregation of mostly folded proteins containing altered

interprotein interactions[19, 20, 21]. Partial unfolding, usually involving intact Greek key

domains, can result in the swapping of γ-crystallin domains[22, 23]. Understanding the

structure and dynamics behind these aggregation prone states can give useful insights into

the mechanisms behind aggregation and can inform strategies for its prevention.

Several structures of γ-crystallin and their cataract-causing variants have been reported using

solution-state NMR spectroscopy[10, 24, 25] and x-ray crystallography[26, 27, 28]. Despite

the variants being capable of rapid aggregation, many of these structures closely resemble

their wild-type counterparts. However, reports of changes in structural stability[29, 21],

exposed hydrophobicity[20, 30], and the presence of partially unfolded states[27] suggest

that further insights can be obtained beyond the average structures. In fact, if such sub-

populations of unfolded intermediates exist, computational analysis of the protein structure

and stability may be able give predictions on how these aggregation-prone states arise.

In this dissertation, I will computationally model γ-crystallins to provide examples of:

1. Altered surface hydrophobicity in γS-G18V, a cataract-related variant with minimal

unfolding

2. Changes in tertiary structure in γD-W42R, a protein with a known partially unfolded

intermediate

3. Conservation of structure and dynamics in the cold adapted toothfish γS-crystallins

4. Interdomain dynamics that are non-stationary in the microsecond timescale
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To approach these questions, I will present results from atomistic molecular dynamics (MD)

simulations. Given a reasonable estimate of a protein conformation, MD simulations pro-

duce a fully atomistic description of protein motions in a solvated environment. Much of

the accuracy of MD simulations is owed to the close curation and validation of the MD

force field parameters[31, 32], the set of force constants needed to define the bonded and

nonbonded interaction potentials between all atoms. By integrating through time using

Newton’s equations of motion, protein-solvent trajectories can be generated and analyzed

for their interactions and dynamics. The data from these atomistic models have potential

for guiding new experiments as well as providing insights into protein function.

However, sufficient sampling of relevant protein motions can be computationally expensive.

Since the MD simulations must integrate Newton’s equations of motion with a femtosecond

(10−15s) timestep, protein dynamics simulations require > 109 timesteps to sample the larger

protein motions residing in the microsecond timescale. Currently, most high-performance

computing clusters are capable of sampling about tens of nanoseconds in a day. This is

sufficient to sample local fluctuations, yet larger domain motions from the microsecond to

millisecond timescales[33] remain inaccessible. Recently, the availablility of Anton 2, a special

purpose supercomputer for MD simulations[34], has made microsecond to millisecond MD

simulations computationally feasible. With this, the larger, more collective protein motions

can be investigated for applications in protein folding and conformational change.

Chapter 2 will characterize changes in the hydrophobic surface of γS-G18V, a γS-crystallin

variant that readily aggregates at low concentrations. Despite being aggregation-prone, the

solution-state structures show only minimal unfolding and is more thermodynamically stable

than other non-aggregating variants[21]. Using a combination of molecular docking and

NMR chemical perturbation experiments performed by Domarin Khago, we identify regions

of exposed hydrophobicity related to the local unfolding of the protein. This demonstrates

the exposure of sites for interprotein interaction with only local unfolding on the protein
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surface.

Chapter 3 is a working manuscript presenting results from microsecond timescale MD sim-

ulations of the cataract-related W42R variant of γD-crystallin (γD-W42R). The crystal

structure of this protein closely resembles the wild-type structure[27]. However, biophys-

ical experiments indicate changes in tertiary structure[35] as well as small populations of

partially unfolded proteins[27]. As a part of this work, MD simulations show that, when

modeled under physiological temperature and pH, the two domains separate, resulting in

an open conformation that is prone to increased interprotein interaction. Previous works

have hypothesized a similar domain-swapping pathway through the use of high tempera-

tures, strong denaturing conditions[22], and atomic force microscopy experiments[23]. This

new conformation provides support for the domain-swapping hypothesis under physiological

temperature and pH.

Chapter 4 will highlight the functional importance of protein dynamics in γS-crystallin as

structural proteins. The psychrophilic, or cold-adapted, toothfish γ-crystallins are resistant

to cold-cataract formation yet have a decreased thermal stability. MD simulations compar-

ing the human and toothfish crystallins show a loss in thermostabilizing salt bridges, yet

have a similar structure and dynamics at their respective environmental temperatures (277

K and 300 K for toothfish and human, respectively). The conservation of dynamics in tem-

perature adaptation highlights the importance of protein flexibility in the functional role of

γS-crystallins as eye lens proteins.

Chapter 5 will characterize the dynamics of the interdomain fluctuations of wild-type human

γD-crystallin (HγD). A 50 µs MD simulation of HγD shows that the interdomain motions

are subdiffusive with fluctuations exhibiting a non-exponential decay in the two-time au-

tocorrelation function. Most notably, the effective relaxation time for domain fluctuations

is dependent on observation time. This observation time dependence is evidence of a non-

ergodic or ageing process, where dynamics remains non-convergent well into the microsecond
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timescale. This non-ergodic dynamics shows that γ-crystallins contain internal motions that

show non-convergent behavior well into the microsecond timescale.
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Chapter 2

ANS Docking to the G18V variant of

human γS-crystallin

2.1 Introduction

High concentrations of closely packed crystallin proteins are necessary for maintaining the

transparency and refractive index gradient of the eye lens. The human lens has several

structural crystallins that are found with different radial distributions; the focus of this study

is γS-crystallin, which is preferentially located in the lens cortex (periphery) [36, 37]. The

solution-state NMR structure of wild-type γS-crystallin has been determined [10], revealing

a double Greek key architecture for each of the two domains, consistent with the structures of

other βγ-crystallins. The childhood-onset cataract variant G18V (γS-G18V) is structurally

similar to γS-WT, but it has dramatically lower thermal stability and solublity [38, 21],

as well as strong, specific interactions with αB-crystallin, the holdase chaperone of the lens

[10]. Despite the well-documented aggregation propensity and reduced stability of γS-G18V,

the particular intermolecular interactions leading to its aggregation are as yet unknown.
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Protein self-aggregation leading to cataract can occur due to an increase in net hydrophobic

interactions, as previously shown in the congenital Coppock-type cataract variant D26G γS-

crystallin [39], the cerulean cataract variant P23T γD-crystallin [20], acetylation of G1 and

K2 residues in γD-crystallin [40], and the lamellar cataract variant D140N αB-crystallin [41].

All of these mutations introduce altered conformations that produce lowered solubility by

exposure of hydrophobic patches on the surface, even though the structural differences from

their wild-type counterparts are relatively subtle. γS-G18V is no exception; the mutation

does not cause large-scale unfolding or rearrangement into a misfolded conformation, but

rather produces altered intermolecular interactions with itself and with αB-crystallin [10].

The fluorescent probe 1-anilinonaphthanlene-8-sulfonate (ANS), which has both negatively

charged and hydrophobic moieties, is often used to quantify exposed hydrophobic surface in

binding to hydrophobic surface patches in proteins [20, 42, 43]. Two types of protein-ANS

interactions are required for fluorescence enhancement: hydrophobic interactions between the

conjugated ring system of ANS and the protein surface [44], and electrostatically between

the sulfonate group and positively charged side chains at the binding site [45]. An increase

in fluorescence intensity indicates that either more ANS is binding to the protein surface, or

that it is bound more tightly, correlating with higher surface hydrophobicity. This method

has been used to characterize exposed hydrophobic surface in a number of protein systems,

including the mitochondiral chaperone protein Atp11p, which recognizes its client proteins

via hydrophobic interactions [46], and aggregation-prone variants of superoxide dismutase-

1 (SOD1), an essential cellular enzyme whose aggregation is associated with amyotrophic

lateral sclerosis (ALS) [47, 48]. Despite the utility of ANS binding as a probe of hydrophobic

surface exposure, and the sensitivity afforded by using fluorescence as a reporter, this assay is

limited by the lack of detailed information about which amino acid residues, or even general

regions of the protein, are taking part in the dye-binding interaction. NMR chemical shift

perturbation (CSP) mapping can forge a link between fluorescence enhancement upon dye

binding and the corresponding changes in the local chemical environment of specific residues
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in the protein. Comparisons between wild-type and variant proteins can then be used to

compare differences in exposure of hydrophobic residues on the surface under particular

solution conditions. CSP mapping is a commonly used technique for investigating protein-

protein or protein-ligand interactions and interfaces [49], and is the basis of the “SAR by

NMR” methodology that is indispensable in the identification of active pharmaceutical agents

[50].

Molecular docking, a computational technique widely used to model the conformation of

protein-ligand complexes, enables experimental perturbations to be analyzed in atomistic

detail. Bound ligand conformations, or poses, are ranked using an empirical scoring function

designed to evaluate intermolecular interactions using minimal computational time. Conven-

tionally, knowledge of the active site is used to guide the pose generation, often in the context

of screening large libraries of compounds against known protein structures [51, 52, 53, 54].

However, docking protocols without prior knowledge of the active site (blind docking) [55],

have successfully identified putative allosteric binding sites of drugs, leading to the design of

novel allosteric modulators [56], and fluorescent dyes [57, 42]. Bis-ANS binding sites found

by docking, validated with steady-state and time-resolved fluorescence assays, have been

used to identify hydrophobic patches in a lipase from Bacillus subtilis [58].

2.2 Materials and Methods

2.2.1 ANS fluorescence assay

Wild-type and G18V γS-crystallins were expressed and purified as previously described [21].

Fluorescence spectra were collected as a function of ANS binding for γS-WT and γS-G18V

with a F4500 Hitachi fluorescence spectrophotometer. The excitation and emission wave-

lengths were 390 nm and 500 nm, respectively, with slits set to 5 nm. Protein concentrations
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Center 1H: 799.8056964 MHz 13C: 201.1282461 MHz 15N: 81.0504078 MHz
Offset 1H: -294.932 Hz (4.8 ppm) 13C: -9863.17 Hz (43 ppm) 15N: 2400 Hz (116.7 ppm)

Table 2.1: Final concentrations of γS-WT and γS-G18V

for both γS-WT and γS-G18V were approximately 1 mg/mL in 10 mM sodium phosphate

buffer and 0.05% sodium azide at pH 6.9. ANS concentrations ranged from 5 µM to 2 mM

were measured using ε= 4.95 mM−1 cm−1 at 350 nm [59].

2.2.2 NMR sample preparation

Purified protein with the 6x-His tag removed was concentrated and supplemented with 2 mM

TMSP, 10% D2O, and 0.05% sodium azide. The final concentration of all γS-WT and γS-

G18V samples was 0.3 mM. ANS was titrated into the protein samples to give final molar

ratios of 1:0, 1:0.5, 1:1, and 1:2 of γS:ANS. Spectra were acquired at 25 ◦C.

2.2.3 NMR experiments

Experiments were performed on a Varian UnityINOVA spectrometer (Agilent Technologies)

operating at 800 MHz and equipped with a 1H–13C–15N 5 mm tri-axis PFG triple-resonance

probe, using an 18.8 Tesla superconducting electromagnet (Oxford instruments). Decou-

pling of 15N nuclei was performed using the GARP sequence [60]. 1H chemical shifts were

referenced to TMSP, and 15N shifts were referenced indirectly to TMSP. NMR data were

processed using NMRPipe [61] and analyzed using CcpNMR Analysis [62]. Center operating

frequencies and (unless otherwise stated) center frequency offsets were as follows:
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2.2.4 Calculation of chemical shift perturbations

1H-15N HSQC spectra of γS-WT and γS-G18V were collected in the presence and absence

of ANS at concentration ratios of 1:0, 1:0.5, 1:1, and 1:2 of γS:ANS, and resonances were

identified and assigned based on chemical shift data previously collected by our group. Res-

onances showed perturbations that are indicative of ANS binding. The change in chemical

shift for each peak in the 2D spectrum upon ANS binding was calculated using the following

chemical shift perturbation (CSP) equation:

∆δavg =

√
(∆δN/5)2 + (∆δH)2

2
(2.1)

A strong-binding threshold for each set of conditions was set at two times the root mean

square (RMS) of the calculated CSP, while the weak-binding threshold was set at half the

RMS to determine which residues had strong or weak binding with ANS. The values used

for each threshold appear in Supplementary Table S1.

2.2.5 Binding site search by rigid receptor docking

Protein coordinates were obtained from the NMR structures of γS-WT and γS-G18V crys-

tallins (PDB ID: 2M3T and 2M3U) [10]. Autodock Tools [63] was used to prepare both the

receptor (crystallin) and ligand (ANS) by merging non-polar hydrogens atoms into united

heavy atoms. Gasteiger charges[64] were added to each atom. The sulfonic acid group of

ANS was deprotonated before processing by Autodock Tools. Molecular docking was per-

formed using Autodock Vina [65]. In order to ensure good coverage of the protein binding

surface, 27 search spaces were placed in an overlapping 3 x 3 x 3 grid around the protein

(Supplementary Figure A.1). Since Autodock Vina works optimally with search spaces with

at most a 27,000 Å3 volume, a 30 x 30 x 30 Å search space was chosen. The exhaustiveness
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parameter was set to 20 (over the default value of 8) in order to ensure an extensive search

of the protein surface. Docking was performed over each one of twenty solution-state NMR

conformations for either γS-WT or γS-G18V. The resulting poses were screened to ensure

that both electrostatic and hydrophobic interactions required for ANS fluorescence enhance-

ment upon binding were present. Docked poses that did not include both interactions within

the first coordination shell of the ANS-protein radial distribution function were considered

non-fluorescent and removed from the docked set. The screened docked set covers most of

the protein surface (see Supplementary Figure A.2).

2.2.6 Calculation of residue contacts

To compare the screened docked set with the residue-based CSP data, ANS-residue contact

frequencies were calculated by summing the Boltzmann weights of all the poses in contact

with a given residue. The Boltzmann weight of a given docked pose was calculated according

to

wi =
exp(−Ei/kBT )∑
i exp(−Ei/kBT )

(2.2)

where i is the index of the docked pose, Ei is the pose binding energy, kB is the Boltzmann

constant, and T is the absolute temperature. The residue contact frequencies for each

protein are shown in Supplementary Figure S3. Following the CSP analysis, to determine

which residues had strong or weak binding with ANS, a strong-binding threshold was set

at two times the RMS of the calculated ANS-residue contact frequency, while the weak-

binding threshold was set at the RMS value. The values used for each threshold appear in

Supplementary Table S1.
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2.2.7 Flexible refinement of binding sites

A flexible docking refinement was performed near all the highly perturbed residues accorindg

to the strong-binding cutoff on the CSP data. Docking search spaces were defined by clus-

tered conformations of ANS from the screened docked set used to calculate the ANS-residue

contact frequencies. Using a root-mean-square deviation cutoff (RMSD) of 5.0 Å, clustered

poses were grouped into potential binding sites near the experimentally perturbed residues

(see Supplementary Figure A.2). Search spaces were defined as boxes surrounding the clus-

tered ligands with an 8 Å padding. The padding was necessary to include flexible side chains

within the search space. Residues with an experimental CSP above the low-binding cutoff

were considered as flexible. A total of five potential binding sites were used to dock ANS

to either flexible γS-WT or γS-G18V. The resulting poses were clustered again, and the

location and interactions of each pose were compared visually.

2.3 Results and Discussion

2.3.1 ANS fluoresence indicates that the relative surface hydroph-

obicity of γS-G18V is higher than that of γS-WT

Dye-binding assays were performed on γS-WT and the aggregation prone variant, γS-G18V.

The ANS fluroscence measurements for γS-WT and γS-G18V, shown in Figure 2.1, indicate

more exposed hydrophobic surface in γS-G18V compared to its wild type counterpart. These

data also allow determination of the lowest ANS concentration required to produce the

maximum emission before saturation, which was 1.5 mM for γS-WT and 1 mM ANS for

γS-G18V. The lower concentration required to saturate γS-G18V is consistent with the

observation that it binds ANS more readily than wild-type.

13



B

R
el

at
iv

e 
Fl

uo
re

sc
en

ce

[ANS] (μM)

●●●
●
●

●

●
●

● ● ● ●

■■
■
■

■

■

■
■ ■ ■ ■ ■

0

50

100

150

200

250

0 500 1000 1500 2000

NTD

NTD

NTD

NTD

CTD CTD

CTD CTD

γS-WT γS-G18V

A

Figure 2.1: A. Molecular surface representation of γS-WT (green) and γS-G18V (blue) based
on the solution-state NMR structures (PDB ID 2M3T and 2M3U, respectively). Hydropho-
bic residues are highlighted in orange. B. Fluorescence spectra representing ANS binding
monitored at 500 nm using γS-WT and γS-G18V crystallins. Protein concentrations for both
S-WT and S-G18V were approximately 1mg/mL. Saturation occurred at 1.5mM ANS for
S-WT and 1 mM ANS for γS-G18V. Higher emission was observed for γS-G18V, indicating
more hydrophobic surface area exposed than for γS-WT.

14



 8 8.5

105

102

108

 10  9.5

110

115

110

 7.5  7

107

113

 10  9.5

130

125

110

115

 7.5  7 

120

117

123

 G147
 S129

 G106

 G92
 S39

 G44

 G102

 G57
 G18

 F55

 H123
 Q121  I161

 N77
 S117 E69

 N54

 N144
 N15

 C83
 C130

 C37
 R174

 S105
 R146

 Q17

 W163ε

 W73ε
 L62

 L34

 L76  L33
 L80 A169

 M108  A165

66.5

δ 
15

N
 (p

pm
)

δ 1H (ppm)
66.5

110

 9  8.5

107

113

120

124

130

 10  9.5 

125

110

 8 
115

 7.5 

120

 7.5  7
125

 F173
 G91  G5

 G65  S172

 C23

 Y140 V49  S2

 Y150 T111
 R125

 K14 Y67
 S35  Y50  R148

 Q107

 W163ε
 W73ε

 L62

 W47ε

 9.2  8.8

 F122

 K159

 K101
 Y145

 F16
 F104

 N77

 F55
 M74
 D29 D78

 S167

 D13

 H123
 E126
 W163

 L80
 A169

 A165
 D22

 V170

120

115 R146

 A56

γS
-G

18
V

γS
-W

T

LEGEND
No ANS
1:0.5 γS:ANS

1:1 γS:ANS
1:2 γS:ANS

Figure 2.2: Selected portions of the 1H-15N HSQC spectra of γS-WT and γS-G18V. Exper-
iments were carried out using final ratios of 1:0, 1:0.5, 1:1, and 1:2 of γS:ANS. Resonances
indicative of a change in chemical shift are indicative of multiple ANS binding to specific
residues. However the perturbations observed are small due to the low concentrations of
γS-crystallin and ANS used. Spectra were acquired at 25 ◦C with final concentrations of all
γS-WT and γS-G18V samples at 0.3 mM.

15



•••••••••••••••••••
•••••••••••••
••••••••
•
•
•••••••

•

••
•
••
••
••
•

••

•

•
•
•

•

••••
•
•

•

••••
•••••

•

•

•
••
••••
••
••••••
•••
•••••
•
•
•
•••••••••
••
••••••••••
•
••

•

•

•

•

•

•
•••
•••
•
•
•

•
•
••
•••••
••
••••
•
••••
•
••

•

•••
•••••••

•

••
•
••••••••••
•••••••••
•••••
•
•

••••

••
•

••••••
•
•
••
••
•••
•
•••

•

••
•

•

••
••

•

•

•

•

•

••

•
•
•

••
•
•
••
•
•
••••
•
••••••••••••••
•
•••••••••••
••
•••••••••••••
•
•

•

•

•

•

•

•••

•
•••
•

•
•
•••
••••••••••••••••••

•

•

••

•
0.05

B
ol

tz
m

an
-W

ei
gh

te
d 

C
on

ta
ct

s

0.10

0.15

0.20

0.25

50 100 150
Residue Number

•• γS-WT
γS-G18V

Figure 2.3: Average chemical shift perturbation (CSP) of γS-WT (green) and γS-G18V
(blue). Nonspecific binding, with maximum perturbation in the N-terminal domain, is ob-
served in both proteins. However, in γS-G18V, more of the CSPs are localized to the
N-terminal domain. Particularly between residues 15 to 50, in the cysteine loop near the
mutation site. Inspection of the structures confirms that this region is exposed to solvent in
γS-G18V but not in γS-WT

2.3.2 Chemical shift perturbation mapping reveals the residues

involved in ANS binding and the relative strengths of the

interactions

Binding interactions between ANS and γS-WT or γS-G18V were measured at concentration

ratios of 1:0, 1:0.5, 1:1, and 1:2 of γS:ANS, using CSP mapping via 1H-15N HSQC spectra.

Selected regions of the NMR spectra where resonances show perturbations indicative of ANS

binding are shown in Figure 2.2. The full NMR spectra can be found in the Supplemental

Information (Supplementary Figures S4 and S5). The change in chemical shift for each peak

in the 2D spectrum upon ANS binding was calculated using Equation 1. Representative CSP

data for γS-WT and γS-G18V upon 1:1 ANS binding is shown in graphical form in Figure

2.3. The complete set of calculated CSP data can be found in the Supplemental Information

(Supplementary Figures S6 and S7). As shown in Figure 2.3, although nonspecific binding

is observed throughout the surfaces of both proteins, γS-G18V binds ANS more strongly in

the N-terminal domain (approximately the first 100 residues). The maximum ANS binding

occurs within residues 15 through 50, close to the mutation site. These observations are
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Figure 2.4: ANS interactions with γS-WT and γS-G18V. The strong-binding threshold and
weak-binding threshold were defined as two times the RMS and half the RMS, respectively.
Experimental CSP values indicate that ANS binding occurs throughout the N- and C-
terminal domains for S-WT, (strong binding residues in green and weak binding residues
in pale green), while in γS-G18V ANS binding mainly occurs at the N-terminal domain
(strong binding residues in blue and weak binding residues in pale blue). Some strong bind-
ing is observed in the N-terminal domain for both proteins near the mutation site, e.g.G18 in
γS-WT and D22 in γS-G18V. However, γS-G18V displays more ANS binding (both strong
and weak) overall in the N-terminal domain. Strong binding is also observed in the inter-
domain interface of γS-WT, residues L62, S82, and H123, and γS-G18V, residues L62,W73,
H87, L88, and G91. G18V exhibits more binding (strong and weak) within that interdomain
interface suggesting that this variant has higher surface hydrophobicity localized to the N-
terminal domain near the mutation site and the interdomain interface. Coverage of both
strong and weak binding residues are nearly identical between experimental and docking
results, highlighted in dark green for γS-WT and dark blue for γS-G18V, indicating that the
docking results are in good agreement with the experimental data.
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mapped onto the protein structures in Figure 4 (left panel) where the residues having strong

and weak ANS binding are highlighted. A strong-binding threshold (two times the RMS)

and a weak-binding threshold (half the RMS) were set for each condition. For γS-WT,

strong binding residues are highlighted in bright green and weak binding residues in pale

green. For γS-G18V, strong binding residues are highlighted in dark blue and weak binding

residues in pale blue. The CSP data indicate that although both proteins display ANS

binding throughout both the N- and C-terminal domains, γS-G18V has additional ANS

binding residues, mostly in the N-terminal domain. Although some strong binding residues

exhibited in the N-terminal domain for both proteins near the mutation site, (e.g. G18 in

γS-WT and D22 in γS-G18V), G18V displays more ANS binding, both strong and weak,

in the N-terminal domain. Strong binding is also seen in the interdomain interface of γS-

WT, (residues L62, S82, and H123), and γS-G18V (residues L62, W73, H87, L88, and

G91). Similar perturbations at the interdomain interface (residues G65, Y67, S82, S85,

and G91) were shown for γS-G18V in the presence of αB-crystallin, the primary holdase

chaperone protein of the eye lens [10]. αB-crystallin only weakly interacts with γS-WT

at the surface of the protein (residues S35, W47, E66, G92, F122, and H123) [10]. The

full list of residues interacting with both ANS and αB-crystallin for both γS-WT and γS-

G18V is tabulated in Table 2 for comparison. Notably, αB-crystallin strongly binds near the

interdomain interface in γS-G18V in but not γS-WT, consistent with the hypothesis that

the chaperone is recognizing an exposed hydrophobic patch in this region of γS-G18V.

ANS is a small molecule probe that reports hydrophobic exposure due to its propensity to

bind to hydrophobic patches. Due to its small size, ANS will perturb residues local to the

hydrophobic patch without largely affecting the receptor conformation. These perturbed

residues reveal hydrophobic patches on the apo form of γS-G18V that are local to residues

implicated in γS-G18V interaction with αB-crystallin. This is consistent with the hypothesis

that the chaperone is recognizing an exposed hydrophobic patch in γS-G18V. The larger set

of perturbed residues in αB-crystallin can be attributed to size of αB-crystallin relative to
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ANS, resulting in a much larger interaction interface.

The concentrations used for these NMR studies of both γS-WT and γS-G18V were below

concentrations used in previous studies, where dynamic light scattering (DLS) data observed

monomeric conditions for both proteins [10]. Another indication that monomeric conditions

were used was based on the observed line widths. Table 3 in the Supplemental Information

reports line widths of γS-WT and γS-G18V for several residues from the 1:1 γS:ANS mix-

tures. The line widths reported for WT and G18V are comparable to one another, unlike

previous studies were crosspeaks were broadened out below the noise threshold due to the

presence of large complexes in solution resulting in the use of transverse-relaxation optimized

spectroscopy (TROSY)-HSQC [10].

2.3.3 Docking of ANS on the protein surface predicts more bind-

ing sites on γS-G18V than γS-WT and allows interpretation

of the CSP data

Rigid receptor docking resulted in a total of 4860 docked poses (27 search spaces × 20

NMR conformations × 9 poses/search space). After screening for poses consistent with ANS

fluorescence enhancement upon binding, 3423 poses and 3367 poses remained for γS-WT

and γS-G18V, respectively (see Supplementary Figure S2A). Filtered poses covered nearly

the entire surface of the protein and exhibit a broad range of scores (from -2 kcal/mol to

-7 kcal/mol, with a mean of -4.5 kcal/mol). Due to the pocket-like shape of the interdomain

interface, ANS preferentially bound to the large hydrophobic pocket between the N- and

C-terminal domains. However, sites were identified near all highly perturbed residues with

comparable binding scores (see Supplementary Figure S3). Flexible docking poses located

near the highly perturbed residues according to the CSP data had binding scores between

-4.5 kcal/mol and -6.0 kcal/mol, consistent with a stronger preference for ANS to bind near
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the perturbed residues. A total of ten binding sites were found for γS-G18V and nine bind-

ing sites for γS-WT using flexible docking. Most of these binding sites were found to be

very similar in both γS-WT and γS-G18V. However, three binding modes were found to

be unique to γS-G18V. The first and most populated binding mode is located in the hy-

drophobic cavity at the interface between the N- and C-terminal domains, shown in Figure

5A and 5D [66, 29]. Although this binding site was found in both γS-WT and γS-G18V, the

presence of the R84-D153 salt-bridge blocks the exposure of the hydrophobic surface in γS-

WT. In contrast, γS-G18V lacks this salt-bridge interaction, which exposes the interdomain

hydrophobic cavity and allows the entry of ANS into the interdomain binding site. This

is consistent with the experimental NMR data, which indicate that chemically perturbed

residues, H87 and L88, located near the interdomain pose, interact strongly with ANS only

in γS-G18V (Figure 5). The second and third binding sites are located close to residues 20 -

30, which includes a loop region containing three cysteine residues (C23, C25, and C27). As

a result of the G18V mutation, C23 and C27 become solvent exposed, suggesting possible

formation of intermolecular disulfide bridges, consistent with the observation that an excess

of reducing agents abrogates the formation of small oligomers [67]. Previous studies sug-

gested that the exposure of these cysteines results from a disruption in secondary structure

due to the burial of V18 side chain [10]. As a result of this cysteine exposure and concomi-

tant structural changes, a new hydrophobic pocket is uncovered as the second ANS binding

site. Although ANS binds this Cys loop in γS-WT after flexible docking refinement, it is

not in direct contact with any hydrophobic surface, suggesting that the pose may not be

consistent with and enhancement in ANS fluorescence (Figure 5B). In contrast, when the

hydrophobic pocket is exposed, as it is in γS-G18V, ANS becomes buried deep within the

pocket (Figure 5E). This conformation provides both the hydrophobic interactions neces-

sary for fluorescence as well as reduced quenching due to water exposure [44]. In addition

to cysteine exposure, the third binding site shows additional hydrophobic surface exposure

due to the cysteine loop separating from the main Greek key motif. This binding site is
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not found in γS-WT using the same docking search space, indicating that this hydrophobic

patch is a unique characteristic of γS-G18V (Figure 5F). Additionally, the CSP data shows

local perturbation of the backbone amides of the residues involved in these three binding

sites only in for γS-G18V. The presence of these new binding sites can explain the higher

ANS fluorescence intensity of γS-G18V over WT, and they also identify exposed hydropho-

bic patches which may potentially serve as protein-protein interfaces in crystallin aggregates,

and which can be targeted in future mutagenesis studies.

The CSP data and the ANS-residue contact data from the docking simulations show generally

good agreement in that the same protein regions were observed to bind ANS (see Figure 4).

In some cases, the specific residues classified as strong binding vary between experimental and

docking results, but coverage of both strong- and weak-binding residues are nearly identical

(highlighted in dark green for γS-WT, and dark blue γS-G18V in the right panel of Figure

4). This outcome is to be expected because the docking scoring function is more effective

at identifying binding sites than distinguishing more subtle changes in binding energy: the

standard error of the Autodock Vina scoring function [65] is larger than the variation among

scored poses. The agreement between rigid protein docking results and experimental ANS

binding results suggests that there is no major change in protein conformation upon binding

of ANS, supporting the hypothesis that hydrophobic patches on the surface are involved in

intermolecular interactions. Good agreement between the experimental and docking results

further confirms that ANS binding is localized near the mutation site in the N-terminal

domain for γS-G18V, consistent with the CSP data. Experimental and simulation results

are also consistent on the binding of ANS to the exposed interdomain hydrophobic surface

located in the interdomain interface between the two domains due to the breaking of the R84-

D153 salt bridge in γS-G18V. Exposure of this hydrophobic patch facilitates ANS binding

and may be involved in hydrophobic protein-protein interactions.
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Chapter 3

MD simulations of the W42R variant

of human γD-crystallin

3.1 Introduction

Cataract, the opacification of the eye lens, is the leading cause of blindness in many devel-

oping countries[3, 4]. This opacification is caused by the aggregation of a family of proteins

in the eye lens called crystallins[68]. These proteins make up 90% of the protein content in

the eye lens fiber cells. Upon cell differentiation, these cells are denucleated, resulting in the

loss of protein turnover for all eye lens proteins. Thus, in order for the eye lens to maintain

its function, crystallin proteins must remain soluble at concentrations exceeding 400 g/L for

an entire lifetime[69]. However, congenital defects and post-translational modifications, such

as UV photo-oxidation, deamidation, and truncation, can result in the formation of large

protein aggregates that diffract light[17, 70, 71]. These light diffracting aggregates make up

the cloudiness that is characteristic of nuclear cataract.

Crystallin proteins are divided into 3 families: α-, β-, and γ-crystallins. α-crystallins are
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heat shock proteins that serve as holdase chaperones. These chaperones bind misfolded β/γ-

crystallins, but do not refold them, preventing further aggregation[10, 9]. β- and γ-crystallins

are dimeric and monomeric structural proteins, respectively. These structural proteins allow

the eye lens to modulate the index of refraction while maintaining its lens transparency.

Many congenital[21, 27, 28]) and post-translational modifications[72, 73] have been linked to

cataract formation, often through different mechanisms of structural change. In this paper,

we focus on the aggregation-related properties of the monomeric human γD-crystallin (γD-

WT) and its cataract-related W42R variant (γD-W42R).

γD-crystallin is a 173 residue, 21 kDa, monomeric protein comprised of primarily -sheets

organized into two Greek key domains. The congenital cataract-related W42R variant was

reported to have changes in tertiary structure and a reduced thermal stability[35]. However,

the reported crystal structure of γD-W42R is near identical to that of wild-type[27]. Recent

experiments have identified the formation of internal disulfide cross linkages upon chemical

denaturation of the N-terminal domain[74], suggesting the existence of a small population of

partially unfolded intermediates. However, structural details of this intermediate state and

its aggregation pathway at physiological conditions remain uncertain.

Several mechanisms of aggregation have been reported, often involving different degrees of

unfolding. Large-scale denaturation of the Greek key domain structure can lead to the

formation of amyloid fibrils, characterized by fibrillar aggregates containing intermolecular

β-sheets[13, 15]. Moderate unfolding, resulting in the separation of the N- and C-terminal

domains, can lead to domain-swapped aggregates, where the separated domains reform new

inter-protein domain interfaces[22]. Lastly, minimal unfolding can alter interprotein inter-

actions such that the proteins aggregate in a native-like state[19, 20]. It is important to

note, that the aggregation pathway is dependent on the type of stress (chemical, pH, ther-

mal, etc.) put on the protein. pH stress on γ-crystallins has been shown to form amyloid

fibrillar aggregates that differ in morphology from aggregates formed under physiological
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conditions[13, 75]. Furthermore, some cataract-forming crystallin variants have been shown

to be more thermally stable than non-cataract forming variants[21]. Therefore, it is im-

portant to characterize γ-crystallins variants at physiological conditions to understand the

pathway to cataract formation.

To computationally investigate the cataract-related conformations and interactions of γD-

W42R and its aggregates, we use a combination of microsecond-scale molecular dynamics

(MD) simulations and Multi-Conformation Monte-Carlo (mcMC) simulations to model the

single protein dynamics and interactions at high concentration, respectively. Additionally,

we use network analysis to investigate the morphologies of the aggregates. We show that

the N- and C-terminal domains (NTD and CTD, respectively) of γD-W42R spontaneously

separate in absence of thermal or chemical denaturation. The resulting domain-separated

conformations contain patches of exposed hydrophobic residues that, in turn, become the

primary sites of interprotein interaction in Monte Carlo simulations of γD-W42R at high

concentrations. These domain-separated conformations of γD-W42R show a propensity to

form higher order aggregates than γD-WT in mcMC simulations. Based on our overall

results, we provide atomistic computational evidence of significant conformational changes

in γD-W42R that result in large-scale aggregation.

3.2 Results

3.2.1 W42R human γD-crystallin domains separate after salt-bridge

interaction

To investigate the conformational dynamics of wild-type γD-crystallin and its cataract-

related W42R variant, single protein MD simulations of γD-WT and γD-W42R were run

for 50 µs and 17 µs, respectively. Although the crystal structure of γD-W42R contains the
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W42R point mutation, the mutant structure is strikingly similar to that of the wild-type

protein (backbone RMSD of 0.795 Å)[27]. In the single protein MD simulation of γD-W42R,

the protein structure remains similar to its initial structure for several microseconds. Over

the course of 6 µs, the residue R42 gradually becomes solvent exposed and ultimately forms

a salt-bridge with the C-terminal carboxyl group (Figure 3.1B). Upon salt-bridge formation,

the N- and C-terminal domains separate, resulting in a > 10 Å increase in the αC-RMSD for

γD-W42R (Figure 3.1B). As the domains separate, the C-terminal domain rotates such that

the set of hydrophobic interdomain residues become solvent exposed for both domains (Fig-

ure 3.2B). Interestingly, the internal fluctuations of the N- and C-terminal domains of the

domain-separated γD-W42R is similar to that of γD-WT (Figure 3.2C). This gives no indi-

cation for further unfolding of the Greek key domains after domain separation in γD-W42R

from our observable timescale. In the case of the wild-type protein, the protein maintains

its native conformation over the course of 50 µs of simulation (Figure 3.1A).

To identify the exposure of new potential interprotein contacts, the relative solvent acces-

sibilities (RSA) of γD-WT and γD-W42R were calculated for each clustered conformation

prepared for the mcMC simulations (Figure 2D). The RSA represent the residue solvent

accessibility normalized over the theoretical maximum solvent accessibility for each type of

residue (Tien et al., 2013). Residues with a change in RSA > 0.13 are all located at the

interdomain interface in γD-WT (shown as VDW spheres in Figure 2A & B). These are

primarily patches of hydrophobic residues that form the hydrophobic core of the N- and C-

terminal domains. These exposed hydrophobic patches give opportunities for the formation

of new interprotein contacts. To test the role of these residues in interprotein interaction, we

performed multi-conformation Monte-Carlo simulations of γD-WT and γD-W42R at high

concentrations. Clustered conformations were obtained for γD-WT and the open confor-

mation of γD-W42R. The top 50 most populated clusters were used as input for mcMC

simulations of γD-WT and γD-W42R at 200 g/L.
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Figure 3.1: (A) Root mean square deviation (RMSD) of the backbone alpha carbons plotted
vs. time. RMSD evolutions were reported after fitting and measuring the full backbone (full
RMSD), the N-terminal domain (NTD RMSD), and the C-terminal domain (CTD RMSD).
(B) Closed conformation of γD-WT and the open conformation of γD-W42R are shown in
grey and red cartoon representation, respectively. Snapshots of γD-WT and γD-W42R were
taken after 50 µs and 10 µs of MD simulation, respectively. The S173-R42 salt bridge and
its analogous residues are shown in VDW representation.

3.2.2 Monomer mcMC simulation results

To analyze the many body interactions of γD-crystallin, mcMC simulations of γD-WT and

γD-W42R (named as monomer mcMC simulations) were performed and analyzed by Vera

Prytkova. After performing Monte Carlo simulations of γD-WT and γD-W42R at 200 g/L for

2× 105 MC steps, domain-based radial distribution functions were computed. The domain-

based radial distribution functions (Figure 3.3) were considered instead of the center of mass

based radial distribution function due to the shape of the protein. Since the γ-crystallins are

composed of two domains – NTD and CTD, the entire protein has an elongated structure.

Considering the radial distribution function of the centers of mass of each domain allows us

to see which domain has the strongest preference for interaction.

According to domain-based radial distribution functions, the NTD of γD-W42R has the
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Figure 3.2: Representative conformations from highest populated clusters obtained from
RMSD clustering of the MD trajectories of (A) γD-WT and (B) γD-W42R. Residues with a
> 0.13 (1 standard deviation above the mean) increase in relative solvent exposure (∆RSA)
from the W42R point mutation are represented in VDW spheres on both wild-type and
mutant proteins. Residues are colored by residue type. Non-polar residues are colored
white, polar residues are colored green, basic residues are colored blue, and acidic residues are
colored red. (C) Backbone alpha carbon root mean square fluctuations are shown in black
and red, respectively. Interdomain fluctuations removed by superimposing the individual
domains before calculating the RMSF. (D) Difference in RSA between γD-W42R and γD-
WT. Positive ∆RSA values correspond to an increase in residue exposure for γD-W42R. The
error bars represent the standard error of the mean.

strongest preference for interaction with the NTD of other proteins comparing to that of

the wild-type. NTD-CTD interactions are less strong, but also more prevalent in the W42R

variant, while CTD-CTD interactions are very similar in γD-W42R and γD-WT.

To examine the origin of this preferential interaction in γD-W42R all protein pairs con-

tributing to the radial distribution function were selected and the contacts between them

were analyzed. The protein pairs were selected based on the distance between the centers

of mass of protein domains. Two residues are said to be in contact if any two heavy atoms

are within 3.5 Ådistance of each other. Based on these criteria, the total number of contacts
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Figure 3.3: Radial distribution functions of domain centers of mass obtained from mcMC
simulations of γD-WT and γD-W42R. γD-W42R ”Monomer” and ”Dimer” corresponds
to mcMC simulations using conformational libraries obtained from single protein and two
protein MD simulations of γD-W42R, respectively.

found in the γD-WT simulation is 24,991, and for the γD-W42R simulation – 47,887, which

is almost twice as many as that for γD-WT. Figure 3.4 shows the total number of contact

found for each residue. γD-W42R has slightly more CTD-CTD contacts than the wild type.

Specifically, residue L144 is responsible for the increased CTD-CTD interactions. The NTD

interacts more with both N- and C- terminal domains of other proteins through residues

L53, M69, and L71. As can be observed in the contact analysis plot, these hydrophobic

residues dont make a single specific contact, but instead contact many other residues. If

we compare these residues to changes in solvent exposure of the fifty mcMC conformations

(Figure 3.2D), we can see that these residues indeed belong to those patches of the protein

that have significantly increased exposure in γD-W42R relative to γD-WT.
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Figure 3.4: The total number of contacts of γD and its W42R variant protein residues with
other protein residues in mcMC simulations. No preferential contacts are found between
wild-type proteins. The darkest points relate to contacts of the flexible end on C-terminal.
However, W42R variant contacts multiple residues of other proteins with residues L53, M69,
L71.

3.2.3 Protein-protein interaction results in additional domain sep-

aration

As the increased interaction of the W42R variant is apparent both from the radial distribution

functions and contact analysis, an MD simulation of a two protein system of γD-W42R was

started using the final structures of the single protein simulations. This allows us to see

whether there is any further structural change, as well as to expand the ensemble of input

structures for mcMC simulations. An MD simulation of γD-W42R was prepared with two

copies of γD-W42R and their solvation shells (Appendix Figure C.1). The two protein

copies were placed such that no protein heavy atoms are within 12 Å of each other. Over the

course of the 7 µs MD simulation, the two proteins diffuse together and interact such that the

exposed hydrophobic interdomain residues (specifically, L53, F56, M69, and L71) from the

NTD of both proteins form a new interprotein hydrophobic core. This new co-conformation

forms after 2.4 µs and persists for the remainder of the simulation. Apart from L53, the four

mentioned residues are the same ones with strong contacts observed in the monomer mcMC
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simulations. The contact matrix for the two protein γD-W42R simulation (Figure C.2) shows

that the interprotein contacts are rather sparse. However, these few contacts are sufficient to

keep the two proteins associated for the duration of the simulations. When the two proteins

interact, the CTD separates further from the NTD resulting in a further exposed interdomain

interface for both proteins (Figure 3.6). This results in residue F56, located deeper in the

interdomain interface, becoming further exposed to protein interaction (Figure 3.5).

Figure 3.5: Snapshots of the highest probability structures used in mcMC simulations. In
gray is the wild type structure, in red – the γD-W42R at infinite dilution, and in green –
γD-W42R at 150 g/L. The relative angle of domain centers-of-mass show that the C-terminal
domain is tilted by 45.2 and 65.6 degrees in monomer and dimer structures, respectively,
relative to γD-WT.

3.2.4 Dimer mcMC Simulation results

mcMC simulations using conformations from the two protein MD simulations were perfomed

by Vera Prytkova. The two protein MD trajectory was clustered once again based on the

sidechain RMSD to create a new ensemble of fifty conformations for mcMC simulations. We
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Figure 3.6: Snapshots of the two-protein MD simulation of γD-W42R after (A) initial binding
and (B) after binding-induced conformational change. Residues L53, F56, M69, and L71
(strong binding residues identified from mcMC simulations) are shown as VDW spheres in
both proteins. After 1 µs, the four strong binding residues from both proteins come into
contact. After 2.4 µs, the C-terminal domain of one protein is displaced, and the interprotein
interface shifts towards F56. mcMC simulations using these new conformations show stronger
contacts at F56.

further denote this ensemble as the dimer simulation conformational ensemble. In Figure 3.3,

we consider the domain-based radial distribution function of the dimer ensemble of W42R

variant. It can be observed that the N-terminal domain has an even higher propensity to

interact in the dimer ensemble of the W42R than in the monomer ensemble.

The total number of protein pairs found in the contact analysis for the dimer ensemble is

even higher – 67,415. The comparison of the contact analysis between two ensembles of the

W42R variant the one generated from the monomer MD simulation and from the dimer

MD simulation – is presented on the plot in Figure 3.7. The main features of interaction are

preserved, the same residues are participating in contact, however the NTD interacts even

more in the dimer ensemble.
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Figure 3.7: The total number of contacts for each residue of W42R variant from monomer and
dimer conformations with other protein residues in mcMC simulations. Dimer conformation
of W42R variant have a higher number of contacts than the monomer conformation for
residues 53, 56, 69, 71.

3.2.5 The open conformation of W42R variant of human γD-crystallins

forms larger sized aggregates relative to wild-type

To investigate the size and morphologies of the γD-crystallin aggregates, a network analysis

of the aggregates was performed by J. Alfredo Freites. mcMC simulations indicate that

increased exposure of the interdomain interface leads to a larger number of contacts between

proteins in a concentrated system of W42R γD-crystallins. To analyze how this increased

propensity to make contacts leads to aggregate formation, two proteins are said to be in

contact with one another if the distance between the domain centers of mass is within 31

Å. Such distance is chosen from to the position of the maximum of the domain-based radial

distribution function. Protein aggregates chosen by the above criteria are now analyzed. In

bottom plot of Figure 3.8, the probability density of cluster size distribution is shown for

the γD-WT simulations as well as monomer and dimer ensembles of γD-W42R. The cluster

size distributions of the monomer and dimer simulations of γD-W42R show a significant

increase in cluster size over γD-WT. Though γD-WT shows some propensity to form small
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clusters, the γD-W42R clusters can be composed of more than half of the proteins present

in the simulation (375 proteins total). When the domains are further separated (represented

in the dimer simulation of γD-W42R), the distribution of clusters becomes much broader,

signifying a large proportion of higher order aggregates.

Figure 3.8: (Top) Distribution of the size of all clusters present in Monte-Carlo simulations
of 375 proteins (200 g/L). (Bottom) Probability density of the largest cluster sizes from
Monte-Carlo simulations of 375 proteins (200 g/L).

Visually inspecting the morphologies of the isolated clusters (Figure 3.9), there is an amor-

phous structure in both mutant and wild-type aggregates. However, the clusters of the

mutant protein have a much larger apparent size, likely resulting from the increased propen-

sity for interprotein interaction. Additionally, the newly exposed hydrophobic interfacial

residues in γD-W42R introduce a new interprotein interaction surface, allowing for a single
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Figure 3.9: Isolated cluster conformations taken from the 95th percentile of the cluster size
distribution. Clusters were formed in mcMC simulations using conformations of γD-WT
(left) and the γD-W42R monomer (right) at 200 g/L. The N- and C- terminal domains of
the proteins are colored in red and blue, respectively. Cluster sizes are 54 and 181 proteins
for γD-WT and γD-W42R, respectively.

protein to interact with several more proteins. To investigate the statistics of the cluster-

forming proteins, we analyize the portions of the aggregates where proteins form interactions

with more than one other protein. By representing the aggregates as a network of domain-

domain interactions, the γD-W42R conformation is shown to be capable of a higher degree

of interactions (Figure 3.10), particularly involving the N-terminal domain.

3.3 Discussion

We compare the conformational change of γD-W42R in a long MD simulation to the wild

type protein. The simulation of γD-WT was conducted for 50 µs and no structural change

was observed. However, after 6 µs of γD-W42R simulation the protein undergoes structural

change due to solvent exposure of residue R42 and formation of a salt bridge between this

residue and C-terminal carboxyl group. This leads to separation of two domains while the
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Figure 3.10: Histogram of the interprotein domain interactions involving more than one
neighbor.

structure of separate domains stays intact. This structural change exposes several hydropho-

bic residues on the interdomain interface of both domains that were buried in the γD-WT.

No other significant conformational changes occur for the remaining 11 µs of simulation,

suggesting that this conformation of the protein is stable in dilute protein concentrations.

The two protein MD simulations of γD-W42R reveals that the hydrophobic interdomain

residues participate in protein-protein interaction, and two domains separate even further as

a result of protein-protein interaction, fully exposing the interdomain interface.

Early experiments by Wang et al.[35] report an initial comparison of the hexahistidine-

tagged γD-WT and γD-W42R. They report similar secondary structure between γD-W42R

and γD-WT through far UV CD spectroscopy, indicating that much of the β-sheet content

is maintained. However, ANS fluorescence experiments show a significant increase in hy-

drophobic exposure in γD-W42R compared to γD-WT. They suggest that this hydrophobic

exposure is a result of a change in tertiary structure in W42R, consistent with the separation
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of intact Greek key domains observed in our MD simulations.

Ji et. al.[27] report shows the crystal structure of W42R variant has two domains tilted

only by 9 degrees comparing to the wild type while structurally each domain remains in-

tact. They find that wild type protein and W42R variant possess almost identical solvent

accessible surface areas (8,894.32 Å2 and 8,546.23 Å2, respectively, as calculated by VMD).

However, the unfolding curve of W42R variant under close to physiological conditions (37

◦C and 7 pH) shows two-step unfolding, indicating that an unfolding intermediate exists and

that W42R variant has a lower chemical stability than γD-WT. A domain-separated con-

formation has been observed in annealing simulations of wild-type γD-crystallin[22]. They

proceed to observe domain swapping interactions with the CTD. It is worth noting, how-

ever, that the unfolding simulations involved simultaneous thermal unfolding and chemical

denaturation with urea, resulting in an unfolded NTD. We observe a separation of intact

domains in absence of thermal and chemical denaturation. Our MD simulations under phys-

iological conditions, and therefore close to eye lens conditions, reveal that without unfolding

the structure of separate domains, just by further tilting the angle between them, solvent

accessible surface area increases from 8,991.08 Å2 in γD-WT to 9,615.64 Å2 in γD-W42R

monomer conformation to 9,784.23 Å2 in W42R dimer conformation.

Serebryany et al.[74] also report that tryptophan fluorescence spectra, an evidence of con-

formational change in γD, show no difference between γD-WT and γD-W42R. They observe

that, in oxidizing conditions, the γD-W42R spectra becomes red-shifted indicating the pro-

cess of unfolding. The spectral change was observed over the course of 60 minutes, a timescale

yet inaccessible to MD simulations. However, the presence of unfolded proteins was either

observed or indicated to exist in conditions that were far from physiological – in the presence

of oxidizing agents and at very low protein concentration. It is possible that if we had the

time scale of minutes or hours, more conformational changes would take place. However,

γD-crystallin exists in the eye lens at concentrations exceeding 400 g/L, and even small struc-
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tural changes associated with point mutations may lead to enhanced local interaction and

aggregation while full protein unfolding may become impossible under crowded conditions.

High concentration (200 g/L) mcMC simulation of 375 proteins with conformations extracted

from the monomer MD simulations show that γD-W42R has a higher propensity to aggregate

than the γD-WT protein. Dimer ensemble of W42R is even more likely to aggregate than

the monomer ensemble since further conformational change of the protein occurs due to

protein-protein contact. The radial distribution function indicates that N-terminal domain

of γD-W42R interacts with both N-terminal and C-terminal domains of other proteins, while

C-terminal to C-terminal interaction in γD-W42R are very similar to those in wild type.

Hydrophobic residues, specifically residues L53, M69, and L71, located at the interdomain

interface of the N-terminal domain, come in contact with many other residues of other

proteins. Therefore, many orientations of proteins with respect to one another are possible

during aggregation, as long as the residues mentioned above are participating in contacts.

Those contacts are successful in creating clusters of W42R variant much larger than clusters

of WT protein. The isolated aggregates are amorphous and stringy in shape since each

protein may have only a few neighbors. Aggregates of similar shape were recently detected

by Boatz et al.[13] in negative-stain TEM images for another γD variant – P23T. In fact,

the shape of the aggregates is sensitive to aggregation conditions – when the pH of solution

is decreased to 3, the proteins form amyloid fibrils containing interprotein β-sheets. Solid

state NMR spectroscopy did not detect any structural change of the Greek key domains in

the P23T variant at neutral pH. This indicates that at high concentrations of γD-crystallin,

small changes of protein surface charge of structure disrupt the careful balance of protein

solubility and aggregates form.
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3.4 Methods

3.4.1 Single Protein Molecular Dynamics Simulation System Prepa-

ration and Equilibration

The initial protein coordinates of γD-WT and γD-W42R were built from the crystal struc-

tures deposited into the Protein Data Bank (PDB ID code 1HK0 for γD-WT and 4GR7

for γD-W42R)[26, 27]. Histidine protonation states were set to be the same as those pub-

lished in the solution state NMR structure of the P23T variant of γD-crystallin (PDB ID

code 2KFB)[76]. Protein atoms were parameterized with the CHARMM36 force field[31].

The crystal structure waters were kept and the proteins were solvated in a cubic TIP3P[77]

water box measuring 80 Åon a side. The system was neutralized with chloride counterions.

The single protein systems contained 48,309 atoms and 48,367 atoms for γD-WT and γD-

W42R, respectively. All system preparation was performed using the VMD 1.9.1 software

package[78].

A 20 ns pre-production simulation equilibration was performed with NAMD 2.9[79]. The

prepared systems were minimized for 10,000 steps in the NPT ensemble at 310 K and 1

atm. Protein heavy atoms were restrained with harmonic positional restraints and were

gradually relaxed over 200 ps. NAMD was parameterized with the smooth particle mesh

Ewald method[80, 81] for long-range electrostatic interactions, a real space interaction cutoff

at 11 Å, and an integration time step of 2 fs/timestep. The RESPA algorithm[82] was used

with a timestep of 4 fs for electrostatic forces, 2 fs for nonbonded forces, and 1 fs for bonded

forces. Hydrogen covalent bonds were held fixed using the SHAKE[83] and SETTLE[84]

algorithms. Constant temperature and pressure was maintained using a Langevin thermostat

and a Nos-Hoover-Langevin piston[85, 86].
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3.4.2 Microsecond Time Scale Molecular Dynamics Simulations

Production simulations were performed on the Anton 2 supercomputer, a special-purpose

computer for molecular dynamics simulations of biomolecules[34]. Protein and solvent atoms

were parameterized with the CHARMM36[31] and TIP3P[77] forcefields, respectively. The

multigrator scheme[87] was used to integrate Newtons equation of motion at 2.5 fs/timestep.

Using the RESPA algorithm (Grubmuller et al., 1991), long-range nonbonded, short-range

nonbonded, and bonded forces were calculated at a timestep of 7.5 fs, 2.5 fs, and 2.5 fs,

respectively. Long-range electrostatic forces were calculated using the k-Gaussian split Ewald

method[88]. Hydrogen covalent bonds were held fixed using the SHAKE[83] algorithm.

Constant temperature and pressure was maintained using Nose-Hoover chains[89] and the

Martyna-Tobias-Klein barostat[86], respectively. Single protein simulations of γD-WT and

γD-W42R were run for a total of 50 µs and 17 µs of production simulation, respectively.

3.4.3 W42R human γD-crystallin Dimer System Preparation and

Simulation

To prepare the two protein MD simulation of γD-W42R, the protein and its solvation shell

(waters within 6 Åof the protein) were extracted from the last frame of the 17 µs single protein

MD simulation. Two copies of the proteins were placed such that the proteins are separated

by at least 9 Åand the solvating waters do not overlap (Figure C.1). The cubic water box is

parameterized, solvated, neutralized, and equilibrated as previously described. The resulting

system contains a total of 46,655 atoms contained in an 80 Å× 80 Å× 80 Åperiodic cell, the

same dimensions as the single protein simulation. The two-protein simulation of γD-W42R

was run for a total of 7 µs on the Anton 2 supercomputer using the same parameters as the

single protein simulation.
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3.4.4 mcMC simulation protein-protein interaction potential

Our mcMC simulation employ protein-protein interaction potential developed by Mereghetti

et al.[90] for Brownian dynamics simulations in the SDAMM software package[91]. Two

proteins interact through the following potential function:

∆U =
1

2

∑
i2

Φel1(ri2) · qi2 +
1

2

∑
j1

Φel2(rj1) · qj1 +
∑
i2

Φel1(ri2) · q2i2

+
∑
j1

Φel1(rj1) · q2j1 +
∑
m2

ΦND1(rm2) · SASAm2 +
∑
n1

ΦND2(rn1) · SASAn1

+
∑
m2

Esoftcore1(rm2) +
∑
n1

Esoftcore2(rn1)

(3.1)

The first two terms denote the interaction of electrostatic potential of one of the proteins with

the charges of another protein[92]. The charges are computed through the effective charge

approximation implemented in SDAMM software package. The second two terms refer to

electrostatic desolvation penalty that appears due to location of solvated polar groups of one

protein in proximity of the low dielectric environment of another protein and consequential

simultaneous loss of solvation shell[93]. Terms five and six correspond to an attractive short-

range non-polar desolvation interaction between two proteins that appears when solvent

exposed hydrophobic atoms of one protein are buried by another protein. This interaction

can be scaled by modifying a prefactor β used to convert the buried area of the protein surface

into a desolvation energy. The value used in our simulation is -9 cal mol−1Å−2. Seventh

and eighth terms denote the softcore repulsive interaction energy terms. The interaction

potential terms were computed prior to simulations on 200 Åx 200 Å× 200 Ågrids with

the grid spacing of 1 Å. The electrostatic potential grids were computed at 50 mM ionic

strength according to OPLS force field[94] by finite difference solution of the linearized

Poisson-Boltzmann equation using the UHBD[95] software package.
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3.4.5 Multiple conformation Monte Carlo simulations

A multiple conformation Monte Carlo (mcMC) algorithm[96] employs translational and rota-

tional moves on randomly selected proteins in combination with a conformational swap from

a finite size library of structures. For rotational and translational moves a basic Metropolis

scheme[97] is used and the size of moves is adjusted to provide a 50% acceptance ratio.

The appearance of each conformation in the simulation is proportional to its probability of

appearance in MD simulation from which it was extracted. The entire MD simulation is

used for clustering based on sidechain orientation. Top fifty structures are selected for the

mcMC conformational swap library. Each trial move is accepted according to the Metropolis

criterion with acceptance probability:

Pacc = min(1, exp[
−∆E

kBT
]) (3.2)

Where ∆E is the difference between the energy of the system before and after the trial move,

kB is the Boltzmann constant and T is the temperature. All simulations were performed

with 375 proteins at 200 mg/mL protein concentration, which is approximately half the

density of the eye lens. A total of 2×105 MC cycles at 310 K are performed for each protein

type.
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Chapter 4

Thermal stability of the Antarctic

toothfish γS-crystallins

4.1 Introduction

Protein function is closely connected to both the structure and dynamics of the three dimen-

sional fold. Therefore, when a protein adapts to environmental stresses, dynamic properties

must be preserved in order to maintain function[98]. In one example, families and superfam-

ilies of enzymes have been shown to conserve their dominant normal modes of vibration[99]

and backbone flexibility profiles[100]. For cold adaptation, increased flexibility is often linked

to regions near the enzymatic active site. Several enzymes of different functions have inde-

pendently adopted this strategy for cold adaptation, emphasizing the pervasiveness of this

strategy[101]. Developing a better understanding of thermal adaptation can lead to im-

proved strategies for the rational design of biocatalysts as well as a better understanding of

the structural stability of proteins.

Psychrophiles, organisms that have adapted to low temperatures, have provided examples of
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cold stable enzymes capable of low temperature activity[102, 103] and high thermolability[104].

The current hypothesis behind thermal adaptation is the ”activity-stability-flexibility” relati-

onship[105, 106], where increased flexibility at vital regions of an enzyme counteract the

”freezing” effects of low temperatures, thus promoting activity. Protein mutagenesis experim-

ents[107, 108, 109] have provided support for the developing hypothesis that a cold-adaptation

can be achieved by strategically removing the thermostabilizing interactions found in the

thermophilic counterparts. However, reported cases[110] have shown that rigidity, or a loss

thereof, is not sufficient to describe changes in thermal stability. Therefore, close attention

should be paid to the individual factors affecting a protein’s flexibility.

At the microscopic level, structural rigidity in thermostable enzymes can come from several

factors, including: salt bridge interactions, disulfide bond formation, proline content, and

packing of the hydrophobic core. In most cases, the predominant factor affecting thermal

stability is the surface charge content of the protein[111, 112, 113]. Both crystallographic data

and MD simulations provide evidence that thermal stability is maintained through clusters of

salt bridging residues, typically at domain-domain or protein-protein interfaces[114, 115]. A

secondary, but yet still important, factor is the packing of the hydrophobic core. Mutations

as small as reducing the hydrophobic side chain length of a single residue can result in a

loss of thermodynamic stability[116, 117]. Most of these studies have been performed on

enzymes, where mutations focus on well defined active site. In this study, we investigate the

thermal stability of a structural eye lens protein, a protein with no known catalytic activity.

In the vertebrate eye, there are three main classifications of eye lens structural proteins:

α-, β-, and γ-crystallin. α-crystallins are large multimeric chaperone complexes that bind

other misfolded crystallins, preventing further aggregation[9, 10]. The βγ-crystallins are

structural proteins responsible for maintaining eye lens clarity; where the β-crystallins exist

as dimers and the γ-crystallins exist as monomers. Their structure is characterized by two

structurally homologous, yet non-identical, domains composed of two Greek key motifs in
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Figure 4.1: Cartoon representation of the NMR structure of human γS-crystallin[10]. Each
Greek key motif is colored separately, and the protein is oriented such that the N-terminal
domain is on the left and the C-terminal domain is on the right.

each domain (Figure 4.1). These proteins are highly stable, capable of remaining soluble

at high physiological concentrations (300-1000 g/L)[118, 12]. In the event of a loss in sol-

ubility, opaque aggregates, known as cataract, begin to form. In the case of near freezing

temperatures, the mammalian and tropical fish γ-crystallins form light diffracting liquid-

liquid phase separations composed of a protein-rich and protein-poor phase[11, 119], known

as ”cold cataract”.

The Antarctic toothfish (Dissostichus mawsoni) lives in waters as cold as -2 ◦C, and have

developed a resistance to cold cataract formation[120] and the loss of eye lens function as-

sociated with its formation. The two toothfish paralogs, γS1- and γS2-crystallin (TγS1 and

γS2), are structurally homologous to human γS-crystallin (HγS). Yet, TγS1 and TγS2 have

sequences identities of 57% and 53% with respect to HγS. Biophysical characterization of

the toothfish γS-crystallins shows that TγS1 is more susceptible to chemical denaturation,

however TγS2 is more susceptible to thermal unfolding. This presents an interesting distinc-

tion since structural stability is often measured interchangeably with thermal and chemical

unfolding. This distinction poses the toothfish γS-crystallins as models for identifying struc-
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tural characteristics that contribute uniquely to thermal stability.

In this work, we model the structure and dynamics of HγS, TγS1, and TγS2, each having

varying levels of thermal stability. At room temperature, the less thermally stable proteins

have a loss in cohesion of interactions at 3 regions in the C-terminal domain. These same

regions are sensitive to thermal fluctuations as indicated by an increased backbone RMSF

that correlate with decreasing thermal stability. In the mesophilic HγS, these fluctuations

are reduced by a set of salt bridging interactions that bridge between the two Greek key do-

mains contained within the C-terminal domain. In the toothfish γS-crystallins, substitution

of these salt bridge interactions with weaker hydrogen bonds result in the aforementioned

increased flexibility, yet at low temperatures a similar structure and flexibility is recovered.

The similarity of protein structure and flexibility of the γS-crystallins at their operating

temperatures highlights the necessity of conserved dynamics for structural function at low

temperatures. Additionally, we incorporate a k-core network analysis[121, 122] to provide

a quantitative measure of the hydrophobic packing in the protein. We identify losses in

cohesion of the hydrophobic contacts that correlate with the protein thermal stability. This

network analysis allows a new method to potentially quantify hydrophobic packing and con-

text of protein thermal stability.

4.2 Methods

4.2.1 Molecular Dynamics Simulations

The initial coordinates of HγS were built from the lowest energy solution-state NMR confor-

mation deposited in the Protein Data Bank (PDB ID code 2M3T)[10]. Protein coordinates

for TγS1 and TγS2 were predicted using homology modeling with SwissModel by Kingsley

et al[123] using the NMR solution-state structure of HγS[10] as a template. The initial struc-
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tures of each protein was superimposed and then solvated in a TIP3P[77] water box such

that each protein atom is at least 15 Å from the edge of the periodic cell. Each system was

then neutralized with chloride counter-ions. Each simulation had an approximate periodic

cell size of 64 Å × 80 Å × 80 Å. Resulting in a total atom count of 2867, 2814, and 2727

atoms for HγS, TγS1, and TγS2, respectively. Protein and ion atoms were parameterized

using the CHARMM36 force field[31]. The three systems of HγS, TγS1, and γS2 were du-

plicated for constant temperature simulations at 277 K and 300 K. All system preparation

was performed using the VMD 1.9.1 software package[78].

Before production simulation, each system was equilibrated in the NPT ensemble using

20,000 steps of minimization. Harmonic positional restraints were placed on each protein

heavy atom and were gradually relaxed over the course of 1 ns of simulation at 1 fs/timestep.

Once the harmonic positional restraints were removed, the integration timestep was changed

to 2 fs/timestep for production simulation. All MD simulations were performed using the

NAMD 2.9[79] software package. Long-range electrostatic interactions were calculated using

a smooth particle mesh Ewald method[80, 81], and a cutoff of 11 Å was used for short-

range, real-space interactions. The RESPA algorithm[82] was used to integrate at multiple

timesteps of 4fs for electrostatic forces, 2fs for nonbonded forces, and 1fs for bonded forces.

The SHAKE[83] and SETTLE[84] were used to fix hydrogen covalent bonds. Constant

temperature and pressure were maintained using a Langevin thermostat and a Nosè-Hoover-

Langevin piston[85, 86]. Each system was run for approximately 1.5 µs and the last 400 ns

was extracted for analysis.

4.2.2 Chemical group graph representation

MD conformations were reduced into a chemical group graph representation using a chemical

group scheme developed by Benson et al.[124]. In this scheme, each of the 20 amino acids
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are reduced into sets of moieties and classified as a polar, non-polar, positive, or negative

node. For example, an arginine would be composed of one positive node for the guanidine

group, two non-polar nodes for the 4 carbon side chain, and a dipolar node for the polar

backbone carboxamide. A complete description of the chemical groups for each amino acid

is detailed by Benson et al.[124]. In the graph space, an edge connects two nodes if at least

one atom-atom contact between the two nodes. A contact is defined by an interaction cutoff

of 4.6 Å or 5.6 Å if both of the contacting atoms are carbons. The resulting nodes/edges

constitute a graph that represents the network of non-covalent interactions within the pro-

tein. Atomistic protein conformations were extracted every 200 ps was extracted from the

400 ns MD trajectory and converted to the chemical group graph representation. The k-core

of each node was calculated using the ”sna” package for social network analysis[122, 121].

4.2.3 Protein sequence analysis

A library of homologous γ-crystallin sequences was generated using BLASTP[125]. The se-

quences of HγS, TγS1, and TγS2 were used as query sequences, and the identified homologous

sequences were grouped in a single library. Partial, synthetic, hypothetical, and predicted

sequences were filtered from the set. Additionally, all non-γ-crystallin sequences were re-

moved from the set (this included homologous α/β-crystallins and absent in melanoma 1

(AIM1)). Entries with duplicate NCBI accession numbers were removed, and the remaining

set was re-aligned using CLUSTALW[126].
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Table 4.1: Summary of charge content in Human and Toothfish γS-crystallins

# Negative
Residues

# Positive
Residues

Net
Charge

Melting
Temperature[123]

HγS 24 23 -1.0 72.0 ◦C
TγS1 24 20 -4.0 68.5 ◦C
TγS2 23 17 -6.0 58.0 ◦C

4.3 Results

4.3.1 Toothfish γS-crystallins have reduced basic residue content

relative to human γS-crystallin

A notable distinction between the human and toothfish γS-crystallin sequences is their dif-

ference in charged residue content. Between HγS, TγS1, and TγS2, each protein contains

23, 20, and 17 positively charged residues, while maintaining similar amounts of negatively

charged residues (Table 4.1). This results in a decrease in net charge for the toothfish γS-

crystallins and a reduction in potential salt-bridging interactions. The aligned sequences of

the three proteins (Figure 4.2) show that most of the basic residues lost in the toothfish crys-

tallins are located in the C-terminal domain (residues 94-178), affecting a set of clustered

salt bridges that bridge between the two Greek key motifs in the C-terminal domain. In

the toothfish γS-crystallins, the salt bridges remain much more sparse due to the lost basic

residues (Figure 4.2).

4.3.2 Protein backbone flexibility correlate with the thermal un-

folding experiments

The thermal unfolding temperatures of HγS, TγS1, and TγS2 (Table 4.1) were reported

from circular dichroism experiments[123]. TγS1 has a Tm of 68.5 ◦C, while TγS2 has a
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Figure 4.2: (Left) Aligned sequences of human and toothfish γS-crystallin. Amino acids
are colored by residue type (Red: Acidic, Blue: Basic, Green: Polar, White: Hydrophobic).
(Right) Molecular surface representation of HγS, TγS1, and TγS2 taken from snapshots after
1.5 µs of MD simulation. Proteins are oriented such that the C-terminal domain (CTD) is
positioned on the left and the N-terminal domain (NTD) is positioned on the right. Positive,
negative, and neutral charged residues are colored blue, red, and white, respectively.

Tm of 58.0 ◦C, and the mesostable HγS has the highest unfolding temperature of 72.0 ◦C.

These unfolding temperatures all correlate with the number of basic residues. To model the

structure and dynamics of these proteins in response to thermal fluctuations, MD simulations

were run at 300 K and 277 K, the temperatures at which human and toothfish crystallin

optimally exist. MD simulations were run for at least 1.5 µs, to ensure any changes to the

toothfish homology model structures has been equilibrated.

The internal fluctuations within the Greek key domains were measured using the backbone

alpha carbon root mean squared fluctuations (RMSF). Each individual domain was fit before

calculating the average fluctuations. This effectively measures the intradomain fluctuations

of the N- and C-terminal domain by fitting each domain before calculating the fluctuations.

At room temperature, TγS1 and TγS2 show much larger fluctuations in C-terminal domain

that correlate in intensity with the melting temperatures of the proteins (Figure 4.3A). These
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Figure 4.3: (A) Changes in protein dynamics and structure. The alpha carbon backbone
RMSF is plotted at 300 K (top) and with toothfish at 277 K and human at 300 K (middle).
The time-averaged k-core number of each non-polar node in the chemical group graph repre-
sentation is plotted vs. residue number (bottom). Three regions with a significant response
to heat at 300 K are highlighted with colored bars in orange, green and blue and labeled with
their corresponding residue ranges. (B) MD snapshots of human and toothfish γS-crystallin
C-terminal domain. The backbone is colored corresponding to the three colored regions
highlighted in the backbone RMSF and k-core plots.

fluctuations are mainly composed of the separation of a β-hairpin and a loop containing an

α-helix in the C-terminal domain (highlighted in Figure 4.3B). At 300 K, the loop separates

from the β-hairpin in the toothfish proteins, whereas the fold remains intact in HγS. Ex-

cluding the N-terminal strand and the interdomain linker, the average residue RMSF was

calculated and summarized in Table 4.2. At 300 K, average RMSF increases with the loss

in thermal stability. However, at low temperatures, the toothfish average RMSF recovers an

average RMSF value much more similar to that of HγS at 300 K.
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Table 4.2: Average root mean square fluctuations of domain residues

277 K 300 K

HγS 0.5318 Å 0.5417 Å

TγS1 0.5395 Å 0.6507 Å

TγS2 0.4466 Å 0.7695 Å

4.3.3 Less thermally stable proteins show a loss in interactions at

the hydrophobic core

In order to track the changes in interactions between human and toothfish proteins, the

protein conformations from the MD simulations were reduced into networks of interactions

between chemical groups. Using a chemical group graph representation[124], the atomic

protein structure is parsed into moieties based on charge and the interactions between these

chemical groups are calculated by a distance cutoff. The result is a graph representation of

intra-protein interactions where chemical groups are represented as nodes and the interac-

tions are represented as edges. A more in depth description of the network representation is

described in the methods.

Figure 4.4: Histogram plotting the probability density function (PDF) of the relative 9-core
size of HγS, TγS1, and TγS2 at 300 K. HγS, TγS1, and TγS2 are colored in black, blue,
and red, respectively.

The network k-cores were calculated to measure the connectivity of the protein hydrophobic
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core. The kth core represents the sub-graph that remains when all nodes with a degree, or

number of connections, less than k is removed. The MD simulations of all three proteins

at 300 K have a deepest core of k=9. In HγS, the 9-core composes 61.1% of the entire

network, reflecting the well-connected internal structure of the protein. In the less thermally

stable TγS1 and TγS2, the relative 9-core sizes drop to 43.3% and 33.4%, respectively

(Figure 4.4). The total network size of HγS, TγS1, and TγS2 is 572, 572, and 553 nodes,

respectively. Much of the loss in k-core content is located at residues 101-108, 128-136, and

153-167 (Figure 4.3B), the same regions where increases in backbone flexibility is calculated.

Combined, these regions have a decrease in average k-core and increase in backbone RMSF

that correlate with the thermal stability of the protein(Figure 4.3).

4.3.4 Salt-bridge to hydrogen bond substitution results in increased

flexibility at higher temperatures

As previously mentioned, increased fluctuations and loss in interaction connectivity were

measured at residues 101-108, 128-136, and 153-167 (in the HγS sequence). These regions

correspond to an outer β-hairpin, a buried β-strand, and a unstructured loop located near

the interdomain interface. In HγS, these three regions are held by a cluster of salt bridges

that prevent larger backbone fluctuations at higher temperatures. In the TγS1 and TγS2,

two of the salt bridges are lost by substitution of the basic residues. The pair of residues is a

D103-K149 salt bridge that link the disordered loop to the β-hairpin, and the second pair is

a K131-E156 salt bridge that links the disordered loop to the buried β-strand (Figure 4.5).

For both toothfish γS-crystallins, at least one of the charged residues is replaced with a polar

asparagine, effectively substituting a salt bridge for a hydrogen-bonding interaction. In the

case of TγS2, K131 in HγS is additionally replaced with a hydrophobic V126, resulting in

a repulsive pairwise interaction with E151 (Figure 4.5A). In figure 4.5B, snapshots taken
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Figure 4.5: (A) Snapshot of the stabilizing salt bridges in the C-terminal domain of HγS.
Each residue is labeled with the HγS residue number, and the residue name at that position
for HγS, TγS1, and TγS2, respectively. (B) Snapshots of the homologous residues to the sta-
bilizing salt-bridges in HγS. For both panels, residues are rendered in licorice representation
and colored by residue type (Red: Acidic, Blue: Basic, Green: Polar, White: Hydrophobic).
The protein backbone is rendered in cartoon representation and colored white

from MD simulations at 277 K and 300 K show the difference in backbone and salt-bridge

conformation between the three proteins. At 277 K, both TγS1 and TγS2 maintain the native

crystallin fold similar to HγS. However, at 300 K, the weaker hydrogen bonding interactions

at the β-hairpin break, resulting in separation of the disordered loop region for both proteins.

For TγS2 at 300 K, the disordered loop is separated even further near the K131 to V126

substitution. At 277 K, this separation is still visible, to a lesser degree, however a native-like

fold is still observed. HγS, containing both salt-bridges intact, maintains its native structure

at both 277 K and 300 K.

Similar salt-bridging interactions are also seen in the N-terminal domain, which show no

change in dynamics across all three proteins. At analogous locations to the D103-K149 and

K131-E156 salt bridges, two salt bridges are also seen bridging an unstructured loop to a

nearby β-hairpin (K14-E69) and a β-sheet (K41-E66) (Figure D.1). Though there is some

variation in amino acid, the charges and salt bridges are conserved across all three proteins.

At 277 K and 300 K, these salt bridges remain intact and the N-terminal domain remains
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stable with no notable changes in flexibility or packing of the hydrophobic core.

To investigate the conservation of these mutations, the sequences of 667 γ-crystallins were

analyzed. Each of the sequences were aligned with the sequence of HγS, and the four salt

bridging residues (D103, K159, K131, and E156) were analyzed for conservation (summarized

in Figure D.2 and Table D.1). For positions at D103, K159 and K131, an asparagine is found

in 40.6%, 22.2%, and 44.2% of aligned sequences, respectively. E156 is found in 66.9% of

the aligned sequences as well as being conserved across HγS, TγS1, and TγS2. The lysines

(K131 and K159 in HγS) have a relatively low frequency, however there is a large abundance

of sequences with arginine (at the K159 position) and histidine (at the K131 position). The

V126 substitution at K131 only appears in 15 of the 667 sequences, with no other frequent

hydrophobic substitutions. These 15 sequences containing this valine all belong to the ”M2-

like” γ-crystallins of fish eye lenses. With the exception of V126, there is a frequent selection

for polar or charged residues with long sidechains at the domain-domain interface.

4.4 Discussion

Protein thermal stability has been shown to be correlated with average body temperature

using neutron scattering experiments[127]. For enzymes, this has been attributed to the

role of structural flexibility required for the function of a catalytic active site at its oper-

ating temperature[128]. The γS-crystallins from the human and toothfish eye lenses show

a similar correlation with thermal stability and flexibility. This results in the toothfish γS-

crystallin proteins having similar cold temperature dynamics to that of human γS-crystallin

at room temperature. Though it is commonly accepted that the structure of γS-crystallin

is important for the proper function of the structural protein, the cold adapted toothfish

γS-crystallin provide an example where dynamics is preserved at operating temperature as

well. Particularly, the toothfish γS-crystallins counteract the ”freezing” effects of low tem-
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peratures through a more flexible, yet more labile, protein backbone. This suggests that

the γS-crystallin flexibility holds an important role for its function as a structural eye lens

protein.

Comparisons of MD simulations at 277 K and 300 K shows that increased lability in the

toothfish crystallins are isolated to three regions in the C-terminal domain (highlighted

in Figure 4.5). In HγS, these regions are restrained by clusters of domain-domain salt

bridges that cross between the two homologous Greek key motifs. These domain-domain salt

bridge clusters are common to many thermophilic proteins[129, 115, 111, 113], and have been

proposed as a strategy to rigidify labile regions without altering the core residues responsible

for the protein fold[73]. In TγS1 and TγS2, key salt bridges are replaced with sidechain

hydrogen bonds, resulting in increased backbone flexibility, while preserving the protein

structure at lower temperatures. It is important to note that altered electrostatics have long-

range effects, including altered inter-protein interaction. Therefore additional contributions

to protein stability can come from interprotein interactions, especially when considering

higher concentrations. However, the results from MD simulations (performed at infinite

dilution) correlate well with the thermal unfolding experiments, which were performed at

0.25 g/L[123].

In addition to the correlation between protein stability and flexibility, packing of the hy-

drophobic core at 300 K correlates with protein stability as well. The burial and packing

of protein hydrophobicity is an important factor for the thermodynamic stability[130, 131].

Since the protein core consists of a dense network of both polar and non-polar interactions,

effectively parsing such interactions can be difficult. The chemical group graph representa-

tion coarse grains amino acids into moieties based on charge, allowing the protein structure

to be analyzed as a network of charged, polar and nonpolar interactions. Additionally, hy-

drophobicity from non-hydrophobic residues, such as the carbon sidechain of a glutamine,

are identified as part of the protein’s hydrophobicity. This group representation provides an
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optimized scheme for network analysis of the hydrophobic core.

The K-core analysis of the human and toothfish γS-crystallin hydrophobicity shows a corre-

lation with thermal stability and the packing of the hydrophobic core. Both the size of the

most dense (k=9) k-core and the profile of the average k-core (Figures 4.4 and 4.3) decrease

in TγS1 and, to a larger degree, in TγS2. These metrics correspond to a decrease in cohesion

of the collective hydrophobic interactions in more thermostable proteins. This correlation

is consistent with previous observations of thermophilic proteins containing tightly packed

hydrophobic cores[132, 117]. The k-core analysis shows that, when analyzing the core as a

network of interactions, the tighter packing contains a larger degree of hydrophobic interac-

tions at each site. This tighter cohesion creates an overall interaction network structure that

is more resilient in the event of losses in contacts. For the case of thermal stability, a cohesive

hydrophobic core would be more resistant to unfolding (loss in structure of the hydrophobic

core) in the event of increased thermal fluctuations. The k-core analysis of the network of

non-polar interactions shows a loss in cohesion that correlates with thermal stability, and

may provide a useful tool for analyzing the dense hydrophobic core in thermostable proteins.

4.5 Conclusion

MD simulations of human and toothfish γS-crystallins shows changes in flexibility that corre-

late with the protein thermal stability reported from circular dichroism experiments. Much

of this increase in flexibility, in the toothfish γS-crystallins, can be attributed to a loss in

domain-domain salt bridges, a common trait of thermostable proteins. However, at lower

temperatures, the toothfish γS-crystallins recover a native-like structure and dynamics simi-

lar to that of HγS. This shows that both structure and flexibility are conserved as part of the

cold adaptation of the toothfish γS-crystallins, and highlights the importance of flexibility in

the functional role of the structural proteins. Additionally, network k-core analysis shows a
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loss in cohesion of the non-polar interactions at the densest portions of the hydrophobic core.

This signifies a loss in hydrophobic packing that correlates with protein thermal stability

as well. The chemical group graph representation combined with k-core analysis provides a

potentially useful method for effectively measuring the packing of a protein’s hydrophobic

core.
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Chapter 5

Interdomain dynamics of human

γD-crystallin

5.1 Introduction

One of the main principles important to the statistical analysis of MD simulations is ergod-

icity, the property by which a dynamical system at equilibrium should have a single particle

time average that is equal to the average of the ensemble. This means that, given a sufficient

amount of time, a single particle is capable of sampling all accessible regions in phase space.

However, in the case where regions in phase space are restricted (e.g. long transition rates

between states), the time average may not converge to the ensemble average until much

longer timescales. This slow convergence where the time average does not represent the

ensemble is known as weak ergodicity breaking. In this work, I will test the ergodicity of the

diffusion and fluctuations of the interdomain motions of human γD-crystallin (HγD).

The diffusion process of HγD is measured by the mean squared displacement (MSD) of the

distance between the centers of mass of the N- and C-terminal domains. In an ensemble of
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N particles, the ensemble averaged MSD (EA-MSD) is expressed as:

〈x2(t)〉 =
1

N

N∑
i=1

x2i (t) (5.1)

where xi is the distance between centers of mass of domains for the ith replicate of trajectory.

In the case a single trajectory, the time averaged MSD (TA-MSD) can be calculated by

averaging displacements over a sliding time window over multiple time origins:

δ2(t) =
1

T − t

∫ T−t

0

(x(t′ + t)− x(t′))2dt′ (5.2)

where T is the trajectory length, t is the lag time, and x(t’) is the interdomain distance at

time t’. When observing systems with anomalous diffusion, the MSD exhibits nonlinear scal-

ing with time. This work will cover a subdiffusive MSD, which is expressed as 〈x2(t)〉 ∝ tα,

where α is the anomalous diffusion coefficient (0 < α < 1). Single particle tracking experi-

ments have shown that ergodicity breaking often shows different power law scaling behavior

of the MSD between temporal and ensemble averaging[133, 134]. Ergodicity breaking in a

diffusive process is a strong indication that the diffusion process follow (or contains) a contin-

uous time random walk (CTRW) model consisting of instantaneous jumps of variable after

random waiting times. The CTRW model can be likened to a dynamical system with an

energy landscape containing wells of variable depths. However, in the case of non-ergodicity,

exceptionally deep wells can essentially ”freeze” a system into a particular state due to the

slow kinetics to crossing the energy barrier[135]. Discrepencies in the temporal and ensemble

averages will begin to show when these long waiting times are comparable to the observation

time of the system. Examples of these processes containing long waiting time distributions

have been found in biological systems, such as trapping of ion channels to actin network on

a cellular membrane[133] and the domain-domain motions of biological enzymes[136].

In addition to testing for ergodicity breaking in diffuion, a non-stationarity of the interdomain
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fluctuations, measured by the two-time correlation function, is identified and analyzed. This

observation time dependence of the correlation function is known as aging. In this work,

the interdomain distance fluctuations are calculated from the two time correlation function,

C’(t;T), of the interdomain distance centered at the mean:

C ′(t;T ) =
1

T − t

∫ T−t

0

[x(t′ + t)− x][x(t′)− x]dt′ (5.3)

C(t;T ) = C ′(t;T )/C ′(0; t) (5.4)

where T is the trajectory length, t is the lag time, x is the average distance between centers of

mass of the domains, and C(t;T) is the normalized interdomain distance autocorrelation func-

tion (ACF). Relatively recent investigations on the domain-domain and sidechain-sidechain

distance fluctuations of several enzymes report a characteristic relaxation time that is obser-

vation time dependent well into the tens of microseconds of MD simulations[136]. The char-

acteristic relaxation time dependence on the observation time follows a power law relation

that can be correlated with experimental measurements on the timescale of minutes[137, 138].

Should aging indeed last into the minutes timescale and beyond, this could mean that this

non-ergodic behavior could persist throughout the in vivo lifetime of a protein.

In this work, single protein atomistic molecular dynamics simulations of HγD were performed

at three different timescales: 10 ns, 2 µs, and 44 µs. Similar to results presented by Hu et

al.[136], interdomain center of mass motions are subdiffusive and show aging fluctuations over

the three observed timescales. However, at 44 µs, the ACF begins to converge, resulting

in the breaking of the power law relation between the characteristic relaxation time and

observation time and the end of aging. In contrast, macromolecular crowding is introduced

by modeling four proteins in a periodic cell, resulting in prolonged aging of the ACF to 44 s
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with no sign of convergence. Characterization of the dynamics of the dilute (single protein)

and crowded (four protein) simulations shows seemingly ergodic diffusion in a geometrically

confined landscape despite clear signs of aging. Further work on identifying the underlying

aging process will more clearly identify the physical origins of this non-ergodicity and its

relation with crowding.

5.2 Results and Discussion

5.2.1 Interdomain motions are subdiffusive with a non-stationary

time correlation function

To analyze the domain-domain dynamics of γD-crystallin, the distances between centers of

mass of the two domains were tracked over time. For each protein in each simulation, the

TA-MSD and TA-ACF were calculated over three different trajectory lengths: 10 ns, 2 µs,

and 44 µs (simulation details are outlined in the methods). With the exception of trajectory

with lengths of T = 44 µs, TA-MSDs were averaged over 12 replicates of simulation. The TA-

MSD (shown in Figure 5.1A) three regimes of diffusive motion. In the sub-ps timescale, the

dynamics is super-diffusive, where the TA-MSD scales as tα where the average subdiffusive

exponent, α, is 1.355 with a standard error of 0.002. From ∼100 ps, the MSD shifts to α =

0.159 ± 0.013 for the dilute simulation and a lesser α=0.106±0.012 for crowded simulations.

At ∼300 ns, the MSD plateaus, suggesting that the limits of confinement has been reached.

In the crowded simulations, a similar plateau is observed at a similar displacement, yet is

not reached until well into the microsecond timescale (orange line in Figure 5.1A).

Similar to the results reported by Hu et al[136], there is a clear observation time dependence

in the time correlation function of interdomain motions. From Figure 5.1B, doth dilute and

crowded simulations show that the effective decay rate, τe (as indicated by the 1/e cutoff)
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Figure 5.1: (A) Time averaged MSD (TA-MSD) and (B) Time averaged autocorrelation
function (C(t)) from simulations of HγD in crowded and dilute conditions. The total tra-
jectory length (T) and number of replicates (N) are indicated in both legends. The four
proteins in the 300 g/L simulations were considered as replicates. The 1/e cutoff used to
calculate the effective decay rate τe is shown as a dotted line in the time correlation plot.
(C) Scatter plot of the effective decay rate (τe vs. observation time or trajectory length).
Data points from domain fluctuations in PGK from Hu et al.[136] are plotted in red. Error
bars are reported as the standard error of the mean.

increases with respect to the trajectory length via a power law relation(Figure 5.1C). Under

crowded conditions, the power law relation is maintained for the full 44 µs. Under dilute

conditions, however, the characteristic relaxation times lose their power law dependence with

observation times at 44 µs and seems to converge to a stationary value
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5.2.2 Dynamics characterization workflow

Interdomain motions were characterized using a workflow developed by Meroz and Sokolov[139,

140]. This workflow deduces a known model of subdiffusion from the basic characteristics

of the protein motion. In this case, the motion investigated is the distance between the

centers-of-mass of the N- and C-terminal. A diagram outlining the characterization workflow

is shown in Figure 5.2. The following sections will cover individual steps in the characteri-

zation workflow.

Figure 5.2: Flowchart diagram reproduced from work published by Meroz et al.[140]. This
flowchart outlines methodology to characterize subdiffusive motion into one or a combination
of three subdiffusive models: Continuous-time random walk (CTRW), Fractional Brownian
motion (FBM), and Random walk on a fractal (RWF).

5.2.3 γD-crystallin exhibits ergodic interdomain diffusion

The first distinguishing factor between subdiffusive mechanisms is ergodicity, or, particularly,

whether the statistical time average of an observable is equal to the average of the ensemble.
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To check for ergodicity in diffusion, the first test would be to check whether the time averaged

MSD (averaging over multiple time origins) is consistent with the ensemble average over

multiple independent trajectories. In examples of ergodicity breaking[134, 141, 140], the

TA-MSD and EA-MSD show different behavior in terms of their power-law scaling.

Figure 5.3: Comparisons of temporal and ensemble averaging of the MSD. The time averaged
MSD (TA-MSD) values are measured from the 44 µs trajectory and a single 10 ns trajectory
for lag times < 100 ps. EA-MSD values were averaged over 12 replicates of 10 ns and 2 s
trajectories.

Shown in Figure 5.3 is an overlay of the TA-MSD and the EA-MSD from both dilute and

crowded simulations. 12 replicates of 2 µs trajectories were used for ensemble averaging.

The TA-MSD overlaps within the dispersion of the EA-MSD, and there is no discernible

difference in the power-law scaling. Similar ensemble and temporal profiles were seen using

single particle tracking and optical tweezer experiments[142], leading to the conclusion of

confined ergodic motion. This suggests that the diffusion process is ergodic, though the

dispersion in the EA-MSD indicates that additional replicates are required to more definitely
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distinguish both MSD profiles.

Figure 5.4: Real and imaginary parts of E(N) from the mixing test[143] plotted for (top)
HγD simulations at a lagtime of 15ns, (middle) HγD simulations at a lagtime of 151 ns
and (bottom) a non-mixing, stationary stable harmonizable process described by Magdiarz
et al.[143]. For the simulations of HγD, the infinite dilution simulation is plotted in black,
while the four proteins from the crowded simulations are plotted in blue, red, green and
orange. Convergence of real and imaginary parts of E(N) at large values of N is a sign of
mixing, and furthermore ergodicity.

A second test for ergodicity is a correlation test for mixing, the asymptotic statistical inde-

pendence of a random process at infinite time separation. Since mixing is a stronger property

than ergodicity (all mixing processes are ergodic)[144], proving a process to be mixing is suf-

ficient to proving ergodicity. For this case, the interdomain displacements of HγD is tested

at several lag times using the mixing test developed by Magdziarz et al.[143]. This method

tests if the joint probability density function (PDF) of the displacements Y(0) and Y(N),
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where Y(N) is the displacement at time N, can be expressed as the product of the marginal

PDF. Magdziarz et al. introduces the measure E(N):

E(N) = D(N)− |〈exp{iY (0)}〉|2 (5.5)

where D(N) = 〈exp{i[Y (N) − Y (0)]}〉. Under the condition of ergodicity, the two terms

in E(N) cancel and E(N) vanishes as N → ∞. In Figure 5.4, the real and imaginary parts

of E(N) asymptotically converge to zero for HγD in dilute conditions. At crowded condi-

tions, E(N) quickly drops to zero, but very slightly deviates from zero at large values of

N. Additionally, a non-ergodic, non-mixing process was tested to show non-ergodic behav-

ior in the mixing test. For this case, I used the stable harmonizable process of the form

Y (t) = A1/2[G1cos(t) + G2sin(t)], where G1 and G2 are standard normal variables and A

> 0 is sampled from a one-sided α-stable distribution[143]. Like the results published in

the original paper, the real part of E(n) oscillates indefinitely, confirming the process to be

non-mixing.

Though both equivalence of ensemble and temporal averaging as well as properties of mix-

ing make a strong case for ergodicity, a previous report of a CTRW model with Gaussian

noise shows deceptively ergodic behavior, despite having an underlying aging CTRW[134].

This includes, at high magnitudes of noise, correspondence between TA-MSD and EA-MSD

profiles. Since motions in biological systems are rife with Brownian noise, this highlights the

need to separate ergodic fluctuations from the aging process to effectively characterize aging.

There have been coarse-graining methods[136, 145], proposed to smooth out fluctuations in

proteins. Partial analysis of the coarse-grained dynamics of HγD using the conformational

cluster transition network (CCTN) method is outlined in Appendix E.
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5.2.4 Interdomain motions resemble a random walk on a confined

landscape

The previous tests identify ergodic behavior in the interdomain fluctuations of HγD. The next

step is to determined if there is an underlying structure that confines motion. The workflow

previously described (Figure 5.2), reduces ergodic motion to two popular subdiffusive models:

fractional Brownian motion (FBM) and random walk on a fractal (RWF). Both models are

ergodic and subdiffusive, yet result from different environments. FBM subdiffusion is seen

in motions restricted in a viscoelastic medium[146, 142], while RWF has been reported in

environments that are geometrically constricted[133].

Figure 5.5: (A) Time evolution plots of the HγD interdomain distance (plotted in Angstroms)
under dilute and crowded conditions. The interdomain plots from the four proteins of the
crowded simulations (300 g/L) are plotted individually. (B) Plots of the Gaussian parameter
(g(t)) with respect to lag time from 44 µs trajectories of the dilute and crowded simulations
of HγD.

The main distinction between FBM and RWF can be found in the displacements. Driven

by Gaussian noise, FBM should have a normally distributed displacement PDF, while the
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PDF from RWF processes should deviate from a Gaussian distribution due to the underlying

geometry[147]. One can use the Gaussian parameter (for one-dimensional motion)[148]:

g(t) =
〈dr4〉

3〈dr2〉2
− 1 (5.6)

where dr is the displacement at lagtime t. This parameter represents any deviation from

a Gaussian distribution, where g(t) = 0 represents a normally distributed PDF. The time

evolution of the interdomain distance (Figure 5.5A) shows that, under dilute conditions,

the domains separate intermittently, resulting in a slightly tailed displacement PDF. In con-

centrated conditions, the molecular packing restricts these intermittent domain separations,

resulting in a narrower but Gaussian displacement PDF. This difference is reflected in the

Gaussianity, where the value is non-zero only under dilute conditions (Figure 5.5B). This

comes from the heavy tails of the dilute PDF resulting in an increased fourth moment.

Figure 5.6: Growing sphere analysis of 12 replicates of 2 µs simulations of HγD at (top)
infinite dilution and (bottom) 300 g/L. An increasing probability indicates the presence of
confinement, while a constant probability indicates Brownian diffusion[147].
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The non-Gaussian PDF of dilute HγD is a strong indication of a RWF-like diffusion. How-

ever, the introduction of macromolecular crowding recovers Gaussian-like behavior, suggest-

ing a loss of the underlying geometric confinement due to macromolecular crowding. To

determine whether the Gaussian PDF is simply a coincidence, a second test is applied to

test for confined motion. The growing sphere analysis[147] tests the probability of a par-

ticle (in our case, the interdomain distance) being contained within a sphere that grows

proportionally to the anomalous diffusion exponent:

P (x ≤ x0t
α/2) ≈ 1

N(t)

N(t)∑
j=1

H(xj(t)− x0tα/2) (5.7)

where H(x) is the Heaviside function, x(t) is the absolute value of the displacement after

lagtime t, α is the anomalous diffusion coefficient, and x0 is a free parameter (in thic case,

chosen as 〈x(t = 1)〉[140]. If no underlying geometric confinement is present, the sphere grows

at the same rate as the displacements and the probability remains constant. If confinement

is present, the sphere grows faster than the displacements, and the probability increases. In

Figure 5.6, both dilute and crowded simulations show increasing probabilities, confirming

that geometric confinement is still present despite a Gaussian displacement PDF in the

crowded simulations.

Characterization of the diffusion shows ergodic motion that follow a random walk on a fractal

model for both dilute and crowded cases. However, crowding affects diffusion by restricting

the displacements of the interdomain distance and the intermittent domain separations. This

results in a loss in the heavy tails of the displacement distribution in the crowded case. No

CTRW motions could be identified from the displacements, however, any ergodic fluctuations

must be removed to definitively rule out CTRW diffusion. In the next section, the ACF will

be fit to a noisy CTRW model in order to identify ergodicity breaking in the presence of
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ergodic fluctuations.

5.2.5 Noisy CTRW and future work

As previously discussed, Gaussian noise superimposed over a non-ergodic process, or a

noisy CTRW, can make a dynamic process appear ergodic to many tests for ergodicity

breaking[134]. Therefore, to effectively analyze an underlying non-ergodic process, one must

be able to isolate such process from any ergodic noise. Since the noisy CTRW can serve

as an analogy for protein motion on a rugged energy landscape with deep wells[149], Hu et

al.[136] proposed that these wells can be identified by conformational clustering, allowing

one to coarse-grain a trajectory into a CTRW between clusters. They continue to show that

this coarse-grained trajectory shows non-ergodic behavior. To analyze the fluctuations, Hu

et al. fit the aging ACF to a relaxation model:

C(t;T ) = c1 exp[−(t/τ)β] + c2B(t/T, α, 1− α) + c3 (5.8)

where the first term is a stretched exponential term for the thermal fluctuations and the last

two terms are the ACF relaxation model for a subdiffusive CTRW[150]. In this equation, t

is the lagtime, T is the trajectory length, α is the anomalous diffusion coefficient, B(z, a, b)

is the incomplete Beta function. The remaining variables are fit parameters. An improved

fit of ACF to the noisy CTRW model should indicate the presence of an underlying CTRW

process.
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Figure 5.7: Plots of the fitted models of the noisy CTRW relaxation model[136, 134, 150]
with the calculated ACF. Plots of the dilute and crowded simulations are displayed in the
left and right columns, respectively. Fit parameters, c1, c2, and c3, were constrained to be
positive in the top row plots while the bottom plot shows the fit without constraints. The
calculated ACF, constrained fit, and unconstrained fit are plotted in black, red, and green,
respectively. The ACFs were calculated and averaged over 12 replicates of 2 µs trajectories.

The methodology described by Hu et al.[136] was used to determine if a similar underlying

aging process is present in HγD (work covering trajectory coarse-graining with the CCTN

method is covered in Appendix E). When fitting the ACF to the noisy CTRW relaxation

model, constraints were placed on the fit parameters. Since c2, and c3 represent the variance

and the mean squared value of δ(t) (where δ(t) = x(t) − x and t is time)[150], these values

must be constrained to positive values. With the constraints applied (top row of Figure 5.7),

c2 and c3 are fit to values on the order of 10−6 and c1 fit to nearly 1. This results in a

fit that is lacking any CTRW fluctuations. Removal of the parameter constraints (bottom

row of Figure 5.7), results in an improved fit at larger lagtimes (t > 2 × 104 ps). However,

since negative fit constants are not physically rational, such a fit should not be considered
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true. Though the fits suggest that no underlying subdiffusive CTRW can be identified in the

ACF, the observation time dependence of the ACF (from Figure 5.1C) shows a clear sign of

aging. Identifying an appropriate model by which the aging ACF follows will be important

to identifying the underlying mechanism that drives aging in the interdomain fluctuations.

5.3 Conclusions

The observation time dependence of the ACF is considered a clear sign of ergodicity breaking.

However, comparisons of the ensemble and temporal averaging and tests for mixing all

seem to indicate that diffusion is ergodic. Furthermore, fits of the noisy CTRW model to

the ACF fails to provide a fit with reasonable parameters. When the fit parameters are

constrained to positive values, all terms related to CTRW vanish. This means that the

tests for ergodicity breaking are unable to detect any underlying CTRW. Since ergodic noise

is capable of masking aging from ergodicity tests, it is difficult to definitely rule out any

ergodicity breaking. Nevertheless, non-stationarity of the ACF is still present, meaning that

separating aging motions from the ergodic components still remains an important target for

future work.

5.4 Methods

5.4.1 System preparation and equilibration

The initial protein coordinates of HγD was built from the crystal structures deposited into

the Protein Data Bank (PDB ID code 1HK0)[26]. Histidine protonation states were set

to be the same as those published in the solution state NMR structure of the P23T vari-

ant of D-crystallin (PDB ID code 2KFB)[76]. Protein atoms were parameterized with the
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CHARMM36 force field[31]. The crystal structure waters were kept and the proteins were

solvated in a cubic TIP3P[77] water box measuring 80 Å on a side. The system was neu-

tralized with chloride counterions. The single protein systems contained a total of 48,309

atoms. All system preparation was performed using the VMD 1.9.1 software package[78].

A 20 ns pre-production simulation equilibration was performed with NAMD 2.9[79]. The

prepared systems were minimized for 10,000 steps in the NPT ensemble at 310 K and 1

atm. Protein heavy atoms were restrained with harmonic positional restraints and were

gradually relaxed over 200 ps. NAMD was parameterized with the smooth particle mesh

Ewald method[80, 81] for long-range electrostatic interactions, a real space interaction cutoff

at 11 Å, and an integration time step of 2 fs/timestep. The RESPA algorithm[81] was used

with a timestep of 4 fs for electrostatic forces, 2 fs for nonbonded forces, and 1 fs for bonded

forces. Hydrogen covalent bonds were held fixed using the SHAKE[83] and SETTLE[84]

algorithms. Constant temperature and pressure was maintained using a Langevin thermostat

and a Nos-Hoover-Langevin piston[86, 85].

5.4.2 Microsecond time scale molecular dynamics simulations

Production simulations were performed on the Anton 2 supercomputer, a special-purpose

computer for molecular dynamics simulations of biomolecules[34]. Protein and solvent atoms

were parameterized with the CHARMM36[31] and TIP3P[77] forcefields, respectively. The

multigrator scheme[87] was used to integrate Newtons equation of motion at 2.5 fs/timestep.

Using the RESPA algorithm[82], long-range nonbonded, short-range nonbonded, and bonded

forces were calculated at a timestep of 7.5 fs, 2.5 fs, and 2.5 fs, respectively. Long-range

electrostatic forces were calculated using the k-Gaussian split Ewald method[88]. Hydrogen

covalent bonds were held fixed using the SHAKE[83] algorithm. Constant temperature

and pressure was maintained using Nose-Hoover chains[89] and the Martyna-Tobias-Klein
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barostat[86], respectively. Long time scale single protein simulations of HγD was run for 50

µs, and the first 6 µs of simulation was discarded for equilibration of interdomain motions.

12 replicates of shorter 2 µs and 10ns simulations were prepared using conformations taken

the 50 µs trajectory (a different conformation was extracted every 3 µs). Velocities were

resampled and equilibrated (using the protocol mentioned before) before 2 µs of production

simulation on Anton 2 or 10 ns of simulation on local resources. Frames were written every

100.8 ps and 100 fs for the 2 µs and 10 ns simulations, respectively.

5.4.3 Four protein simulation preparation

To prepare the four protein MD simulations (300 g/L concentration), a four protein oligomer

conformation was extracted from a multi-conformation Monte-Carlo simulation[96] using

conformational libraries taken from clustered conformations of the single protein 50 µs tra-

jectory. To equilibrate the solvent, the four proteins were displaced such that each protein is

separated by at least 12 Å from another protein. The conformations were then solvated and

equilibrated using NAMD 2.7[79] for 20 ns as described before. On the Anton 2 supercom-

puter, the structures were equilibrated where centers of mass restraints were placed between

the pairs of all four proteins, allowing rotation of the protein but restricting translational

motion. The restraints were gradually relaxed over the course of 480 ns of equilibration. The

system was then run for 50 µs of production simulation, and the first 6 µs of the trajectory

was discarded before analysis. 3 replicates of 2 µs were prepared in the same manner as the

single protein simulations.

5.4.4 Trajectory analysis

The interdomain motions were measured by the distance between centers of mass of the

backbone alpha carbons in the N- and C-terminal domains. The interdomain linker and
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unstructured C-terminal strand were excluded from the center of mass calculation. Thus,

the N- and C-terminal domains were defined by the alpha carbons of residues 1-80 and

87-169, respectively.
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Appendix A

Supporting information for ANS

Docking to the γS-G18V

Figure A.1: Search space boundaries used in initial rigid receptor docking to NMR confor-
mations of γS-crystallin. A total of 27 docking runs were performed for each NMR structure.
Search spaces were placed in a 3 x 3 x 3 grid with a 10 (̊A) overlap between search spaces.
Boxes were sized so enough space was available to sample ligand conformations on the entire
surface of the protein.

90



A B

Figure A.2: Clustering of rigid docking results to define flexible binding sites (γS-WT shown
as example). (A) Set of poses containing both hydrophobic and electrostatic contacts nec-
essary for fluorescence. The resulting set covers nearly the entire surface of the protein. (B)
Clustering of the pose set resulted in 20 binding sites (several of the clusters were overlap-
ping). Pose clusters near highly perturbed residues (shown with blue VDW spheres) were
picked to define search spaces for flexible docking. Clusters are color coordinated for each
search space.
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Figure A.3: ANS-residue contact frequencies for γS-WT (green) and γS-G18V (blue) from
docking simulations. Although non-specific binding is observed for both proteins, the contact
frequencies show more ANS binding for γS-G18V than γS-WT, with maximum binding
localized near the interdomain interface
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Figure A.4: 1H-15N HSQC spectra of 15N labelled γS-WT with increasing concentrations of
ANS. Ratios of γS:ANS were at 1:0, 1:0.5, 1:1, and 1:2 where the concentration of protein
was approximately 0.3 mM. Spectra were acquired at 25 ◦C. Residues were assigned based
on previous assignments of γS-WT [21].
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Figure A.5: 1H-15N HSQC spectra of 15N labelled γS-G18V with increasing concentrations
of ANS. Ratios of γS:ANS were at 1:0, 1:0.5, 1:1, and 1:2 where the concentration of protein
was approximately 0.3 mM. Spectra were acquired at 25 ◦C. Residues were assigned based
on previous assignments of γS-G18V [21].
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Appendix B

Overview of the Docking Workflow

B.1 Background

Molecular docking can provide important structural information on bound ligands to known

structures of receptors. This method often employs a simple energy function and search

algorithm in order to quickly generate and rank bound conformations, often for the purpose

of processing large libraries of compounds and/or receptors. Though some scoring functions

provide binding energies for their poses, the standard error is too large to be predictive[65,

151]. Furthermore, benchmarks of several docking programs found that the scoring functions

can reproduce co-crystallographic conformations within a set of top ranked poses, but are

unable to identify the correct structure as the top scored pose[151]. Thus, the scoring

functions serves best as a metric to rank the most plausible poses generated from the search

algorithm, rather than pinpointing the exact binding mode. For this purpose, molecular

docking serves as a fast, yet qualitative method to generate sets of top-ranked poses for

further inquiry.

In this work, I seek the identify the protein-ligand binding sites. Since virtual screening
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efforts usually involve screening a particular active site, care should be taken when blindly

docking to an entire protein. To address this, I incorporated a docking protocol involving

two stages of docking with two stages of filtering to cluster and remove poses based on prior

knowledge from experiments. An outline of the docking protocol is illustrated in Figure B.1.

B.2 Blind docking

For this docking protocol, Autodock Vina[65] was chosen for its relatively fast operation. In

the first step, docking simulation search spaces were distributed across the protein’s entire

surface. Since the search algorithm becomes much less effective with larger search spaces,

a grid of 27 smaller 30 x 30 x 30 Å search spaces were used. The second step involves

running the docking simulation for each search space, each of the 20 superimposed NMR

conformations, and each protein variant, resulting in 1,080 runs for step 2. Since the goal

of blind docking is to populate the binding sites for clustering, each run was configured to

report the top 20 binding modes, rather than the default top 9 binding modes.

B.3 Define Binding Sites by Clustering

In the third step, the collective pose set is clustered (using RMSD clustering in VMD[78]).

The chosen RMSD cutoff of 5 Å was sufficiently large enough to cluster together poses with

different orientations, but still small enough to distinguish between binding sites. The result-

ing 50+ clusters are then filtered for interactions with strongly binding CSP residues. Clus-

ters with no heavy atoms within 8 Å (the interaction cutoff of the Vina scoring function[65])

of a strong binding residues are removed from the set. The remaining clusters form the new

search spaces for a flexible refinement.
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Figure B.1: Illustration of the docking workflow used to identify ANS binding sites. 1)
The 27 search spaces shown in red outline around 21 superimposed NMR conformations. 2)
Collective set of docked poses to a rigid protein. 3) Resulting pose clusters after filtering for
contacts. Strong binding residues from CSP mapping are shown in blue spheres. 4) Docked
pose set bound to a flexible protein. 5) Docked poses from flexible receptor docking. 6) The
best scored poses for each binding site. These poses are then visually inspected for their
contacts.
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B.4 Flexible Refinement and Post-Filtering

For flexible docking, residues with strong and weak binding CSP values were set as flexible,

and the ligand is redocked to the flexible protein. The pose set is then clustered and refiltered

for contacts with strong binding residues. The set is further filtered for the contacts necessary

for fluorescence. This requires polar interactions with the ANS sulfonate and hydrophobic

interactions with the conjugated rings[44]. The final set of poses include the top ranked poses

for each binding site that satisfies all the criteria for a fluorescent pose that contributes to

the observed CSP. Each pose is then individually inspected for differences in binding modes

between γS-WT and γS-G18V. The three identified binding sites at the site of mutation,

behind the cysteine loop, and at the interdomain interface have stronger binding with γS-

G18V directly resulting from changes in protein conformation linked to the G18V point

mutation.
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Appendix C

Supporting information for

simulations of W42R HγD

Figure C.1: Initial configuration of the two protein MD simulation, composed to two copies
of W42R HγD and their solvation shells (shown in cartoon and CPK representation, respec-
tively) extracted from the single protein MD simulation. Proteins are placed farther than 9
Åfrom another such that the solvating waters are not overlapping.
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Table C.1: List of residues with an increase in relative solvent accessibility (∆RSA) > 0.13.
These residues are highlighted on snapshots of WT HγD and W42R HγD in figure 3.2.
Hydrophobic residues that participate in strong interprotein interaction from MC simulations
are shown in bold text.

Residue No. Residue Name ∆RSA
53 LEU 0.282
54 GLN 0.305
56 PHE 0.294
69 MET 0.322
71 LEU 0.148
72 SER 0.203
81 ILE 0.186
140 GLY 0.254
141 ARG 0.230
142 GLN 0.497
144 LEU 0.432
167 ARG 0.170
169 VAL 0.241
170 ILE 0.339
171 ASP 0.345
172 PHE 0.134

Figure C.2: Contact map of the two-protein MD simulation. Values are reported as #
contacts/frame. From the left to right, N-N, N-C, and C-C interactions are plotted. Contacts
were defined by a general distance cutoff of 3.5 Åbetween heavy atoms.
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Appendix D

Supporting figures for thermal

stability studies on HγS, TγS1 and

γS2
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Table D.1: Residue frequency over 667 aligned γ-crystallin sequences. Residues appearing
in either human or toothfish γS-crystallins are highlighted in bold. Residues in parenthesis
correspond to the residue at that position in HγS, TγS1, and TγS2, respectively.

Residue position
131 (KNV) 103 (DND) 159 (KKN) 156 (EEE)

Ala (A) - 0.3% 1.6% -
Arg (R) 2.7% 0.1% 34.9% 0.1%
Asn (N) 44.2% 40.6% 22.2% 2.4%
Asp (D) 0.1% 38.7% - 15.1%
Cys (C) 0.1% - 1.0% 0.7%
Gln (Q) 3.6% - 0.7% 2.1%
Glu (E) - 5.1% 0.1% 66.9%
Gly (G) - 0.3% 0.9% 0.1%
His (H) 33.0% - 1.9% 6.3%
Ile (I) 0.3% 0.1% 0.1% -
Leu (L) - 0.1% 0.4% 0.3%
Lys (K) 9.7% 0.6% 4.0% 0.1%
Met (M) 0.9% - - 0.3%
Phe (F) - 0.1% 0.1% -
Pro (P) - - - -
Ser (S) 0.6% 0.7% 26.7% 0.6%
Thr (T) 0.6% - 1.0% 0.1%
Trp (W) - - - 0.1%
Tyr (Y) - - 0.1% 0.4%
Val (V) 2.2% - 0.1% -
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Figure D.1: A) Snapshot of the stabilizing salt bridges in the N-terminal domain of HγS.
Each residue is labeled with the HγS residue number, and the residue name at that position
for HγS, TγS1, and TγS2, respectively. (B) Snapshots of the homologous residues to the sta-
bilizing salt-bridges in HγS. For both panels, residues are rendered in licorice representation
and colored by residue type (Red: Acidic, Blue: Basic, Green: Polar, White: Hydrophobic).
The protein backbone is rendered in cartoon representation and colored white

Figure D.2: Summary of residue frequencies over 667 γ-crystallin sequences. Frequencies are
shown for four salt bridging residues in the C-terminal domain that bridge between regions
of increased fluctuation in toothfish γ-crystallins at 300 K.
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Figure D.3: Time evolution of the relative 9-core size for the last 400 ns of the MD simulation
trajectory at 300 K.
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Appendix E

Coarse-graining of interdomain

motion using conformational

clustering

In chapter 5, fluctuations in the interdomain distance of HγD show a non-ergodic aging

behavior as evidenced by the observation time dependence of the auto correlation function

(ACF). One of the most well known models of non-ergodic motion is the continuous time

random walk (CTRW) with divergent waiting times[140]. The noisy CTRW[134] has been

analyzed for its analogy to non-ergodic motions in biological systems with thermal fluctua-

tions. In the Conformational Cluster Transition Network (CCTN)[136] method, a molecular

dynamics trajectory is coarse-grained in a CTRW between conformational clusters. This

method assumes that structures contained within a cluster are close in the energy land-

scape, composing a local minimum. Therefore, the transition network describes a transition

between wells in the energy landscape and conformations within a cluster describe fluctua-

tions within a local minimum.
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Conformational clustering was performed on 2 µs trajectories of HγD using Gromacs 4.6[152].

Conformations were fitted and clustered using protein heavy atoms and an RMSD cutoff of

2.0 Å. After clustering, the medoid conformation of each cluster was calculated. With the

cluster index known at each point in time, the time evolution of the cluster, the interdomain

distance of the medoid conformation is reported vs. time and analyzed (Figure E.1).

Figure E.1: Time evolution of the interdomain distance of a 2 µs single protein trajectory of
HγD. The distances from the coarse-grained and original trajectories are plotted in orange
and blue, respectively.

Figure E.1 shows that, when the time trace is course grained, the protein motions are mainly

short excursions from a central cluster. Similar analysis on phosphoglycerate kinase (PGK)

(shown in the supporting figure S12a in the publication by Hu et al.[136]), shows transitions

between distinct states that persist for microseconds (compared to HγD, which shows short

excursions from a single state). A possible explanation for this is that (PGK) is a three

domain protein where the interdomain dynamics are measured between two separated, non-

interacting domains, while HγD measures the dynamics of two tightly bound domains with

a hydrophobic interdomain interface. Exploring such differences may explain why the HγD

fluctuations begin to converge, while that of PGK continues to age.
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