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ABSTRACT OF THE DISSERTATION

Structural and Biophysical Analysis of Post-Translationally Modified γ-Crystallin

By

Brenna Norton-Baker

Doctor of Philosophy in Chemistry

University of California, Irvine, 2022

Professor Rachel W. Martin, Chair

Crystallins are structural proteins that serve as a medium for lens refraction to aid in the

formation of vision. These highly soluble and stable proteins persist for decades without

aggregation. Over the course of aging and exposure to degrading agents, such as reactive

oxygen species, ultraviolet light, metal ions, or ionizing radiation, the eye lens crystallins

accumulate post-translational modifications (PTMs) that can result in a loss of structural

stability and thereby aggregation. These aggregates eventually form light-scattering masses

and a diseased state of the eye lens known as cataract. Cataract is the leading cause of

blindness in the world with millions affected every year. My research aims to evaluate

the effects of PTMs on the structure and aggregation propensity of a specific human crys-

tallin, γS-crystallin (γS). Two of the most common PTMs in aged and cataractous lenses

are deamidation and oxidation. A series of deamidated variants of γS were studied via X-

ray crystallography and biophysical characterization, revealing that the overall fold of γS is

maintained among variants but these variants are structurally destabilized and more prone

to disulfide bond formation. Additionally, the chemical modifications and stability of γS

after exposure to ionizing radiation were evaluated. After high doses of γ radiation, γS

accumulated a large number of modifications but largely resists unfolding. Both of these

studies demonstrate the resilience of γS in spite of significant deamidation and oxidation

modification, an adaptation advantageous for a long-lived protein. Lastly, a novel method of

xii



protein crystallization within the wells of a serial crystallography chip was developed. This

technique lowers samples consumption and physical handling of potentially delicate crystals,

expanding the scope of systems available to study via serial and time-resolved crystallogra-

phy. A novel structure of a γS deamidation variant was solved via serial crystallography on

microcrystals grown in-chip.
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Chapter 1

Introduction

1.1 Crystallins: long-lived eye lens proteins

1.1.1 The eye lens

The human eye lens is a transparent organ devoid of nerves and blood vessels, making it a

unique tissue in the human body. A disk-shaped encapsulated structure that lies behind the

iris, the eye lens serves to help refract light, forming a clear image upon the retina (Figure

1.1A). The lens changes shape through the contraction of the ciliary muscles in a process

known as accommodation, which allows for the adjustment of focal length [1]. Vertebrate

eye lens development begins in the fourth week of gestation, as the surface ectoderm over the

optic vesicle thickens, eventually invaginating to form the lens pit [2]. After closure to form

the lens vesicle, cellular differentiation begins with the cells lining the posterior wall rapidly

elongating to form the initial lens fiber cells. These cells elongate up to several hundred times

and begin to express significant amounts of highly refractive proteins known as crystallins,

eventually reaching up to 400 mg/mL [3]. Secondary lens fiber cells form throughout the
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human lifetime from the lens epithelial cells, layering onto older fiber cells. The older fiber

cells are pushed to the nucleus of the lens and, compressed by the new growth, the nuclear

lens cells lose water and refractive index is increased. A gradient of refractive index in the

lens, higher in the central layers to lower towards the cortex, reduces optical aberrations

[4]. Lens transparency is enabled by several factors. As the lens fiber cells mature, cellular

organelles are lost via targeted destruction involving a multitude of degradative pathways

and enzymes, a process currently still under investigation [5]. Additionally, light scattering is

reduced by ordered arrangement of the fiber cells as well as the crystallin proteins within the

cells. Upon cross sectioning, the fiber cells show a hexagonal packing pattern [2] and crys-

tallin proteins have been demonstrated to have a short-range ordered spatial arrangement [6].

Figure 1.1: Schematic representation of the human eye with (A) normal lens and (B) cataract
lens.

The lens undergoes significant changes with aging. The lens becomes stiffer and the power

to accommodate decreases, a condition known as presbyopia [7]. Additionally, crystallin

proteins can begin to degrade. Due to the loss of cellular machinery, the lens fiber cells

are metabolically inert and protein turnover is minimal [8]. The exchange of ions and small

metabolites may still occur through the complex system of gap junctions between cells [9].

As proteins cannot be recycled, the lens nucleus of an adult contains protein synthesized in

2



embryonic development. Over time, modifications to the crystallins accumulate and even-

tually lead to the formation of light-scattering aggregates [10]. This opacification of the

lens may eventually lead to cataract blindness (Figure 1.1B), the leading cause of blindness

worldwide [11].

1.1.2 Crystallin superfamilies: α and βγ

The eye lens crystallins can be divided into two structurally and evolutionarily distinct

superfamilies: the α- and βγ-crystallins. The α-crystallins serve as a major refractive element

in the lens as well as holdase chaperones. They function to bind, but not refold, damaged

proteins in order to maintain solubility by suppressing non-specific protein aggregation [12].

α-crystallins are thought to mainly target the βγ-crystallins, with water-insoluble fractions

of aged lenses showing the major component to be α-crystallin and γS- and γD-crystallin

[13]. Two α-crystallins are produced in the human lens: αA and αB. They are present in a

molar ratio of ∼3:1 of αA to αB and together comprise approximately 40% of the human

lens protein [14]. αB is also found outside the lens and is overexpressed in many neurological

diseases, including Alzheimer’s and Parkinson’s [15]. Both αA and αB can form dimers (both

hetero- and homodimers) that further serve to build heterogenous multimeric assemblies,

reaching up to 50 subunits [15]. As in other small heat-shock proteins, the structure of

α-crystallin contains the ‘α-crystallin domain’ that is rich in β-sheets, while the N- and C-

terminal regions are less structured [16]. Polydispersity appears to be an innate property of

the lens α-crystallins and likely contributes to lens function. The formation of heterogenous

oligomers may aid in maintaining the transparent state of the lens by deterring crystallization

as well as binding a diverse set of client proteins with varying sizes and properties [12].

βγ-crystallins are considered structural proteins with high solubility and stability [17]. They

increase the refractive power of the lens and are able to maintain lens transparency for

3



decades. Both the β- and γ-crystallins are composed of domains containing a double Greek

key motif, which confers high thermodynamic and kinetic stability [18]. Human lens β-

crystallins can be divided into two groups based on their net charge: the acidic β-crystallins

are βA1, βA2, βA3, and βA4 and the basic β-crystallins are βB1, βB2, and βB3 [19].

The β-crystallins have long interdomain linker regions which enable oliogomerization. They

have been observed to form domain-swapped dimers and higher molecular weight hetero-

and homooligomers up to 200 kDa [19, 20]. γ-crystallins, however, are typically monomeric

[21]. Most mammalian genomes encode for eight γ-crystallins: γA—F, γS, and γN; however,

γE, γF, and γN commonly appear as pseudogenes and are not expressed [22]. The most

abundantly produced γ-crystallins in the human lens are γC, γD, and γS [4].

The focus of this research is on γS-crystallin, which is the exception among highly expressed

γ-crystallins in the human lens as it is synthesized primarily postnatally in the cortex, while

γC and γD are found predominantly in the nucleus and are mostly expressed before birth [4].

As with other γ-crystallins, its two domains are structurally very similar, forming a highly

symmetric protein. However, γS-crystallin differs in that it contains an extra N-terminal

tail and a slightly longer interdomain linker. γS has been linked to heritable cataracts with

single site variants including V42M, G57W, D26G, S39C, and G18V [4]. Subtle changes in

structure have been demonstrated to significantly affect stability and aggregation as well as

α-crystallin chaperone activity [23, 24].

1.1.3 Crystallin aggregation

Many factors have been linked to an increased propensity for aggregation in crystallins,

from congenital site mutations to post-translational modifications (PTMs) resultant from

age and exposure to damaging elements. Due to the long-lived nature of these proteins,

even small changes that appear to minorly perturb protein structural stability, dynamics, or
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Figure 1.2: Common post-translational modifications reported in crystallins, deamidation
(A) and oxidation of cysteine (B).

protein-protein interactions may contribute to cataract formation. Of the genetic mutations

associated with hereditary cataract in γ-crystallins, a theme emerges as reviewed by Vendra

et al. [4]. Many of the single site mutations appear not to alter the overall protein fold, but

disrupt surface properties and protein-protein interactions. Mutations of surface arginines

(7 out of the 30 reported congenital cataract variants in γ-crystallins) exemplify this trend,

as very little change is observed in the tertiary structure of the protein; however, the onset

of cataract, including crystal-forming cataract, is observed with reported changes in protein

surface properties.

Structural changes from PTMs are the more common route to cataract [25]. A wide variety

of PTMs have been reported in aged and catartous lenses including deamidation, oxidation,

glycation, and truncation [26]. Two commonly reported PTMs in crystallins, and the focus

of this thesis, are deamidation and oxidation. Deamidation is a stochastic process that con-

verts asparagine to aspartic acid or isoaspartic acid and glutamine to glutamic acid or, less

commonly, isoglutamic acid (Figure 1.2A) [27–30]. Additionally, deamidation may also lead

to racemization [31, 32]. Oxidation can occur on many residues, with methionine, cysteine,

tryptophan, and histidine observed to be particularly vulnerable [10, 33]. This thesis focuses
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on cysteine oxidation, which can result in the formation of a disulfide bond between two cys-

teines as well as sulfenic and sulfinic acid derivatives (Figure 1.2B) [34]. Cysteine oxidation is

especially significant in the study of γS-crystallin, with its higher number of solvent-exposed

cysteines compared to other crystallins, predisposing it to oxidative modification [35].

Overall, this thesis demonstrates the use of biophysical characterization of proteins as well

as protein X-ray crystallography to investigate the effects of PTMs on the structure and

stability of γS-crystallin. Additionally, the development of a novel method of in situ protein

crystallization is detailed, which expands the toolkit available to crystallographers for the

collection of serial datasets on challenging crystallization targets, such as the highly soluble

and crystallization-recalcitrant eye lens proteins.
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Chapter 2

Deamidation of the human eye lens

protein γS-crystallin accelerates

oxidative aging

2.1 Introduction

The eye lens is a unique environment in the human body, hosting some of the most long-

lived proteins at extremely high concentrations [36]. In order to establish and maintain

transparency, the lens fiber cells lose much of their cellular machinery during early develop-

ment via a combination of autophagy and lipase-mediated destruction of organelles [37, 38].

In adulthood, the lens undergoes very little protein turnover [8]. Crystallins are the predomi-

nant protein species in the lens, comprising over 90% of dry mass and reaching concentrations

above 400 mg/mL [4, 39, 40]. Crystallins were originally characterized by their transparency

and presence in the “crystalline lens” and are divided into two superfamilies, α-crystallins

and βγ-crystallins [41]. The α-crystallins are related to small heat shock proteins and serve
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as molecular chaperones that offset aggregation [15]. The βγ-crystallins are considered struc-

tural proteins; they form short-range ordered arrangements and increase the refractive index

of the lens, focusing light onto the retina [17]. In order to maintain lens transparency,

crystallins need to remain stable over the entire human lifetime. During aging, however,

modifications accumulate in the eye lens proteins from exposure to reactive oxygen species,

ultraviolet light, and lens contamination with non-native molecules and metal ions [26]. Due

to the presumed loss of structural stability concomitant with these modifications, eye lens

proteins aggregate and form large, light-scattering masses in the lens, leading to cataract.

Cataract is a leading cause of blindness worldwide, especially in middle- and low-income

countries, where surgical intervention is often less accessible [11, 42].

Post-translational modifications (PTMs) of crystallins in the form of deamidation, oxida-

tion, methylation, and truncation have all been observed in aged lenses, with deamidation

reported to be one of the most prevalent [43–46]. Deamidation replaces an amide with a

carboxylic acid, transforming glutamine or asparagine to glutamic acid/iso-glutamic acid

or aspartic acid/iso-aspartic acid, respectively, with the possibility of racemization at each

site [27, 28]. To date, studies have focused on the Asp and Glu products, rather than any

isomers or epimers. Although these additional products have been detected in long-lived

proteins in the lens and brain [30–32, 47], detection techniques are still under development

and studies on these variants are impeded due to the difficulty of producing proteins with

these modifications. Even for surface-exposed residues, deamidation can lead to changes in

conformational dynamics and an increase in aggregation propensity [48–54]. Additionally,

PTMs appear to be interdependent; Vetter et al. found that increased deamidation results

in an increase in aggregation induced by oxidation [54]. It is hypothesized that an increase

in conformational flexibility in structurally destabilized proteins can lead to solvent exposure

of key modifiable residues. Deamidation and disulfide crosslinking are both reported with

higher prevalence in cataractous lenses than normal lenses [46, 55–58].
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Deamidation has been studied in both β- and γ-crystallins. In β-crystallins, deamidation

appeared to alter the dimer structure and led to a less compact fold in βB1 and βA3 [50, 59].

Similar results were found with βB2, with the dimer destabilized by deamidation [60]. In the

γ-crystallins, γD was destabilized by deamidations at the interface between the two domains

of the monomer, although the prevalence of naturally-occurring deamidation at these buried

sites in vivo is not clear [48, 55, 61]. However, a number of single-site deamidation variants of

surface asparagines on γD did not show any significant changes in structure or stability [62].

In contrast, deamidated variants of γS have been reported to have attractive protein-protein

interactions, leading to increased propensity for dimerization and aggregation [49, 51, 52, 54].

Although Vetter et al. and Pande et al. investigated 3- and 4-site deamidation variants

[51, 54], respectively, most of the previous studies have focused on crystallin variants with

only one or two deamidation sites. This study explores the effects of progressive accumulation

of deamidations, evaluating both the moderate deamidation that likely occurs in highly aged

lenses as well as more extreme deamidation as a means of assessing the tolerance of γS to

major surface charge modification.

Due to the long-lived nature of the crystallins, the lens requires mechanisms of protection

and repair to cope with decades of stress. Anti-oxidant compounds, notably glutathione,

play vital roles in balancing the redox state of the lens [1]. Crystallin proteins themselves

also display adaptations that aid in longevity. Although they have historically been con-

sidered purely structural proteins, it has recently been suggested that members of the βγ-

crystallin family have chemical functionality in metal binding and disulfide exchange in the

lens [35, 63]. In particular, γS-crystallin (Figure 2.1A), with its high cysteine content com-

pared to other γ-crystallins, has been proposed to fulfill an oxidoreductase-like role [35].

γS-crystallin contains a cysteine tetrad (C23, C25, C27, C83) in its N-terminal domain

(Figure 2.1B), with C23, C25, and C27 exhibiting unusually high solvent exposure. Solvent-

exposed cysteines would appear to be disadvantageous for a long-lived protein. Indeed, the

dimer of γS-crystallin, formed by the intermolecular disulfide linkage of C25 and C25 of
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two γS-crystallin monomers, is less stable and more aggregation-prone than the monomer

[64]. The functional advantage of these solvent-accessible cysteines in γS-crystallin is still

under investigation, although they have been demonstrated to play a critical role in metal

interactions. A number of divalent cations, including Zn2+, Ni2+, Co2+ and Cu2+, cause

aggregation of γS, and the mutation of C23/25/27 dramatically affects this metal-induced

aggregation. For Zn2+, Ni2+, Co2+, the mutation of these cysteines to serines prevented ag-

gregation [65]. However, for Cu2+, the removal of C23/25/27 increased the susceptibility of

γS to Cu2+-induced oxidation and aggregation, suggesting that these residues buffer against

Cu2+-induced oxidative damage [35, 65]. Similarly, the cysteines of γD-crystallin have also

been implicated in metal-induced aggregation [66, 67]. Furthermore, similar solvent-exposed

cysteines in γD-crystallin have been shown to undergo dynamic disulfide exchange, transfer-

ring disulfide bonds in an oxidoreductase-like role [63].

Figure 2.1: (A) Sites of mutagenesis in the 3-site (γS-3, yellow), 5-site (γS-5, blue), 7-site
(γS-7, green), and 9-site deamidation variants (γS-9, pink). (Structure from PDB: 2M3T)
(B) Magnified view of the cysteine tetrad located in the N-terminal domain.

In this study, we investigated the relationship between deamidation and disulfide bond for-

mation in γS-crystallin. Crystallins have been shown to collect multiple PTMs; in order to

mimic this natural aging process on a compressed timescale, we expressed four deamidated

γS-crystallin variants that emulate moderate-to-extreme examples of deamidation, with 3, 5,

7, and 9 sites of deamidation at surface residues. (Figure 2.1A). With each addition of more
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deamidated sites, the variants demonstrated lower structural stability. Furthermore, the

deamidated variants showed an increased aggregation propensity compared to wild-type γS-

crystallin (γS-wt). Estimation of the second osmotic virial coefficient from small angle X-ray

scattering data showed an increase in repulsive interaction forces with increasing deamida-

tion, suggesting aggregation propensity is governed by competing effects from hydrophobic

exposure during unfolding and protein-protein interactions. Crystal structures were deter-

mined for the full-length, monomeric γS-wt as well as the deamidated variants at different

time points in sample age. Although the deamidation mutations did not cause significant

changes to the overall protein fold, these structures revealed that increased deamidation

does lead to an increased propensity for disulfide bond formation, indicating accelerated

oxidative aging compared to the wild type. An intramolecular disulfide bond between C23

and C27 formed first, with a second dimerizing bond at C25 occurring in increasingly aged

samples. Additionally, the structural changes after sample aging give evidence of the role of

γS-crystallin as a mediator of oxidation in the eye lens, exchanging deleterious cross-linking

disulfide bonds for stable internal disulfide bonds.

2.2 Materials and methods

2.2.1 Expression and purification

Sites for deamidation were selected based on mass spectrometry data reported by Lapko et al.

[57], prioritizing sites with the highest reported incidence of deamidation and those with the

highest calculated solvent-accessible surface area. Progressively more sites were mutated,

starting with N15D, Q121E, N144D (3-site variant, γS-3), then N54D and Q93E (5-site

variant, γS-5), then Q64E and Q17E (7-site variant, γS-7), and finally Q107E and Q71E (9-

site variant, γS-9). Site-specific mutagenesis PCR was used to create the deamidated variants
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from the wild-type construct with an N-terminal 6x-His tag and a tobacco etch virus (TEV)

protease cleavage sequence. The oligonucleotides used in the mutagenesis are listed in Table

A.1. Expression and purification of wild-type γS-crystallin (γS-wt) and the deamidated

variants was performed as described previously [68]. The constructs in pET28a(+) vector

were used to transform Escherichia coli Rosetta (DE3) cells. Overexpression was achieved

using Studier’s autoinduction method (ZYM-5052 media) for 1 h at 37 °C followed by 20-24

h at 25 °C incubation [69]. The cells were lysed by sonication and the supernatant loaded

onto a Ni-NTA column. An imidazole gradient was used to elute the tagged protein, then

TEV protease (produced in-house) was added to cleave the 6x-His tag. Reapplication to

the Ni-NTA column separated the TEV protease. The samples were reduced with 10 mM

dithiothreitol (DTT), concentrated, and loaded on to a HiLoad 16/600 Superdex 75 pg

column. The purified proteins were lyophilized for storage at -80 ℃.

2.2.2 Differential scanning fluorimetry (DSF)

Differential scanning fluorimetry (DSF) analysis was performed in a Stratagene Mx3005P

RT-PCR instrument (Agilent, Santa Clara, CA, USA) in thin-walled 96-well PCR plates

with transparent Microseal B seals. The temperature ramp was between 25 ℃ and 94 ℃

with a 0.5 ℃ increase per cycle for 140 cycles and a cycle duration of 30 seconds. Midpoint

of the unfolding temperatures (Tm) were calculated as described by Wright et al [70]. Each

well contained 0.5 mg/ml protein and 2.5× SYPRO orange dye in 10 mM HEPES pH 7.0,

50 mM NaCl, 0.05% sodium azide.

2.2.3 Dynamic light scattering (DLS)

Thermally-induced aggregation was assessed with dynamic light scattering (DLS) using a

Zetasizer Nano-ZS (Malvern Analytical, Malvern, United Kingdom). Protein concentration
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was 1 mg/ml in 10 mM HEPES pH 7.0, 50 mM NaCl, 0.05% sodium azide. At each temper-

ature, the sample was equilibrated for 120 seconds before the scattering measurements were

performed in triplicate. Data was processed using the Zetasizer software. The autocorrela-

tion function was used to derive the intensity of scattering as a function of particle size. A

number distribution is then calculated to estimate the relative concentrations of particles of

different sizes, accounting for their proportional light scattering. The reported apparent size

is the number mean.

2.2.4 Small angle X-ray scattering (SAXS) data collection

Samples in 10 mM HEPES pH 7.0, 50 mM NaCl, 0.05% sodium azide, 2 mM DTT were

concentrated to ∼40 mg/mL in 0.5 mL Amicon-Ultra centrifugal concentrators and the

flow through used as a buffer blank. A dilution series was prepared and the concentra-

tions measured in triplicate on a Thermo Scientific™ NanoDrop™ OneC Microvolume UV-

Vis Spectrophotometer (Fisher Scientific, Waltham, MA, USA). Data were collected at the

SIBYLS beamline (12.3.1) at the Advanced Light Source in Berkeley, California using the

high throughput mail-in SAXS service [71]. The concentration series for each protein was

collected in triplicate. For each sample, a dose series was collected with a total exposure

time of 10 s, framed at 0.3 s for a total for 33 frames. The sample oscillated during the

exposure to reduce radiation damage. Data were collected using a PILATUS 2M detector.

The monochromatic X-ray energy was 10 keV and detector distance was 2 m, resulting in

scattering vectors, q, ranging from 0.0094 Å−1 to 0.4354 Å−1. Samples were at 20 °C during

data collection. Data were initially processed as described [72]. Additional processing was

performed using BioXTAS RAW [73].
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2.2.5 Calculation of the second virial coefficient (A2)

Static structure factor of a monodisperse solution at the origin S(c,0) related to the osmotic

pressure Π is described by:

S(c, 0) =
RT

M

(
∂Π

∂c

)−1

R is the gas constant 8.31 J mol−1 K−1. M is the molecular mass of the solute in g/mol.

c is the concentration in g/mL. The osmotic pressure can be approximated by the series

expansion:

Π

cRT
=

1

M
+ A2c + A3c

2 + ...

For weakly interacting molecules at relatively low concentrations, 2MA2c <<< 1, the struc-

ture factor at the origin can be expressed as:

S(c, 0) =
I(c, 0)

I(0, 0)
=

1

1 + 2MA2c + ...

S(c,0) is evaluated by:

S(c, 0) =
limq→0 I(c, q)

limc→0 I(c, 0)

The slope of the linear fit from following gives 2MA2:

1

S(c, 0)
= 1 + 2MA2c

In an ideal solution, S(c,0) = 1. If A2 is positive, the osmotic pressure is higher and the

interactions are repulsive, leading to particles that are evenly distributed. If A2 is nega-

tive, the osmotic pressure is lower and attractive interactions cause fluctuations in particle
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distribution [74, 75].

2.2.6 Ellman’s assay

The lyophilized powders for γS-wt and the deamidation variants were reconstituted from the

same stock of buffer and aged at room temperature stored out of direct light. Prior to each

measurement, samples were vortexed and an aliquot was diluted in 2% SDS, 100 mM TRIS

pH 8.0 to reach a final protein concentration 0.125 mg/mL and 5,5-dithiobis(2-nitrobenzoic

acid) (DTNB) was added to reach a final concentration of 0.1 mM. Absorbance measurements

were collected in an Epoch™ Microplate Spectrophotometer (BioTek, Winooski, VT, USA)

at 412 nm in a 96-well plate. Each sample was made in triplicate and measurements taken in

5-minute intervals over 2 hours. The maximum value was used to calculate the thiol content.

An extinction coefficient of 12968 M−1cm−1 was calculated from the calibration curve in 2%

SDS, 100 mM TRIS pH 8.0 buffer using DTT as the thiol source (Figure A.2) and used for

all thiol concentration calculations.

2.2.7 Size-exclusion chromatography multi-angle light scattering

(SEC-MALS)

SEC-MALS was performed on a Viskotek 305 TDA system (Malvern Analytical, Malvern,

United Kingdom) equipped with a P2500 column. The running buffer used was 10 mM

HEPES pH 7.0, 200 mM NaCl, 0.05% sodium azide.
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2.2.8 Mass spectrometry

Proteins samples were denatured in 8 M urea, 1 M ammonium bicarbonate pH 8.0 for 1

h then iodoacetamide (IAM) was added to reach 50 mM. The reaction progressed at room

temperature away from light for 2.5 h. DTT was added to reach 100 mM and incubated for 1

h. Mass spectra were collected on a Waters Xevo XS-QToF equipped with a phenyl column.

Buffer A was 0.1% formic acid in water. Buffer B was 100% acetonitrile. For the protein

intact mass spectra, the flow rate was 0.2 mL/min with a gradient of 0% to 97% B over 1.5

min then 97% B for 0.5 min. Spectra were processed using MassLynx. Deconvolution was

performed by MaxEnt1.

2.2.9 γS-crystallin crystallization, data collection, and structure

refinement

Crystallization conditions were found via sparse matrix screening. Crystallization occurred

at 20 ℃ and the protein:precipitant ratio was 1:1. For all protein samples, the lyophilized

powder was resolubilized and buffer exchanged into 50 mM HEPES pH 6.8 with 5 mM

DTT. The addition of DTT allowed for a uniform starting condition for all samples with

cysteines reduced. For γS-wt, γS-3, and γS-5, the samples were aged overnight at 4 ℃

before crystallization. For γS-wt, crystals were grown in the Morpheus screen G5 (0.1 M

Carboxylic Acids Mix, 0.1 M Buffer System 2 pH 7.5, 30% v/v Precipitant Mix 1). The

Carboxylic Acids Mix contains 0.2 M sodium formate, 0.2 M ammonium acetate, 0.2 M

trisodium citrate, 0.2 M sodium potassium l-tartrate, and 0.2 M sodium oxamate. Buffer

system 3 contains 0.1 M MOPS/HEPES-Na pH 7.5. Precipitant Mix 1 contains 20% w/v

PEG 20 000 and 40% v/v PEG MME 550 [76]. Protein concentration was 12 mg/mL. Crys-

tals appeared between 14-28 days and were harvested after 1.5 months. For γS-3 and γS-5,

crystals were grown in the Hampton Index screen condition G10 (0.2 M MgCl2, 0.1 M BIS-
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TRIS pH 5.5, 25% w/v Polyethylene glycol 3350). Protein concentration was 18 mg/mL.

Crystals appeared between 14-28 days and were harvested after 2 months. For γS-7, the

protein sample was aged at 4 ℃ for 1-2 weeks before being crystallized in 0.1 M sodium

acetate pH 5.0, 0.1 M ammonium sulfate, 28% PEG 3350. Crystals appeared after 1 day

and were harvested after 1 week. For γS-9A, the protein sample was aged overnight at 4

℃ before being crystallized in 0.1 M sodium acetate pH 5.45, 21% PEG 3350. Crystals

appeared after 1 day and were harvested after 2-3 days. For γS-9B, the protein sample was

aged at 4 ℃ for 1-2 weeks before being crystallized in 0.1 M sodium acetate pH 5.45, 0.1

M ammonium sulfate, 21% PEG 3350. Crystals appeared after 1 day and were harvested

after 1 week. Crystals were cryoprotected with Paratone-N and flash-frozen by plunging

into liquid nitrogen. X-ray diffraction data were collected at both the P13 or P14 beamline

operated by the European Molecular Biology Laboratory (EMBL) at the PETRA-III syn-

chrotron at DESY, Hamburg, Germany (https://www.embl-hamburg.de/services/mx/P13/

or https://www.embl-hamburg.de/services/mx/P14/). Diffraction was recorded on a PILA-

TUS 6M or EIGER 16M detector. Diffraction data was processed using XDS [77]. Phasing

was performed using Phaser molecular replacement with chain A of PDB model 6FD8 as

a search model [78]. Refinement was performed using the Phenix software suite with iter-

ative manual improvement in Coot [79, 80]. Structure images were generated in PyMOL

(Schrödinger).
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2.3 Results

2.3.1 γS deamidated variants are less stable and more aggregation

prone than wild-type

We investigated the stability and aggregation propensity of the deamidated variants com-

pared to γS wild-type (γS-wt). Thermal unfolding curves were determined by differential

scanning fluorimetry (DSF), and the midpoint of the unfolding temperatures (Tm) were

calculated for each variant (Figure 2.2A). The percent unfolded was calculated via fitting

of the averaged fluorescence intensity data (Figure A.3) to a Boltzmann function as de-

scribed by Wright et al. [70]. The thermal stability progressively decreased with cumulative

deamidations from a Tm of 76.79 ± 0.06 ℃ for γS-wt to 73.91 ± 0.07 ℃, 72.26 ± 0.01 ℃,

71.62 ± 0.02 ℃ and 70.45 ± 0.04 ℃ for γS-3, γS-5, γS-7, and γS-9, respectively (Figure

2.2B). A linear relationship emerges from the comparison of the Tm and the calculated net

charge at neutral pH for each variant, with increased charge leading to decreased stability

in these variants. Calculations of net charge were performed with the Prot pi protein tool

(https://www.protpi.ch/Calculator/ProteinTool).

Thermally induced aggregation was monitored with dynamic light scattering (DLS). All

proteins appeared monomeric at 25 ℃ with diameters of 2-4 nm and remained monomeric

until the rapid formation of large, insoluble aggregates at the aggregation onset temperature,

Tagg (Figure 2.2C). The values of Tagg were 63 ℃ for γS-wt and 60 ℃, 58 ℃, 61 ℃, and

62 ℃ for γS-3, γS-5, γS-7, and γS-9, respectively. All deamidated variants showed a lower

Tagg compared to γS-wt; however, while Tagg for γS-3 and γS-5 decreases with successive

deamidations, for γS-7 and γS-9, the trend reverses (Figure 2.2D). We hypothesized that

the repulsive effects from the high net charge of γS-7 and γS-9 begin to offset the minor

destabilization produced by deamidations, resisting aggregation.
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Figure 2.2: The stability and thermal aggregation of γS-crystallin wild-type (γS-wt, black),
3-site (γS-3, yellow), 5-site (γS-5, blue), 7-site (γS-7, green), and 9-site deamidation variant
(γS-9, pink). (A) Differential scanning fluorimetry (DSF) was used to determine the percent
unfolded as a function of temperature for γS wild-type and each variant. (B) The mid-
point temperature of the thermal unfolding (Tm) of γS wild-type and each variant plotted
against the net charge of the protein at neutral pH. (C) Dynamic light scattering (DLS)
measurements of γS wild-type and each variant to monitor thermally induced aggregation
of γS wild-type and each variant. (D) The temperature of aggregation onset (Tagg) plotted
against the net charge of the protein at neutral pH.
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2.3.2 Increasing repulsive interactions from deamidation

In order to assess interprotein interactions, we aimed to determine the osmotic second virial

coefficient (A2). A2 characterizes the resultant force of individual interparticle interactions

and has been used as a predictive measure for protein solubility, crystallization, aggregation,

and liquid-liquid phase separation [81]. We used small angle X-ray scattering (SAXS), which

yields information on protein size and shape (form factor) as well as interprotein interactions

(structure factor). The SAXS profiles show, in agreement with the crystal structures, that the

overall fold of the protein is maintained among the variants (Figure 2.3A). The form factor

stays consistent among variants as well as among concentrations, with the profile showing no

shifts from concentration effects up to 40 mg/mL (Figure A.4). However, at low scattering

vectors, q, deviations from ideality are seen that reflect the interprotein interactions (Figure

2.3B). The Guinier plot for an ideal, non-interacting particle is linear at low q. Deviations

from linearity are observed as positive for the γS-wt and γS-3 and negative for γS-7 and

γS-9. Solving for the structure factor at q=0 as a function of concentration allows for the

calculation of A2 from the slope of the linear regression (Figure 2.3C). We found in the

low ionic strength buffer used in these studies, the A2 values for γS-wt and γS-3 were in

the attractive regime at -0.59 and -0.56 ×10−4 mol mL g−2, within the estimated error of

each other. For γS-5, the value approaches ideality, with a value of +0.15 ×10−4 mol mL

g−2. For γS-7 and γS-9, repulsive forces are observed with positive A2 values of +1.45

and +2.40 ×10−4 mol mL g−2, respectively (Figure 2.3C). Despite the increased repulsive

forces, thermally-induced aggregation (Figure 2.2D) was still enhanced for all deamidated

variants, indicating aggregation propensity is influenced by both protein-protein interactions

and structure destabilization (Figure 2.2B).
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Figure 2.3: (A) Small angle X-ray scattering (SAXS) profiles for γS-crystallin wild-type
(γS-wt, black), 3-site (γS-3, yellow), 5-site (γS-5, blue), 7-site (γS-7, green), and 9-site
deamidation variant (γS-9, pink) at approximately 40 mg/mL. (B) Guinier plot of the scat-
tering profiles of each variant at approximately 40 mg/mL. For both (A) and (B), the profile
for γS-7 was scaled to normalize for concentration. (C) Left: The reciprocal of the structure
factor at q = 0 as a function of concentration. Right: Second virial coefficient (A2) values
calculated from the slope of the linear regressions.
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2.3.3 Crystal structure of monomeric wild-type γS-crystallin

We report the first crystal structure of full-length, monomeric wild-type human γS-crystallin.

Descriptive and crystallographic parameters for the structures discussed in this paper are

summarized in Table 2.1. The space group was found to be P21 with an asymmetric unit con-

taining two γS-crystallin monomers. In contrast to the previously reported disulfide-bonded

dimeric structure, these monomers interact only through non-covalent contacts between the

N-terminal domains [64]. The structure was solved at a resolution of 2.0 Å and the coordi-

nates have been deposited in the PDB (PDB ID: 7N36). As with other reported γS-crystallin

structures, it shows two highly symmetric domains comprising the two double Greek key mo-

tifs characteristic of the βγ-crystallins (Figure 2.4A). Structural alignments of the Cα atoms

show this novel structure has high similarity with both the γS-wt NMR structure (PDB:

2M3T) and the crystal structure of the C-terminal domain of γS-wt (PDB: 1HA4), with

RMSDs of 1.78 and 1.03 Å, respectively. These RMSDs were derived by the alignment of

chain A of 7N36 with the entire 2M3T structure using the lowest energy state in the ensemble

and chain A of 1HA4 [82, 83]. The regions of structural difference between 2M3T and 7N36

are mostly localized to the C-terminal domain, with the loop containing K154 and K155 as

well as the linker region between the domains showing the maximum difference (Figure A.5).

Notably, in all the crystal structures reported here, these are regions that show extensive

dynamics, with high B-factors and/or multiple conformations. Likewise, in comparison to

disulfide dimerized γS-crystallin structure (PDB: 6FD8), we observe very little structural

difference in protein fold, consistent with the analysis by Thorn et al., with a Cα RMSD

of 0.59 Å, derived from the alignment of chain A of 7N36 and chain A of 6FD8. In both

the NMR structure (2M3T) and this novel structure, no disulfide bonds, either intra- or

intermolecular, are observed (Figure 2.4B).
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Figure 2.4: (A) Alignment of the novel structures of γS-crystallin wild-type (γS-wt, PDB:
7N36, gray), 3-site deamidation variant (γS-3, PDB: 7N37, yellow), 5-site deamidation vari-
ant (γS-5, PDB: 7N38, blue), 7-site deamidation variant (γS-7, PDB: 7N39, green), and
9-site deamidation variant (γS-9B, PDB: 7N3B, pink). All structures have Cα RMSDs less
than 1 Å compared to γS-wt, PDB: 7N36. Magnified views of the cysteine loop region with
2Fo-Fc (contoured at 1σ) electron density maps for (B) γS-wt aged 1.5 months, (C) γS-3
and γS-5 aged 2 months and (D) γS-7 and γS-9B aged 2-3 weeks.

2.3.4 Crystal structures of γS-crystallin deamidated variants

Five novel crystal structures have been determined for deamidated variants of γS-crystallin

at various stages of sample aging. Sample age is the combined time of storage at 4 ℃ after

resolubilization and time spent in the crystallization plate until the crystals were frozen for

diffraction data collection. All samples were reduced with dithiothreitol (DTT) to establish

a fully reduced starting point prior to aging and crystallization. We have confirmed with

Ellman’s assay, mass spectrometry, and size-exclusion chromatography that this treatment

reduces the disulfide bonds in all variants (data not shown). Given the short half-life of

DTT [84], we suspect very little reducing agent remains active during crystallization after

several weeks, allowing the progression of cysteine oxidation. The γS deamidation variants

crystallized in a variety of space groups (Table 2.1). The 3-site deamidation variant (γS-3)
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and the 5-site deamidation variant (γS-5), both aged for 2 months and grown in the same

crystallization solution, were found in space group P212121 with a single monomer in the

asymmetric unit. The structures for γS-3 and γS-5 were solved at resolution of 1.30 and

1.22 Å, respectively. The refined structures have been deposited in the PDB (PDB ID: 7N37

and 7N38). In both structures, a Mg2+ ion was identified, although in different locations.

There were no direct interactions between the Mg2+ and any residues; interactions occurred

through hydrogen bonding with Mg2+-coordinated waters. γS-crystallin has shown binding

and aggregation in the presence of other divalent cations, including Cu2+, Zn2+, Ni2+, and

Co2+, but shows no such interactions with Mg2+ [35, 65].

The structures for γS-7 and γS-9B, both aged for 2 – 3 weeks and grown in similar crystal-

lization conditions to each other, were solved at a resolution of 1.56 and 2.09 Å, respectively.

They were both found to be in space group P22121 with two monomers in the asymmetric

unit. The refined structures have been deposited in the PDB (PDB ID: 7N39 and 7N3B).

An additional structure was solved of γS-9 from protein aged for 4 – 5 days (γS-9A). γS-9A

crystallized in space group P21 with one monomer in the asymmetric unit and was solved at

a resolution of 1.50 Å (PDB ID: 7N3A). In general, the deamidated variants grew crystals

more readily, in multiple different conditions in the sparse screens, and more reproducibly

than γS-wt. Other mutations in crystallins have been shown to enhance crystallization,

notably R58H and R36S in γD-crystallin, which lead to the formation of crystal cataract

[85].

2.3.5 γS-crystallin deamidation is not significantly detrimental to

protein fold

Despite the enhanced crystallization propensity of the variants, the fold of γS-crystallin

is remarkably resistant to change after extensive deamidation. Relative to the new γS-wt
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crystal structure (PDB: 7N36), the backbone fold is maintained in all deamidation variants,

even for the highly deamidated γS-9. The Cα RMSD relative to the wild-type structure does

not exceed 1 Å for any deamidated variant (Figure 2.4A). Additionally, the intramolecular

disulfide bond observed in the γS-9B crystal structure does not seem to significantly affect

protein fold, with a Cα RMSD of 1.19 Å in comparison to chain A of γS-9B to the γS-9A

structure.

2.3.6 Deamidated γS-crystallin variants have a higher propensity

for disulfide formation

Comparisons of different crystal structures can be challenging, as many factors related to

crystallization or diffraction data collection, rather than the protein structure, can have

substantial effects. Additionally, the rate of oxidation may be affected by the crystallization

conditions. To this end, we limit our direct comparisons of crystal structures to γS-3 vs.

γS-5 and γS-7 vs. γS-9B. These structures were determined from protein samples that were

grown in identical or highly similar crystallization conditions and formed crystals in the same

space group, with similar unit cells, and of comparable sizes. The data collection strategies

were kept uniform so that radiation dose would also be consistent between samples.

Comparing crystal structures from samples aged for similar periods, we observe an increase

in disulfide bond formation in variants with more deamidation. After aging for 2 months,

the γS-3 structure has fully reduced cysteines (Figure 2.4C). In contrast, the γS-5 struc-

ture shows a mixed state for C23 and C27, with both reduced and disulfide-bonded species

present (Figure 2.4C). Occupancy refinement in Phenix suggests that the disulfide-bonded

configuration accounts for ∼50-70%, with a range estimated due to the different occupancy

calculation for the two cysteines, C23 and C27. The same trend is observed in samples

aged 2-3 weeks, γS-7 and γS-9B. The γS-7 structure shows the cysteines to be fully reduced,
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while the γS-9B structure shows C23 and C27 are fully oxidized, forming an intramolecular

disulfide bond (Figure 2.4D). The fourth cysteine in the tetrad, C83, is not shown in these

maps, but in all cases it appears to be fully reduced. This may indicate that C83 is not

amenable to disulfide bonding or that the C83 disulfide-bonded structure is unfavorable for

crystallization, possibly due to large structural disruption from this bond.

To support these observations of the crystal structures, we also conducted a biochemical

assay to evaluate free thiol content over the course of sample aging at room temperature.

Ellman’s assay is a colorimetric method used to estimate sulfhydryl content in a sample us-

ing 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB). DTNB reacts with free thiols and releases

TNB, which absorbs at 412 nm. In order to get a full understanding of the thiol content,

including buried cysteines, the samples were denatured with 2% SDS prior to reaction with

DTNB. The extinction coefficient of TNB in the buffer used was calibrated using DTT and

was calculated to be 12968 M−1cm−1 (Figure A.2). The rate of the reaction differed for each

deamidation variant, with more deamidated sites leading to longer reaction times (Figure

A.6). All samples showed initial thiol content after purification was between 6.2 – 6.6 free

thiols per protein molecule, consistent with the known 7 cysteines in γS (Figure A.7). Mea-

surements of thiol content were then collected over 18 days (Figure 2.5A) of aging at room

temperature. In the first two days of aging, the free thiol content of the samples decreased

more rapidly with more deamidated sites, with the thiol content decreasing to 98%, 96%,

93%, 92% and 84%, for γS-wt, γS-3, γS-5, γS-7, and γS-9, respectively. After the first 6

days of aging at room temperature, the rate of thiol loss slowed. After 18 days, the oxidation

of the samples reached 60-70% of their starting thiol content. It should be noted that the

rate of oxidation was observed to depend significantly on buffer aeration. Samples stored in

degassed buffer after size-exclusion chromatography showed very little oxidation over sev-

eral months, while samples stored in dialysis in stirring buffer oxidized extremely rapidly.

In order to age samples in an equivalent manner, during purification the samples for these

experiments were reduced with DTT, the DTT was removed via buffer exchange, then the
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samples were lyophilized. The lyophilized powders were resuspended in buffer from the same

stock, achieving the same aeration for all samples.

Figure 2.5: (A) Assessment of the decrease in free thiol content over time using Ellman’s assay
for γS-crystallin wild-type (γS-wt, black), 3-site (γS-3, yellow), 5-site (γS-5, blue), 7-site (γS-
7, green), and 9-site deamidation variant (γS-9, pink). (B) Size-exclusion chromatography
in line with multiangle light scattering (SEC-MALS) conducted on each variant after aging
for 1 month. High molecular weight (HMW) peaks are seen in γS-5, γS-7, γS-9. (C) Intact
mass spectra of each aged variant after reaction with iodoacetamide (IAM) and subsequent
reduction with dithiothreitol (DTT). The average free thiol content per protein molecule
weighted by the peak intensity decreases with increasing deamidation.

The decrease in free thiol content as evaluated by Ellman’s assay may arise from the oxidation

of cysteines, but also from the protein aggregation reducing the accessibility of thiol groups.

We therefore conducted size-exclusion chromatography multi-angle light scattering (SEC-

MALS) experiments to evaluate the formation of disulfide bonded dimers as well as the

formation of high molecular weight aggregates. Figure 2.5B shows the results of SEC-MALS

studies on γS-wt and the deamidation variants after aging for 1 month at room temperature.

All samples contained both monomer and dimer, with the γS-3 and γS-5 appearing to form

more dimer than γS-wt. These data suggest that deamidation promotes the formation of

dimers. These dimers were confirmed to be disulfide bonded, as they were reduced by
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treatment with DTT (data not shown). However, for the γS-7 and γS-9, less dimer is

present than in the γS-3 and γS-5 samples. Dimerization may be inhibited by their higher

surface charge and the repulsive forces between molecules. Additionally, the dimer form of

γS-wt is known to be less stable [64], therefore the already deamidation-destabilized γS-7

and γS-9 upon dimerization may form high molecular weight HMW oligomers/aggregates.

The increased propensity of deamidated variants to aggregation induced by oxidation has

previously been shown [54]. We also detected HMW peaks in the γS-5, γS-7, γS-9 (Figure

2.5B). For γS-9, the SEC-MALS experiment also shows a shoulder of the monomer peak

blending into the dimer peak, unlike the other traces. We hypothesize this peak shape arises

from a partially unfolded state.

We next aimed for a more detailed understanding of the disulfide state of aged samples.

Samples aged for 1.5 months were denatured in 8 M urea to solubilize HMW aggregates. The

denatured samples were then reacted with iodoacetamide (IAM), which modifies free thiol

groups and imparts a mass shift of +57 for each addition. The samples were subsequently

treated with DTT to reduce the dimer and any internal disulfide bonds. Figure 2.5C shows

the deconvoluted intact mass spectra for aged γS-wt and the deamidated variants. All

samples show a distribution of IAM mass additions, from 3 up to 7 additions, with 7 being

the total number of cysteines present in γS. As IAM adds to free thiols and not to disulfide-

bonded sulfurs, the number of IAM additions indicates the number of thiols per protein

molecule. A calculation of the weighted average for each variant reveals a decrease in the

number of thiols with increasing deamidation, with 5.8, 5.8, 5.6, 5.6, and 5.4 for γS-wt, γS-3,

γS-5, γS-7, and γS-9, respectively.
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2.3.7 Disulfide bonding in the cysteine loop during sample aging

Because no significant structural disruption to the protein fold is observed in the deamidated

variants, we propose that they may serve as more crystallizable models for the wild-type pro-

tein to gain atomic and near-atomic resolution structures at varying time points. Structural

changes over time in the deamidated variants may give insight into the aging behavior of

the wild-type protein, but in an accelerated timeframe. In this study, γS-9 was crystallized

at two time points of sample age: several days and several weeks. Recently, we reported

another crystal structure of γS-9 that was aged for several months prior to crystallization in

a silicon chip. That structure was solved via a fixed-target serial crystallographic approach

using microcrystals to a resolution of 3.0 Å (referred to here as γS-9C, PDB: 7NJE) [86]. The

comparison of these three structures allows us to observe the change in cysteine oxidation

over time (Figure 2.6). In the earliest time point structure, γS-9A, the protein is monomeric

and all three cysteines appear to be mostly reduced, with minor partial occupancy of a C23-

C27 disulfide bond (Figure 2.6A). After several weeks, as discussed above, γS-9B has a full

intramolecular disulfide between C23 and C27 and the protein remains monomeric (Figure

2.6B). After several months, γS-9C contains a second disulfide bond between C25 and C25

of another γS-9, forming a dimer (Figure 2.6C). Interestingly, the orientation of C25 shifts

after the formation of the C23-C27 disulfide bond. In γS-9A, the side chain of C25 projects

out from the ring and has a high calculated solvent exposed surface area (SASA) of 85 Å2.

Similarly, γS-wt shows fully reduced cysteines with a SASA of 82 Å2 calculated for C25. In

γS-9B, after the formation of the C23-C27 disulfide, C25 flips and the SASA is lowered to

30 Å2. SASA values were calculated by AREAIMOL in the CCP4 package [87, 88].
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Figure 2.6: Magnified views of the cysteine loop region with 2Fo-Fc (contoured at 1σ)
electron density maps for (A) γS-9 aged for several days (γS-9A, PDB: 7N3A), (B) γS-9
aged for several weeks (γS-9B, PDB: 7N3B), and (C) γS-9 aged for several months (γS-9C,
PDB: 7NJE). Insets show a cartoon depiction of the γS-9 structures indicating their
oligomeric states (either monomeric or dimeric) with intramolecular and intermolecular
disulfide bonds in the cysteine loop shown. The solvent accessible surface area (SASA) for
C25 is lower after disulfide bond formation between C23 and C27.

2.4 Discussion

2.4.1 Deamidation accelerates oxidative aging

In comparing structures of samples of γS-wt and deamidation variants aged for time periods

ranging from several days to several months, we observe an increased propensity for disulfide

bonding with increased deamidation. The duration of sample aging of γS-wt, γS-3 and γS-5

was similar, between 1.5 – 2 months; however, only γS-5 shows partial occupancy of disulfide

bonded C23-C27. At an earlier aging timepoint, γS-7 and γS-9 can be compared after sev-

eral weeks aging; γS-7 remains fully reduced, while γS-9 shows a full disulfide bond between

C23-C27. Based on this trend, we propose that deamidation accelerates the process of ox-

idative aging, possibly by increasing conformational flexibility, which then increases solvent

exposure of the cysteine residues. Additional experiments using Ellman’s assay and mass
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spectrometry after thiol blocking with iodoacetamide (IAM) on aged samples also supported

the trend of increased oxidation with increased deamidation (Figure 2.5). Other studies have

linked deamidation with an increase in conformational dynamics and oxidation, even in re-

gions distant from the sites of deamidation. Forsythe et al. showed that deamidation of two

surface Asn residues in the N-terminal domain of γS caused long-range disruption of confor-

mational dynamics in the C-terminal domain [49]. Their work suggested that deamidation

induced both local and global transient unfolding and that thermally-induced aggregation

was enhanced for the deamidation variants in the presence of oxidized glutathione. Vetter

et al. followed up on this study, demonstrating that with three deamidation mutations, γS

again became more susceptible to oxidation-induced aggregation [54]. These previous stud-

ies and the results described here support allosteric conformational effects that destabilize

protein structure and increase conformational dynamics, leading to increased susceptibility

to oxidation.

The mutated residues (glutamine to glutamic acid and asparagine to aspartic acid) are

structurally highly similar; therefore, the difference in charge after mutation is the likely

basis for the altered structural dynamics. Upon deamidation, a negative charge is introduced

at each deamidated site as the carboxylic acid moiety is ionized at the relevant pH values.

These charges not only lower the pI of the protein significantly, but also induce regions

of high negative charge on the surface of the protein (Figure A.8). At neutral pH, γS-wt

has an expected net charge of -1. With each additional deamidation mutation, the net

charge decreases, reaching -10 for γS-9. A complex picture emerges from the evaluation

of the benefits and drawbacks of introducing negative charges. Chong et al. proposed

that additional negative charges increase the solubility for proteins that already have a net

negative charge [89]. However, the introduction of charged sites can also lead to an increase in

fluctuating conformational transitions, or transient misfolding, which can drive aggregation

through exposure of hydrophobic portions of the protein [90]. Particularly for γ-crystallins,

the drastic changes to surface charge might cause further disruption in the lens via the
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impairment of α-crystallin chaperone activity, as demonstrated previously for a deamidated

variant of γS [54].

Our findings support the hypothesis of the competing role between net charge and confor-

mational dynamics in governing aggregation propensity. As the deamidated variants gained

negative charge, their structural stability decreased, as indicated by the observed unfolding

temperatures (Figure 2.2B). Lower stability likely promotes transient misfolding, prompting

an earlier onset of thermally induced aggregation in moderately charged variants (γS-3 and

γS-5); however, as the proteins reached high negative charge (γS-7 and γS-9), the greater

electrostatic repulsion, as evidenced by their A2 values, between molecules raises the ener-

gic barrier to aggregation (Figure 2.2D). Further studies into the local and global dynamic

effects of charged residues are warranted.

2.4.2 γS serves as an oxidation sink in the lens

Previously, disulfide bonding in γS was thought to be solely a detrimental byproduct of

oxidation. Recent work and the results of this study suggest that it may also be a functional

adaptation that helps to sustain the redox balance in the lens [35, 63]. Here, we demonstrate

that deamidation accelerates the oxidation of the C23, C25, and C27. Due to the unchanged

global fold across the variants characterized in this study, we propose that we may extrapolate

the behavior of the deamidated variants to the wild-type protein observed over a longer time

period.

We suggest that the positioning of a highly solvent-exposed cysteine, C25, may be advanta-

geous in γS due to its proximity to other cysteines that can form a stable internal disulfide

bond. A possible mechanism for γS oxidoreductase activity emerges from the observations

of the crystal structures determined in this study (Figure 2.7). Fully reduced, monomeric

γS (1) contains the highly solvent-exposed C25, predisposing it to dimerization with a sec-
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ond molecule of γS. Although this schematic diagrams the proposed in vitro process with

only γS available for crosslinking, in the lens this may also occur with a different crystallin

species. We propose a transient dimer (2) forms with a crosslinking disulfide bond between

C25 and a C25 of another crystallin monomer. We hypothesize this intermediate with only

a single dimerizing disulfide forms preferentially due to the high solvent exposure of C25

and its known propensity for dimerization at this site but suggest that this intermediate

is quickly lost to disulfide exchange. This dimerizing bond exchanges with other nearby

cysteines, forming an intramolecular disulfide bond between C23-C27 (3). This process re-

moves a crosslinking disulfide bond and releases a recovered, reduced monomer of crystallin.

After the formation of the C23-C27 bond, C25 occupies an orientation with reduced solvent

exposure, as evidenced by the crystal structure of γS-9B. Further oxidation eventually leads

to the formation of a fully oxidized and aggregation-prone dimer (4) [64], but this conversion

may be slowed by the reduced solvent exposure of C25. The C23-C27 bond is apparently not

highly disruptive to the protein fold in this region, indicating that this bond might serve to

rescue γS or other crystallins from other, more deleterious disulfide bonds. If this hypothesis

is correct, γS plays not only a structural role, but also a chemical role in the lens, acting as

a final buffer against oxidative damage, even after depletion of glutathione.

In other proteins with disulfide reactivity, a CXXC motif has been reported, notably in

thioredoxins and disulfide isomerases. The XX is often proline and glycine, both of which

support a tight turn and the formation of a disulfide between the two cysteines [91]. The same

activity is recapitulated with the CXC motif, where X is usually glycine [92]. The activity

of a CXC motif has been previously reported for human γD-crystallin, in a study showing

disulfide exchange between wild-type γD and an aggregation prone variant, W42Q [63]. In

this case, X is serine, a highly flexible amino acid that is often present in flexible linker regions

[93, 94]; however, the disulfide bond was still postulated to cause conformational strain in

the C-terminal domain. Upon disulfide exchange between the wild-type and W42Q variant,

γS-W42Q was more destabilized by the disulfide and more rapidly aggregated out of solution
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Figure 2.7: Potential mechanism for the role of γS-crystallin as an oxidation sink in the
eye lens. Monomeric, reduced γS-crystallin (1) with a highly solvent exposed C25 accepts
an intermolecular disulfide bond from another γS-crystallin or another oxidized crystallin in
the eye lens. This partially oxidized dimer (2) undergoes disulfide shuffling and the disulfide
bond exchanges to C23-C27 forming an intramolecular disulfide bonded monomer (3) and
releasing a recovered, reduced crystallin monomer. The reduced solvent exposure of C25 in
the single disulfide bond intermediate (3) slows the formation of the fully oxidized disulfide-
bonded dimer (4) that has been shown to be prone to aggregation.

[63]. γS contains a similar, extended CXCXC motif. However, instead of glycine or proline

that allow for tight turns, here the cysteines are separated by aspartic acid residues. As the

structures reported here show, the favored disulfide forms between the first and last C in the

motif (C23 and C27); the 3 separating residues likely allow for a less strained disulfide bond

formation. Aspartic acid is, however, among the most flexible amino acids [93], lessening any

structural disruption as well as supporting disulfide exchange between C25 and C23/27. The

presence of aspartic acid in this motif raises additional questions; is there a fitness benefit

from proximal acidic residues? Repulsive electrostatic interactions between deprotonated

cysteine and neighboring negatively charged residues have been suggested to destabilize the

thiolate state and thereby raise cysteine pK a [95]. As thiolate is a much stronger nucleophile

than the protonated thiol, an increase in cysteine pK a would likely be inhibitory to thiol-

disulfide exchange [96, 97]. Free cysteine in solution has a reported thiol pK a of 8.6 and most

noncatalytic cysteine pK a’s fall within 7.4 – 9.1 [95]; however, dramatic shifts can been seen

for catalytic cysteines, with pK a values as low as 2.88 reported [98]. The predicted pK a

for C25 in γS is 9.35, calculated with PROPKA using the γS-wt crystal structure, 7N36

[99, 100]. C25 is therefore predicted to be slightly more basic than glutathione, the major
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antioxidant in the lens with a reported thiol pK a of 8.92 [101]. In addition to similar pK a

values, C25 in the CDCDC motif of γS and the structure of glutathione also share structural

similarities. Glutathione is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) with the amide

bond formed with the γ-carboxyl rather than the α-carboxyl of glutamic acid. Like C25

in γS, the cysteine in glutathione is flanked by adjacent carboxylates. We plan to further

investigate the role of γS and its interplay with glutathione in maintaining redox homeostasis

in the eye lens.

2.4.3 Deamidation as a basis for rational mutagenesis for crystal-

lization

On a more methodological note, deamidation may serve as a new target for rational mutage-

nesis to promote crystallization. Excellent work has been done in this area, with much of the

effort focused on surface entropy reduction (SER) [102]. In SER, surface residues with high

conformational energy, such as Lys and Glu, are mutated to Ala or other small amino acids.

This method is often successful but may sometimes lead to undesired structural changes.

The deamidated variants reported here did not appear to change the overall fold of the

protein but did more readily and reproducibly form crystals. For challenging crystallization

targets, deamidation of surface Gln and Asn to Glu and Asp may provide less disruption to

protein fold than other mutations, as the side chains are highly similar in size.

2.5 Conclusion

In conclusion, crystallins are among a unique class of extremely long-lived proteins (ELLPs).

The half-lives of ELLPs far exceed those of average proteins, persisting for years or even the

entire lifetime of an organism [103]. In metabolically inactive cells such as the eye lens, the
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cells’ resources to safeguard against protein degradation and aggregation are finite. Multiple

and redundant mechanisms for maintaining lens transparency are likely necessary and the

γ-crystallins appear to have a multidimensional role in the lens. γS-crystallin demonstrates

resistance to significant structural change from deamidation mutations; however, these mu-

tations predispose the protein to accumulate oxidative modifications. Furthermore, although

glutathione is the main species responsible for maintaining redox balance in the lens, here

we provide further evidence that γS-crystallin may also aid in reducing oxidized species by

shuffling disulfide bonds internally to non-crosslinking positions. By this mechanism, γS

may act as a last line of defense against oxidation. The proteins of the eye lens appear to

employ methods to both counteract and exploit PTMs; the full role of crystallins and other

lens molecules in slowing the irreversible aggregation that leads to cataract remains to be

fully explored.
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Chapter 3

Human γS-crystallin resists unfolding

despite extensive chemical

modification from exposure to

ionizing radiation

3.1 Introduction

Protein stability and aggregation resistance are intimately connected with solvent interac-

tions. Hydrophobic hydration in general is more complicated than the traditional “oil and

water” picture suggests, as the balance between attractive and repulsive interactions depends

on molecular size and geometry as well as solute polarity [104]. Vibrational spectroscopy

has established that at low to moderate temperatures, water assumes a structure with more

tetrahedral order and fewer weak hydrogen bonds around hydrophobic solutes than the bulk

solution [105], although dangling O-H bonds are also observed near solvated hydrocarbons
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[106]. Exposed hydrophobic functional groups can also form highly flexible π-hydrogen

bonds, where the donor is a water and the acceptor is the π-system of the aromatic amino

acid side chain [107]. Microscopic interactions between water and the heterogeneous func-

tional groups of protein surfaces impact many protein properties beyond solubility, including

diffusion of water near the protein surface [108–110], the compressibility [111] and even the

refractive index increment [112].

Water is not just a passive solvent within cells, but is a key participant in many biochemical

reactions [113]. Water facilitates electron transfer in enzymes, mediating tunneling between

adjacent molecules [114] or stabilizing radical intermediates in the active site [115] via hydro-

gen bonding. In the type of radiation damage investigated here, water acts as a transmission

medium for oxidative damage: direct damage of proteins by γ rays is a minor effect, with

most of the deleterious modifications coming from reactions with reactive oxygen species

(ROS) derived from water, primarily hydroxyl radical, although hydrogen peroxide is also

significant [116]. Inside the cell, OH radical is particularly damaging, as it is highly reactive

and cannot be neutralized enzymatically, unlike H2O2 [117]. Although DNA damage is often

emphasized in studies of radiation toxicity, proteins are oxidized by hydroxyl radical before

DNA or lipids [118]. The resulting protein hydroperoxide species can last for several hours

and have the capacity to damage other molecules and deplete the cellular supply of antiox-

idants [119]. Assessing the impact of radiation damage is important for understanding the

mechanisms of radiation tolerance in extremophiles [120, 121], the cellular damage caused by

radiation therapy for cancer [122], and the potential for cataract formation as a consequence

of ionizing radiation absorbed by the eye.

Exposure to ionizing radiation has been shown to cause cataract in humans and model

organisms [123]. Populations susceptible to radiation cataract include radiological techni-

cians [124], astronauts [125] and others who have accidental, occupational, or war-related

exposure to ionizing radiation [126–128]. The upper dose limits of γ irradiation to the lens
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suggested to prevent the onset of cataract are as low as 0.05 Gy over 5 years [129, 130]. These

findings raise the question of whether radiation-induced cataract is a direct consequence of

protein modification and aggregation or whether more complicated cellular damage is in-

volved. The majority of the lens protein content comprises α-, β-, and γ- crystallins [131].

β- and γ- crystallins are structural proteins, whereas α-crystallins act as molecular chap-

erones. Studies on α-crystallins have shown that γ irradiation forms oxidation products,

generates extensive cross-linking, damages the overall fold, and reduces chaperone activity.

A previous investigation showed that rat lenses dosed with 5 Gy of γ radiation formed site-

specific oxidations on γ- crystallins, particularly on cysteines, tryptophans, and methionines

[132, 133]. Antioxidants such as vitamin E [134, 135] and melatonin [136] have delayed the

onset of radiation-induced cataract in model organisms, further supporting an important

mechanistic role for ROS.

Here we investigate resistance to unfolding of human γS-crystallin (HγS), a major struc-

tural protein of the eye lens, upon exposure to γ radiation. Structural crystallins such as

HγS are extremely stable and soluble, in keeping with their biological role. The verte-

brate eye lens is primarily composed of enucleated lens fiber cells that undergo degradation

of internal organelles during early development, in part due to lipase activity [137] and

the ubiquitin-proteasome system [138]. The loss of most cellular components leaves be-

hind a highly concentrated (> 400 mg/mL) solution of proteins, mostly crystallins [131].

Crystallin solubility persists despite damage caused by aging, exposure to ultraviolet (UV)

radiation, modification by reactive oxygen species (ROS), and other deleterious chemical

reactions [10, 46]. Glutathione and other antioxidants provide some protection from ROS

[139], however many post-translational modifications (PTMs) have been observed in aged

lenses, including deamidation and oxidation [28, 140].

The aggregation resistance of the proteins themselves is partly due to fluorescence quenching

mechanisms that quickly relax excited states via thermal motion before photochemistry
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can occur [141–143]. This wealth of information about aggregation resistance in structural

crystallins leads to questions about the response of these highly soluble proteins to radiation

damage, which has been shown to cause cataract: are structural crystallins such as HγS

resistant to aggregation upon exposure to ionizing radiation? If they are, is it a result

of increased resistance to oxidative damage or because the proteins are able to tolerate a

high level of chemical modification while remaining soluble? Our results indicate that HγS is

unusually robust to unfolding even when treated with high levels of γ radiation and that this

resistance is due to its high tolerance for modification rather than resistance to oxidative

damage. We also investigate the identity of the PTMs caused by irradiation of HγS and

discuss future directions for investigation.

3.2 Materials and methods

3.2.1 Protein expression and purification

Human γS-crystallin (HγS) was produced using a construct containing an N-terminal 6×

His tag and a TEV cleavage sequence (ENLFQG), which leaves a glycine in place of the

initiator methionine. This gene was cloned into a pET28a(+) vector (Novagen, Darmstadt,

Germany) and overexpressed in Rosetta (DE3) E. coli cells using Studier’s autoinduction

protocol [69]. Cell pellets were collected via centrifugation at 4,000 rpm for 30 minutes,

resuspended, lysed, and respun at 14,000 rpm for 60 minutes. The protein was purified via

nickel affinity chromatography, digestion with TEV protease (produced in-house), a second

round of nickel affinity chromatography (to remove the cleaved His tag), and finally, size

exclusion chromatography (SEC) on a GE Superdex 75 10/300 (GE Healthcare, Pittsburgh,

PA). All samples were dialyzed into H2O, lyophilized for storage at -80 ◦C, and resuspended

in H2O unless otherwise stated.
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3.2.2 γ irradiation

Protein solutions at 5 mg/mL in water (100 µL) in glass vials were irradiated with a 137Cs

source (137Cs Irradiator Mark-I, Model 68, JL Shepherd & Associates, San Fernando, Cal-

ifornia, USA). Sample concentration was determined from the absorbance at 280 nm using

an extinction coefficient of 42,860 M−1 cm−1. Post-exposure concentrations were calculated

from the final volume after sample dilution or concentration using 5 mg/mL as the known

starting concentration. A metal sample holder was used to maintain consistent sample dis-

tance from the source. The dose rate has been previously calibrated with Fricke dosimetry

[144, 145]. Fricke dosimetry was used to confirm the expected dose for our sample position,

volume, and vials [146]. Solutions of 0.4 M sulfuric acid, 6 mM ammonium ferrous sulfate

and 1 mM potassium chloride were well-agitated for aeration and irradiated for 5 and 10

minutes. The absorbance at 304 nm was measured and the dose was calculated using a

G-value of 15.5 mol/100 eV, extinction coefficient of 2022 M−1 cm−1, a density of 1.024 g

mL−1 and a path length of 1 cm [147]. The calculated dose rate at our sample position

was 1.54 kGy/hr, matching the expected dose rate. Unless otherwise noted, all data were

collected within 12 h of removal from the γ irradiation source.

3.2.3 Ultraviolet (UV) irradiation

For both UVA and UVB exposure, protein solutions were 6 mg/mL in 10 mM HEPES, 50

mM NaCl, pH 7. Sample volume was 2.5 mL in a 1 cm × 1 cm quartz cuvette. Samples were

continuously stirred and temperature controlled at 22 ◦C using a Quantum Northwest Luma

40/Eclipse with a Peltier element and recirculator (Quantum Northwest Inc., Liberty Lake,

WA, USA). For UVA exposure, a 10 Hz Nd:YAG laser (Continuum Surelite II; Surelite, San

Jose, CA, USA) was coupled to a Surelite Separation Package (SSP) 2A (Surelite) to change

the pump laser wavelength (1064 nm) to 355 nm via third harmonic generation. The laser
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flux was 29 mJ/cm2 at 10 Hz. Samples were exposed for 180 min. For UVB exposure, a 70

mW light emitting diode (LEUVA66H70HF00, Seoul, Korea) at 5 mm distance (120 degree

view angle) was used, yielding a mean power density of 58 mW/cm2. Samples were exposed

for 90 min.

3.2.4 SDS-PAGE

20 µL of protein was mixed with 20 µL of loading dye (62.5 mM Tris-HCl, 2% sodium dodecyl

sulfate (SDS), 25% glycerol, 0.01% bromophenyl blue, pH 6.8). For reduced samples, 1 µL

β-mercaptoethanol was added and samples were heated at 70 ◦C for 90 seconds. Samples

were run on a 15% polyacrylamide gel at 180 V for 60 minutes and stained using Coomassie

blue dye.

3.2.5 Ellman’s assay

To evaluate the amount of solvent-exposed thiols in solution, the non-irradiated and irradi-

ated protein solutions were diluted to 0.5 mg/mL in 100 mM Tris pH 8.0. 5,5′-dithiobis(2-

nitrobenzoic acid) (DTNB) was added to reach a final concentration of 0.1 mM. The solu-

tions were incubated at room temperature for 30 minutes before collection of spectra on a

Jasco V-730 spectrophotometer (JASCO, Easton, MD). A molar extinction coefficient for

thiobis(2-nitrobenzoic acid) (TNB) of 14150 M−1 cm−1 was used to calculate the concentra-

tion of sulfhydryl groups [148, 149].
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3.2.6 Circular dichroism (CD)

Circular dichroism (CD) spectra were collected using a J-810 spectropolarimeter (JASCO,

Easton, MD). Spectral bandwidth was set to 2 nm. All samples were diluted to 0.1 mg/mL.

3.2.7 Intrinsic fluorescence

Fluorescence spectra were measured using an Agilent Cary Eclipse fluorescence spectropho-

tometer with excitation at 295 nm. All samples were diluted to 0.1 mg/mL.

3.2.8 Raman

Raman studies were perform using a Raman microscope system based on a Renishaw InVia

microscope. The sample was excited with a 532 nm laser (>3 mW) and spectra were collected

using grating of 2400 gr/mm and under 20 s exposure time. Sample concentration was 100

mg/mL. 4 µL of sample was deposited on a glass slide and a spacer and glass coverslip was

added to prevent dehydration.

3.2.9 Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of lyophilized protein samples were measured using a Jasco FT/IR-4700

(JASCO, Easton, MD) equipped with .in attenuated total reflection geometry fashion using

ATR PRO ONE over the 400-4000 cm−1 range with 2 cm−1 resolution.
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3.2.10 Proteolytic digestion

For samples exposed to γ-irradiation for 1 hour, digestion was performed on an aliquot of

the water-soluble portion of the irradiated samples, as no significant pellet was observed

upon centrifugation. For samples exposed to γ-irradiation for 5 hours as well as for the UV

irradiated samples, the samples were centrifuged at 13,000 x g for 15 min and the water-

insoluble fractions resolubilized in 8 M urea, 1 M ammonium bicarbonate pH 8.0. For trypsin

digestion, the protein samples were denatured in 8 M urea, 1 M ammonium bicarbonate pH

8.0 for 1 h at 37 ◦C. The buffer was diluted or buffer exchanged to 1.6 M urea and trypsin

was added in a 1:20 ratio. The digest was carried out overnight at 37 ◦C. Immediately prior

to analysis, DTT was added to 10 mM and the sample was heated at 80 ◦C for 3 minutes.

For pepsin digestion, the sample was exchanged into approximately 1% formic acid (pH 1.6)

and pepsin was added in a 1:20 ratio. Samples were incubated at 37 ◦C for 2 hours.

3.2.11 Liquid chromatography - mass spectrometry (LC-MS)

Mass spectra were collected on a Waters Xevo XS-QTof using either a phenyl column for

intact protein mass spectra or a C4 column for peptide digests. Buffer A was 0.1% formic

acid in water. Buffer B was 100% acetonitrile. For the protein intact mass spectra, the flow

rate was 0.2 mL/min with a gradient of 0% to 97% B over 1.5 min then 97% B for 0.5 min.

For the peptide digest mass spectra, the flow rate was 0.3 mL/min with a gradient of 3% to

27% B over 24.0 min, a gradient of 27% to 90% B over 3.0 min, then 90% B for 0.5 min.

Intact mass spectra were analyzed using MassLynx with MaxEnt1 used to deconvolute the

spectra. Peptide digests were analyzed with BioPharmaLynx.
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3.3 Results and discussion

HγS was irradiated in a 137Cs γ source at 5 mg/mL in glass vials (Figure B.1). The samples

are positioned equidistant in a ring around the sample source and the dose rate at this

distance has been previously calibrated [145]. We confirmed our samples were receiving the

expected dose using Fricke dosimetry (Figure B.1).

3.3.1 HγS resists unfolding after high doses of γ irradiation

We used circular dichroism (CD) spectroscopy and intrinsic tryptophan fluorescence to assess

the extent of unfolding in irradiated HγS. We aimed to determine whether HγS undergoes

structural changes after irradiation that may be linked to radiation-induced cataract. Both

the CD and fluorescence measurements indicate that HγS is remarkably resistant to unfolding

upon even prolonged γ irradiation.

The CD spectra of proteins exhibit characteristic bands that report on secondary structure

[150]. Here we compare the CD spectra of non-irradiated HγS to irradiated samples to detect

partial or complete unfolding. In previous studies of HγS, even small changes in secondary

structure due to mutation or partial unfolding were observable, i.e. as frequency shifts and

shoulders on the major peaks [85, 151]. For γ irradiated HγS, the CD spectra of all samples

up to 10.8 kGy show a strong negative peak at 218 nm, which is characteristic of the pri-

marily β-sheet structure of this protein (Figure 3.1A). At 33.9 kGy there is a loss of negative

intensity at this position and broadening of the negative band toward 204 nm, where there

is a new peak minimum. Similar shifting and broadening of the CD minimum at 218 nm

was previously observed for γ-crystallins denatured with guanidine hydrochloride. [152] The

same trend was observed for HγS that was aggregated through incubation with copper and

resolubilized [35], as well as for UV-C irradiated, aggregated, and resolubilized HγD [153].
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In a previous study of human αA- and αB- crystallin, molecular chaperone proteins that are

also abundant in the lens, CD was used to monitor secondary structure as these proteins

were subjected to increasing doses of γ irradiation. The secondary structures of αA- and αB-

crystallin were disrupted at a dose of 3.0 kGy and 1.0 kGy of irradiation, respectively [154].

In contrast, here we show that the solubility and secondary structure of HγS is preserved up

to at least 10.8 kGy.

Figure 3.1: The structure of HγS was monitored using circular dichroism (CD) and intrinsic
tryptophan fluorescence spectroscopy. (A) CD and (B) fluorescence spectra of HγS irradiated
from 0 kGy (black), 2.3 kGy (purple) 4.6 kGy (orange), 10.8 kGy (yellow), 33.9 kGy (grey,
dashed). HγS resists significant secondary structural rearrangement past 10.8 kGy.
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For γ-crystallins in particular, intrinsic tryptophan fluorescence provides a nuanced view of

the protein’s folding state. Here we corroborated the CD results with fluorescence spectra

collected over the same time course. The most obvious change in these spectra is the decrease

in fluorescence intensity as irradiation increases. The arrangement of the buried tryptophans

in the core of HγS has a powerful quenching effect on fluorescence; therefore, full denaturation

typically increases the fluorescence signal [143]. However, other effects can alter tryptophan

fluorescence intensity in the absence of full unfolding, such as transient contact with solvent

molecules as a result of secondary structure destabilization [155] or modifications that alter

the chemical structure of tryptophan such as conversion of tryptophan to kynurenine or other

oxidation products [156].

The position of the emission maximum is more straightforward to interpret: previous work

has shown shown that the fluorescence emission maximum of β- and γ-crystallins shifts from

approximately 325 nm to 340 nm when the protein is fully denatured [157, 158]. Displacement

of the typically buried tryptophans through denaturation exposes the residues to the more

polar solvent, causing a redshift in fluorescence emission maxima upon excitation at 295

nm [159]. Partial unfolding or increased molecular motions increase the solvent accessibility

of the tryptophans, leading to shifts in the spectra of a few nm [85]. The fluorescence

maximum of HγS remains at 329 nm, consistent with a fully folded protein, through 10.8

kGy of irradiation (Figure 3.1B). After 33.9 kGy, the peak shifts from 329 to 332 nm. The

CD spectra and fluorescence data both indicate that the structure of HγS is unperturbed

past 10.8 kGy of γ irradiation.
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3.3.2 Human γS-crystallin accumulates mass modifications after

γ irradiation

Chemical alteration of crystallins has previously been observed after aging as well as exposure

to UV light and lens contaminants such as metal cations. The best-characterized PTM of

structural crystallins is deamidation [44, 46], which lowers stability and alters dynamics,

potentially generating aggregation-prone transient conformations [54, 160]. Oxidation is

another common PTM, particularly in aged lenses that have reduced antioxidant levels.

Residues that are particularly vulnerable to oxidation include cysteine, methionine, histidine,

and tryptophan [10, 33]. ROS formation in the lens can result from exposure to light in the

UVA [161] or UVB [162] parts of the solar spectrum. Damage to biomolecules can also be

caused by Fenton chemistry, where hydrogen peroxide induces redox cycling of certain metal

ions (canonically, Fe2+ to Fe3+, but also Cu+ to Cu2+), forming hydroxyl radical and other

highly reactive species [163–166].

Despite its remarkable resistance to unfolding, HγS accumulates many mass modifications

from γ irradiation. Intact mass spectra were obtained to determine if any modifications to

the protein mass occurred during irradiation (Figure 3.2). HγS has an expected intact mass

of 20932 Da, which appeared in the purified protein spectrum shown in Figure 3.2 (top).

During irradiation, a number of mass modifications accumulated that led to both increases

and losses in mass. Mass increases appear to be mostly due to oxidations, with successive

increases of +16 Da, consistent with multiple oxidations on the same protein molecule.

Specific amino acids have been shown to be highly susceptible to oxidation in the presence of

ROS. The sulfur-containing amino acids cysteine and methionine are known to form various

oxidation states including sulfenic, sulfinic and sulfonic acids for cysteines and methionine

sulphoxide for methionine [34, 167]. Disulfide bonds are also likely to form under oxidizing

conditions [34]. To detect the presence of free thiols in non-irradiated and irradiated samples,
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we performed Ellman’s assay. Ellman’s assay utilizes the reaction of cysteines with 5,5’-

dithiobis-(2-nitrobenzoic acid) (DTNB) to quantify the free thiols [148, 149]. This assay

was performed under nondenaturing conditions to assess the amounts of solvent-exposed

thiols in solution. Figure 3.3 shows the non-irradiated sample, which has a free thiol content

of 41 µM. This corresponds to 3.4 solvent-exposed thiols per protein molecule, consistent

with structural analysis of the NMR and crystal structures of HγS that indicate 3 out of

the 7 cysteines are highly solvent-exposed [64, 82]. With increasing γ irradiation dose, the

solvent-exposed thiol concentration decreased to 16, 13 and 9 µM after 1.5, 3.0, and 7.0 h,

respectively. These concentrations correspond to 1.4, 1.1 and 0.7 solvent-exposed thiols per

protein molecule for the 1.5, 3.0, and 7.0 h irradiated samples, respectively.

Figure 3.2: Deconvoluted intact mass spectra HγS samples irradiated with doses (0, 1.5, 2.3,
3.1, 4.6, 7.7, and 10.8 kGy) of γ radiation. HγS accumulates successive +16 Da and -16/-17
Da modifications over the course of irradiation.
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In general, protein oxidation via ROS has been extensively reviewed [168]. The side chains

of lysine, histidine, tyrosine, tryptophan, and phenylalanine are likely targets for addition

reactions: lysine residues oxidize to aminoadipic semialdehydes [169]; histidine oxidizes to

asparagine, aspartic acid, and oxo-histidine [169, 170]; tryptophan converts to 2-,4-,5-,6-,

and 7-hydroxy-tryptophan, formylkynurenine, 3- hydroxykynurenine, and kynurenine [171];

tyrosine forms 3,4-dihydroxyphenylalanine or dityrosine crosslinks [171]; and the oxida-

tion products of phenylalanine are 2-,3-, and 4-hydroxyphenylalanine and 3,4- dihydroxy-

phenylalanine [171]. Oxidation patterns induced by hydroxyl radicals are well-characterized

and predictable, leading to their use in oxidative-based footprinting methods [172]. This

technique exposes proteins to hydroxyl radicals that oxidize amino acid side chains at a rate

determined by solvent exposure. Side chains that are buried or involved in protein-protein

interactions can be identified by their resistance to oxidation [173]. This type of footprinting

is particularly useful when fast, laser-induced hydroxyl radical production is combined with

modern mass spectrometry detection methods [174], a strategy that has been used to charac-

terize protein-peptide [175] and antibody-epitope binding [176], among others. We expected

to observe similar patterns of oxidation as γ irradiation produces hydroxyl radicals.

Figure 3.3: Absorbance spectra of non-irradiated and irradiated samples after reaction with
Ellman’s reagent, DTNB. The absorbance at 412 nm was used to calculate the concentration
of free thiols.
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In addition to the expected oxidations, the intact mass spectra of the γ irradiated protein

also indicate the presence of other modifications. We noted a spike at the 5× oxidation state

(+80); we hypothesize that an additional mass change may add +80 Da that overlaps with

the 5× oxidation state. Another possibility suggested by other known PTMs is O-sulfation

on serine, threonine, or tyrosine residues, although the source of SO3 is unknown in that case

[177, 178]. We also observed mass losses in the irradiated samples. The resolution of the

intact mass spectra makes it difficult to determine within 1 Da the exact mass of this shift;

however, it appears to fall between -16 to -17 Da. There appears to be a succession of mass

losses, with an apparent 1× mass loss at -16/-17 and 2× mass loss at -33/34. The loss of 17

Da may correspond to the formation of succinimide via a sidechain nucleophilic attack on

the protein backbone. Succinimide formation is readily achieved by aspartic acid which can

then racemize to D-aspartic acid [179], a common PTM in aged lenses [180]. Succinimide

formation has been shown to increase in UVC irradiated α-crystallins [181]. The amount of

β-linked aspartic acid, which is also formed through a succinimide intermediate, has been

shown to increase in γ irradiated α-crystallins [182]. However, other modifications may

overlap as well. For example, dehydroalanine formation from cysteine generates a -34 Da

mass loss from the conversion of the thiol group to an olefin and has been detected as a

product of protein-ROS interaction using MS/MS [183].

In this study, we focused on the short-term mass changes and structural stability of HγS

by analyzing all samples within hours of removal from the γ-irradiation source. However,

intact mass spectra collected from later time points (immediately after irradiation compared

to 4 hours after irradiation and 1 week after irradiation) show an increase in the amount of

modified protein (Figure B.2). We hypothesize that γ radiation generated ROS continue to

react with the protein after removal from the energy source, consistent with previous reports

that these intermediates last hours to days [168, 184].
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3.3.3 Oxidative damage was identified on Lys, Met, Trp, Leu, and

Cys

To identify the modifications, samples irradiated for 1 h/1.5 kGy were digested and ana-

lyzed with liquid chromatography tandem mass spectrometry (LC-MS/MS). This type of

data-independent acquisition (DIA) allows for a less biased approach as all peptides are

included in the analysis. Protein digestion was performed by proteolysis with both trypsin

and pepsin on the 1.5 kGy dose samples. Trypsin digestion was performed under denaturing

conditions, with the protein first incubated in 8 M urea for 1 h then diluted to 1.6 M urea

for an overnight incubation with trypsin. A pepsin digest was added to increase coverage

[185]. Both the trypsin and pepsin digests from 1.5 kGy samples mostly lacked distinct,

identifiable peptides in the irradiated sample. This result was unexpected based on the

modifications observed in the intact mass spectra of the irradiated samples. One modifi-

cation was identified from the pepsin digest of the 1.5 kGy irradiated sample, the peptide

GSKTGTKIF showing a -1 Da loss (Table 3.1). The b and y ion plots show that the location

of the mass shift is in the first three residues (Figure B.3). Of the three residues, lysine is the

mostly likely target of oxidation. Aminoadipic semialdehyde derivatives of lysine resides are

known oxidation products of lysine that yield a -1 Da loss [186]. This modification has been

reported in crystallins in aged human eye lens, where its concentration increased with age

and in the presence of diabetes, both conditions which increase cataract susceptibility [187].

The semialdehyde has been reported to further oxidize to the carboxylic acid derivative,

2-aminoadipic acid [187].

The lack of unique peptides in the 1.5 kGy irradiated sample digest suggested that the modi-

fications to HγS as a result of γ irradiation were so heterogeneous that each modified peptide

has a very low individual signal, making identification of any particular species by mass spec-

trometry difficult. We therefore looked to increase the signal for the modified peptides by

analyzing samples with longer irradiation times, 5 hours with a dose of 7.7 kGy. Addition-
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ally, we analyzed the precipitated fraction (which was not evident in the 1.5 kGy samples)

in order to observe an increased fraction of modified peptides. The water-insoluble fraction

was resolubilized in denaturing buffer and subsequently digested with trypsin. Enriching

the sample for modified proteins aided in identifying the sites of oxidation from radiation

exposure. It should be noted that accurately measuring concentration post-exposure using

UV absorption is challenging, as the UV absorption profile can change significantly due to

the oxidation of the aromatic amino acids. Therefore, a direct comparison of ion count of

the modified peptides between samples is not feasible as the total sample concentration may

vary. In order to give an approximation of the relative amount of modified peptides between

samples, we estimated the percent abundance as the ion count of the modified peptide over

the total ion count of all the modified and unmodified forms of the peptide.

Table 3.1 summarizes the sites of oxidation identified in 7.7 kGy irradiated HγS. We found

evidence of oxidation on all methionine residues and one of the four tryptophan residues.

We also identified oxidation of one cysteine, C25, consistent with the high solvent exposure

of this residue. The b and y ion plots supporting the identified oxidation sites are shown

in the Supplementary Information. The methionine residues and W163 each show a single

oxidation, with b and/or y ions demonstrating the specific position of the +16 mass addition

(Figure B.4-B.9). We also found evidence of oxidation of leucine, with +16 mass addition

to L142 (Figure B.10). L133 may also be oxidized, however the b and y ions were not

definitive to that position, as the +16 may also added to V132 (Figure B.11). Both leucine

and valine have previously been reported to form hydroperoxides and hydroxides in the

presence of hydroxyl radicals and oxygen [167]. γ irradiation on a leucine-containing small

peptide resulted in the formation of 4-hydroxyleucine with a +16 mass addition as a major

product [188]. In contrast to the single oxidations identified for the other residues, C25 was

identified as a doubly oxidized species, forming the sulfinic acid derivative. The b and y

ions definitively identified C25 as doubly oxidized, rather than a single oxidation of C25 and

a neighboring cysteine (Figure B.12). Oxidation of methionine, tryptophan, and cysteine
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residues is consistent with the oxidation sites found in γE and γF in rat lenses exposed to γ

irradiation [132].

For comparison, we additionally irradiated HγS with ultraviolet (UV) radiation to determine

whether similar products formed. UV radiation has been shown to directly photo-oxidize

proteins via absorption by the major chromophoric side chains (Trp, Tyr, Phe, His, and Cys),

which in turn may generate ROS and subsequently oxidize other side chains [189, 190]. UV

irradiation of bovine α-crystallin [181, 191] and human γD (HγD) crystallin [153, 192] showed

oxidation of methionine, tryptophan, and cysteine residues. UVA and UVB irradiation of

HγS-crystallin has previously been shown to lead to rapid formation of light-scattering,

amorphous aggregates in vitro [35]. We performed trypsin digests on the insoluble fractions

after UVA and UVB irradiation. The UV-irradiated samples show a similar pattern of

oxidized amino acids, with methionines, tryptophans, and cysteines identified as oxidized

products (Table 3.1). UV irradiated samples additionally showed that C23 and C27 formed

sulfinic acid derivatives with +32 mass shifts (Figure B.13 and B.14). Previous studies on

UV irradiated HγD report the formation of double and triple oxidized cysteines, rather than

the single oxidation product [192].

3.3.4 Vibrational spectroscopy reveals chemical signatures of ox-

idation

Infrared (IR) and Raman spectroscopy were used to gain further insight into the types

of PTMs arising from γ irradiation. Both techniques are powerful approaches for directly

probing vibrational signatures, and hence chemical content, of the molecules. IR spectra were

collected on the non-irradiated and irradiated samples in the mid-IR region on lyophilized

protein to minimize the background signal from water. Several distinct features appeared in

irradiated samples (Figure 3.4). We noted that a peak appears at a wavelength of 2835 cm−1
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after long irradiation times. This peak was preliminarily assigned to the C–H stretch mode

of aldehydes [193]. The increase in this region in irradiated samples is consistent with the

modified peptide with an aldehyde derivative of lysine identified from the mass spectrometry

data. New peaks also appeared at 1373 and 1258 cm−1 in the spectra of irradiated samples,

consistent with double bonds between sulfur and oxygen, which have a stretching mode in

the 1372-1335 cm−1 range [193]. These data support the presence of oxidized cysteines and

methionines identified via mass spectrometry (Table 3.1). The peak at 1258 cm−1 may arise

from the C–O stretching mode of carbonyl-containing functional groups [193]. Carbonyl

derivatives are commonly reported in oxidized proteins and carbonyl content has been used

as an indicator of oxidative stress [194, 195].

Raman spectroscopy was also performed on a custom-modified Raman microscopy system

[196]. Protein lines of particular interest are not strong in intensity compared to other

signals within the molecular fingerprint region. To clearly observe the associated lines and

changes, high concentration samples deposited on glass slides were used [197]. Due to the

high protein concentration required, we first evaluated the effects of protein concentration on

the modification rate from γ irradiation. We used a commercially available protein, hen egg

white lysozyme, due to the significant sample consumption for high concentration samples.

We obtained a non-irradiated intact mass spectrum for lysozyme, which is shown in Figure

B.15. We then irradiated lysozyme samples both at 5 mg/mL and 100 mg/mL for 1 h to a

dose of 1.5 kGy and collected intact mass spectra. Figure B.15 shows the lower concentration

sample contains a much higher percentage of modified protein, consistent with ROS derived

from water rather than direct irradiation of the protein causing most of the damage. We

therefore chose to irradiate the HγS sample at 5 mg/mL then concentrate to 100 mg/mL for

Raman data collection to maintain sample consistency between techniques.

Other reports suggest that γ irradiation may form protein peroxides, which are detectable in

Raman spectra [198, 199]. The HγS samples were irradiated at 5 mg/mL then concentrated
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Figure 3.4: IR spectra for samples irradiated from 0.0 to 10.8 kGy from (A) 3655 to 2520
cm−1 and (B) 1480 to 990 cm−1. Traces are offset for clarity. Unique peaks that appear
after irradiation are indicated with an arrow.

with centrifugal concentrators immediately after irradiation to reach 100 mg/mL for spectra

measurement. The spectra of non-irradiated sample and sample irradiated for 1.5 h/2.3 kGy

is shown in Figure 3.5. No significant spectral changes were noted at this dose. However, we

were unable to collect Raman spectra from samples with longer irradiation times due to an

increase in background fluorescence. We measured this fluorescence signal at the excitation

wavelength of 532 nm to determine the emission profile for the unknown fluorophore (Figure

58



Figure 3.5: Raman spectra of non-irradiated and irradiated HγS from (A) 375 to 900 cm−1

and (B) 900 to 1580 cm−1. No significant spectral changes are observed from 1 h/1.5 kGy
dose. (C) Fluorescence spectra of irradiated HγS with an excitation wavelength of 532 nm.

3.5) To our knowledge, an amino acid derivative with this excitation-emission profile has

not been reported. We aim to identify the unknown fluorescent product via further mass

spectrometry analysis.
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3.3.5 γ irradiation causes non-disulfide covalent cross-linking

Figure 3.6: SDS-PAGE analysis of non-irradiated and irradiated HγS. (A) Short γ irradiation
exposures from 0 to 60 min, up to 1.5 kGy. A dimer of HγS forms that resists reduction
with βME. (B) Longer γ irradiation exposures from 0 to 22 h, up to 33.9 kGy. Aggregation
appears to increase with longer irradiation times with no remaining monomer or dimer visible
at 22 h.

In addition to the side-chain modifications noted in the previous section, γ irradiation ap-

pears to lead to chemical cross-linking between protein molecules. Figure 3.6 shows an

SDS-PAGE of non-irradiated HγS as well as up to 1 h of irradiation or 1.5 kGy. The gels
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were intentionally overloaded to increase the visibility of the dimer band. During the course

of irradiation, a dimer forms corresponding to approximately 40 kDa. The dimer mass is

also seen in the intact mass spectra (Figure B.16). HγS is known to form disulfide-bonded

dimers, usually between the solvent exposed C25s in two HγS molecules. However, the

dimers formed after γ irradiation resisted reduction with β-mercaptoethanol (βME), sug-

gesting that these dimers were formed via an alternative cross-linking mechanism. Several

crosslinks have been identified in aged and cataractous lenses [200]. Asp/Asn-Lys [201],

dityrosine [202], Glu/Gln-Lys [47] have all been identified in human lenses. Dityrosine cross-

linking proceeds through a radical mechanism [203] that could be promoted by irradiation

and interaction with hydroxyl radical.

Longer irradiation times led to protein aggregation; however, fragmentation was not noted in

either the SDS-PAGE analysis or the intact mass spectra. Figure 3.6 shows the SDS-PAGE

of the non-irradiated protein and the irradiated protein from 1 h to 22 h. The bands for both

the monomer and dimer decrease in intensity over the course of irradiation, while the band

at the loading well grows more intense, suggesting that full-length protein is aggregating and

no longer able to travel down the gel. By 22 h, no bands are visible in the expected mass

ranges for either monomer or dimer. Neither the dimer bands nor the aggregation bands in

the loading well are disrupted by reduction with βME, confirming that disulfide bonding is

not the main mechanism of crosslink formation.

3.4 Conclusion

Long-lived proteins such as lens crystallins, which have evolved to maintain a stable structure

for decades, are particularly vulnerable to the accumulation of detrimental modifications

because they are not replenished during the human lifetime. Exposure to ionizing radia-

tion would be expected to cause rapid protein aggregation via the large number of diverse
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PTMs. Remarkably, despite acquiring many modifications from exposure to γ radiation,

HγS-crystallin appears to be resistant to denaturation up to very high doses. Our results

clearly confirm the high tolerance for chemical modification of the γ-crystallins, highlighting

their evolutionary adaptation as resilient proteins. The present study was mainly focused

on the short-term structural stability of irradiated HγS. However, because cataracts often

manifest many years after damage occurs, future studies should also focus on long-term

structural stability.
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Chapter 4

A simple vapor-diffusion method

enables protein crystallization inside

the HARE serial crystallography chip

4.1 Introduction

X-ray crystallography has contributed dramatically to our current understanding of biomolec-

ular processes. The obtained protein structures, however, only capture one static moment

in a dynamic system as most data were collected at cryogenic temperatures. While this

technique limits radiation damage, experiments on non-frozen samples with native ligands

are essential for a deeper understanding of protein structural dynamics and chemical activ-

ity. Exploiting this opportunity, recent developments in serial crystallography now allow the

study of structural changes during a reaction cycle [204]. In serial crystallography, diffraction

patterns are collected from many crystals, often thousands, and data are indexed and merged

for protein structure solution [205]. These developments have been triggered by increased
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source brightness at X-ray free electron lasers (XFELs) and 3rd/4th generation synchrotrons,

as well as advances in beam micro-focusing, allowing the X-ray exposure time per crystal to

be drastically reduced and experiments to be carried out on smaller crystals. With serial data

collection strategies, dose accumulation is mitigated, and room temperature measurements

become viable. In addition to time-resolved applications, serial crystallography promises to

be particularly useful for systems for which the growth of a large single crystal remains dif-

ficult, such as many membrane proteins or intracellularly grown protein crystals [206, 207].

Serial data-collection has enabled significant developments in time-resolved crystallography

using both XFELs [208–211] and synchrotron sources [212–215] as these typically require

data collection on non-frozen samples. Additionally, crystals in the micrometer size regime

are required for more homogeneous reaction initiation throughout the crystal for both optical

excitation and in situ mixing.

The need for rapid exchange of crystals in the beam path, in order to collect thousands of

diffraction images in a practical timeframe, has advanced new methods of sample delivery

including both injection-based and fixed-target approaches. [216, 217]. For the ultrafast

timescales accessible with XFELs, injection methods have been used with the most success

[204, 205, 208, 218]. However, fixed-target sample delivery offers the distinct advantages of

comparably low sample consumption, high hit rates, and access to longer and more versatile

time delays [212, 219–224]. Moreover, fixed-target SFX is ideally suited for efficient in cellulo

diffraction data collection using living, crystal-containing cells, as recently demonstrated by

Lahey-Rudolph et al. [225]. Crystallization of recombinant proteins in living cells is an

exciting new approach particularly important for proteins that were/are not accessible for

crystallization using established in vitro screening strategies, as shown for T. brucei IMPDH

and fully glycosylated T. brucei CatB [206, 207]. High-resolution structural information

on several recombinant proteins has already been obtained from diffraction of in cellulo

crystals [226]. In this study, we use the previously described HARE-chip (‘hit-and-return’)

design that allows for precisely defined crystal locations. These lithographically fabricated
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silicon chips hold the microcrystals in random orientations in inverted pyramidal bottomless

wells, also called features [220, 221, 227]. The HARE-chips are mountable on high-speed

translation stages that enable a rapid exchange of crystals through the beam path, for

routine data collection rates of ∼30 Hz, although higher rates up to ∼100 Hz have been

achieved with these stages [212, 224]. The HARE-chip design is integral to efficient time-

resolved data collection via the ‘hit-and-return’ (HARE) method, in which the time delays

are mechanically set through movement of the stages to precise crystal positions. This

enables efficient data collection for short (milliseconds) and long (seconds to minutes) time

delays [212, 227]. Reaction initiation via optical excitation as well as in situ mixing have

been demonstrated for reactions on millisecond to minute timescales [212–214].

In general, the challenge of efficient crystal loading remains for fixed-target approaches. In

previous studies using the HARE-chip design, the proteins were first crystallized in batch

and subsequently the crystal slurry was transferred to the chip [212, 214, 221, 223, 227–232].

Although the generation of micro-crystals based on canonical vapor diffusion conditions is

greatly simplified by our vacuum-crystallization procedure, large-scale batch crystallization

can still be challenging, including potentially time- and protein-consuming screening and

optimization [233, 234]. Recently, on-chip crystallization was demonstrated for the Road-

runner chip. However, because the features lack concavity, crystals are distributed in random

locations on the chips’ surface and this preparation is therefore not easily adaptable to the

HARE data collection method for time-resolved applications as the time delays are achieved

by the periodic spacing of the crystals. Additionally, the high speed movement of the stages

might shifting of the crystal positions on a flat surface, impeding the return to a particular

crystal at a set time delay [212, 227, 235].

To overcome these challenges, we sought for a solution that would a) further reduce the

amount of protein sample required, b) minimize the physical stress on the crystals, while

maintaining compatibility with time-resolved data collection via the HARE method and
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c) streamline the transition from a canonical vapor diffusion crystallization condition to a

micro-crystallization condition suitable for serial crystallography.

Here we demonstrate an in situ crystallization method in which the crystals are directly

grown within <1 nL volume of the HARE-chip wells. This method eliminates virtually all

crystal handling and also drastically reduces protein consumption. Initially three model sys-

tems were crystallized inside the features of the chip: lysozyme, proteinase K, and xylose

isomerase. To test this method with a challenging crystallization target we used a novel

variant of the human eye lens protein, γS-crystallin, a class of proteins which are noto-

riously hard to crystallize. To further emphasize the reduction of physical stress on the

microcrystals, in situ crystallization was explored with the fungal protein HEX-1, which

grows micro-crystals in insect cells directly cultured on the HARE-chip. HARE-chips en-

abled fast and efficient diffraction data collection from in cellulo protein crystals in living

cells at a synchrotron source. Room-temperature, serial X-ray crystallography structures

were successfully determined for all five systems.

4.2 Materials and methods

4.2.1 Protein preparation and crystallization

Lysozyme

Lysozyme from chicken egg white was purchased from Sigma (L6876). The lyophilized

powder was dissolved to 65 mg/ml in 50 mM sodium acetate pH 4.7. 5 µl of protein solution

was mixed with 5 µl of precipitant solution (33% PEG 4000, 0.5 M NaCl, 50 mM sodium

acetate pH 4.5) prior to deposition on the chip.
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Proteinase K

Proteinase K from Tritirachium album was purchased from Sigma (P6556). The lyophilized

powder was dissolved to 60 mg/ml in 50 mM HEPES pH 7.0. 5 µl of protein solution was

mixed with 5 µl of precipitant solution (1 M NaNO3, 0.1 M sodium citrate pH 6.5) prior to

deposition on the chip.

Xylose isomerase

Xylose isomerase from Streptomyces rubiginosus was purchased from Hampton Research

(HR7-102) and stored for several years. The stock crystals were dissolved in water, washed

repeatedly in a concentrator to exchange the storage buffer, and concentrated to 80 mg/ml.

5 µl of protein solution was mixed with 5 µl of precipitant solution (35% (w/v) PEG3350,

200 mM lithium sulfate and 10 mM Hepes/NaOH, pH 7.5) prior to deposition on the chip.

Human γS-crystallin variant

The human γS-crystallin variant (N15D/Q121E/N144D/N54D/Q93E/Q64E/Q17E/Q107E/

Q71E) was created using site-directed mutagenesis PCR from the wild-type construct with

an N-terminal 6x-His tag and a tobacco etch virus (TEV) protease cleavage sequence. Es-

cherichia coli Rosetta (DE3) cells were transformed with a pET28a(+) vector (Novagen,

Darmstadt, Germany) containing the human γS-crystallin variant cDNA. Overexpression

was achieved using Studier’s autoinduction protocol [69] for 1 hour at 37 °C followed by

20-24 h at 25 °C. The cells were lysed via sonication and supernatant of the lysate loaded

on to a Ni-NTA column (Applied Biosystems, Foster City, CA, USA). The tagged protein

was eluted using imidazole and the tag cleaved by TEV protease (produced in-house). The

protein and tag were separated by reapplication to the Ni-NTA column. A final size exclu-
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sion purification was performed on a HiLoad 16/600 Superdex 75 pg column (GE Healthcare

Life Sciences, Piscataway, NJ, USA). The protein was lyophilized for storage, then resolubi-

lized and buffer exchanged into 50 mM HEPES pH 7.0 and 5 mM DTT, concentrated to 20

mg/ml, and stored at 4 ℃ for several months. 5 µl of protein solution, diluted to 11 mg/mL

in 50 mM HEPES pH 7.0, was mixed with 5 µl of precipitant solution (20% (w/v) PEG3350,

0.1 M sodium acetate pH 5.45) prior to deposition on the chip.

HEX-1

Cloning of the HEX-1 gene (GenBank vaccession No. XM 958614) from the filamentous

fungus Neurospora crassa has been described previously [225]. In brief, the HEX-1 cod-

ing sequence was amplified using the primers 50-TACTACGACGACGACGXT CACG-30

(sense) and 50-GAGGCGGGAACCGTGGACG-30 (antisense) and blunt end-ligated into

the EheI site of a pFastBac1 vector containing the sequence 50-ATGGGCG CCTAA-30 be-

tween the BamHI and HindIII restriction sites. For baculovirus production, recombinant

bacmid DNA was generated in E. coli DH10EmBacY cells (Geneva Biotech) and used for

lipofection of Spodoptera frugiperda Sf9 insect cells. The virus titer was calculated using

the TCID50 (tissue-culture infectious dose) in a serial dilution assay as described previously

[225]. Intracellular crystallization of HEX-1 was achieved by infecting 9 × 105 Trichoplusia

ni High Five insect cells with the Hex-1-encoding recombinant baculovirus (rBV) in a well

of a six-well cell-culture plate in 2 ml serum-free ESF921 medium (Expression Systems) with

a multiplicity of infection (MOI) of 1. The cells were incubated at 27 ℃ for 96 h. In cel-

lulo crystal formation was verified by light microscopy using a Nikon Ts2R-FL microscope

employing differential interference contrast. For chip loading, the cells were resuspended in

cell- culture medium in the well and transferred into a 1.5 ml tube. After centrifugation

for 1 min at 200g, the cell pellet was resuspended in 200 ml ESF921 medium and the cell

suspension was pipetted onto the chip. Excess medium was removed using a custom-made
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vacuum system [227].

4.2.2 In situ protein crystallization

HARE-chip design

The HARE-chips used in these experiments have previously been described in detail [227].

Briefly, lithographic techniques were used to produce >20,000 tapered bottomless wells, also

called features, in single-crystal silicon. These have 6 × 6 or 8 × 8 compartments containing

24 × 24 or 20 × 20 features, respectively, with top openings of 82 × 82 µm that taper to

10 × 10 µm or 15 × 15 µm (Figure 4.1a). Chips with larger bottom openings of 25 × 25

µm were used for the experiments with intracellular crystals and in order to visualize the

crystals in a stereomicroscope.

In-chip crystallization

10 µl of the premixed solution containing equal amounts of protein and precipitant solution

was deposited via pipette in even droplets across one row of compartments of the freshly

glow-discharged chips. A thin, flexible metal blade was used to spread the liquid evenly

over the surface and into the features of the chip (Figure 4.1b). The chip was quickly sealed

with transparent tape inside the custom chip crystallization tray over 3 ml of precipitant

solution. Growth was observed with an Olympus SZX10 microscope and images captured

with an Olympus DP27 camera. Olympus Stream software was used for size measurements.
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Figure 4.1: Vapor diffusion micro-crystallization procedure within the HARE-chip. a) Silicon
HARE- chip with 6 × 6 compartments containing 24 × 24 features per compartment. The
cross section shows the dimension of the features. b) A blade is used to spread a minimal
amount of crystallization mixture evenly over the surface of the chip and into the features.
c) 6 chips can be placed in the crystallization tray to conduct canonical vapor diffusion crys-
tallization experiments. Sample consumption is minimized to 10 µl crystallization solution
(using just 5 µl of protein stock solution) per chip.
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Vapor diffusion micro-crystallization tray

To streamline vapor diffusion micro-crystallization with the HARE chips, we designed a

custom in-chip crystallization box. Following a conventional vapor-diffusion approach, the

crystallization solution can be loaded to the chip and placed on the crystallization box

filled with mother liquor. Sealing of the box with conventional crystallization tape prevents

dehydration of the mother liquor and allows for in-chip crystallization of the proteins. This

box roughly matches the SBS plate format and several boxes can be stacked for convenient

storage (Figure 4.1c).

In cellulo, in-chip crystallization

For in-chip crystallization of HEX-1 in living insect cells, the chips were coated with a 0.1

mg/ml aqueous solution of poly-D-lysine for 1 h and washed twice with PBS (pH 7.0). The

chips were subsequently submerged in ESF921 medium and covered with 9 x 105 High Five

cells per chip. After 20 min incubation at 27 °C for adhesion of the cells to the chips surface,

cells were infected with an MOI of 1 and incubated at 27 °C until the beamtime at 96 h

post-infection (h.p.i). The chips were imaged via the beamline camera using an IR light

source. Since the HARE chips are transparent to IR light, the cells can be seen within the

feature of the chip as well as on its surface.

Centrifugation for crystal centering into features

The chips were transferred to a new crystallization tray to avoid spillover of the reservoir

solution during centrifugation. They were quickly resealed over ∼500 µl of water to maintain

hydration. For sensitive crystals, it may be advisable to use mother liquor rather than water.

A Concentrator Plus centrifugal evaporator unit (Eppendorf) with an A-2-VC plate rotor
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was used in centrifuge mode at 1400 min−1 without vacuum and the plates were spun for 1

minute and returned to their original tray for storage until data collection.

4.2.3 Serial X-ray diffraction experiments

Serial data collection

All serial X-ray diffraction experiments were conducted at room temperature at EMBL beam-

line P14-2 (T-REXX) at the PETRA-III synchrotron at DESY, Hamburg (https://www.embl-

hamburg.de/services/mx /P14 EH2/). The chips were mounted into chip holders inside a

humidified chamber to prevent dehydration. They were sealed with 2.5 µm Mylar foil seals

then connected to SmarAct translation stages as described previously [212, 224, 227]. These

three-axis piezo translation stages precisely control the movement of the chips into the X-ray

beam. Diffraction was recorded on an Eiger 4M detector. Data collection was done at room

temperature at an energy of 12.65 and 12.7 keV, respectively with a single diffraction pattern

recorded for each feature. Diffraction images were visualized via the Adxv software [236].

Structure determination

Diffraction data were processed using CrystFEL for peak finding, integration and hit-map

generation [237]. Phasing was performed using Phaser molecular replacement [78]. PDB

models 1DPX, 6J43, 6QNI, 6FD8, and 1KHI were used as search models for lysozyme,

proteinase K, xylose isomerase, γS-crystallin variant, and HEX-1, respectively. Phenix was

used for refinement and the structures were manually edited in Coot between rounds of

refinement [79, 80]. Structure images were produced in PyMOL (Schrödinger).
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4.3 Results

4.3.1 Proof of principle

In-chip protein crystallization procedure

In an initial proof-of principle experiment we aimed to demonstrate that proteins can be

crystallized directly in the features of the HARE-chip using a canonical vapor diffusion ap-

proach (Figure 4.1). To this end crystallization conditions were first optimized for lysozyme

via traditional hanging drop vapor diffusion screens, targeting high nucleation rates and

crystals of approximately 20 µm in size in all dimensions (Figure 4.2a). Frequent nucleation

was achieved by increasing the protein concentration of the crystallization solution. Further

strategies for identifying promising conditions for serial crystallography and optimizing for

nucleation rate and homogeneity are described by Beale et al. [233].

Using these optimized conditions, a solution of the same ratio of lysozyme:precipitant con-

centration was prepared to afford 10 µl of crystallization solution. This solution was applied

to the top row of the silicon chip and spread across the surface and into the features of the

chip with a thin flexible metal blade. Therefore, 5 µl of protein solution, assuming a 1:1

ratio of protein:precipitant, are sufficient to fill a complete chip (Figure 4.1b).

For lysozyme, the amount of protein consumed to fill a single chip was 350 µg. The total

volume to fill the chip features can be further lowered to ∼7 µl, however with lower volumes a

manual distribution to all corners of the chip becomes more difficult. Additionally, an appli-

cation inside of a humidity-controlled environment is recommended to avoid rapid evapora-

tion; a home-built solution was described previously by Mehrabi et al. [227]. The chips were

then sealed using standard crystallization sealing tape inside custom-designed crystallization

trays (Figure 4.1c). The trays are designed to hold 6 chips and 3 ml of reservoir solution per
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Figure 4.2: Vapor diffusion in-chip crystallization of model proteins. In-chip crystalliza-
tion of model proteins (a)-(d) lysozyme, (e)-(h) proteinase K, and (i)-(l) xylose isomerase.
Conventional hanging drops are compared to in-chip crystallization using the same crystal-
lization conditions. The insert shows enlarged images of crystals within the features of the
HARE-chip. A representative hit map is shown for each model protein, where blue indicates
a recorded diffraction pattern that was successfully indexed by CrystFEL. A representative
section of the 2Fo-Fc (contoured at 2σ) electron density map after refinement of data from
a single chip.
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chip well, to enable either screening of multiple conditions or efficient in-chip crystallization

of an established condition. The trays are translucent, allowing for the observation of the

crystals in the features with a stereomicroscope. We anticipate that UV-microscopy would

be ideally suited to visualize the crystals in the features of the chips and facilitate monitoring

crystallization success; however, as the trays are not UV-transparent, the chips would need

to be removed and sealed with transparent foil for evaluation by UV-microscopy In lack of

an appropriate UV-microscope, visible light microscopy was used to analyze in-chip crystal-

lizations prior to data collection. To better visualize the crystals within the features, the

conditions for the crystallization solution were first tested on chips with features with 25 ×

25 µm bottom openings as these allow more transmitted light (Figure 4.2b). For diffraction

data collection, we used chips with bottom openings of 10-15 µm. The chips were mounted

onto the high-speed translation stages for serial data collection at EMBL beamline P14-2

(T-REXX) at PETRA-III (Table 4.3, 4.2, and 4.3). The indexing rate describes the indexed

diffraction patterns per number of collected images. Hit maps and histograms of resolution

and unit cells parameters are shown in Appendix C.

Crystal centering increases hit rates

From visual analysis of the initial lysozyme trials (Chip 1, Chip 2) it was noted that almost

all features contained one or more crystals. Initially however, the hit rates during diffraction

data collection were significantly lower than the visual inspection would suggest. Presumably,

crystals located in the periphery of the features likely fell outside the beam path, as the beam

(13 x 7 µm) is centered at the openings (10 x 10 µm) of the features. To address this problem,

we sought for a crystal-centering method. To this end, a post-crystallization centrifugation

step was included in the workflow to gently sediment the crystals to the bottom center of

the features. The centering of crystals in the features is apparent in the images of the same

features of a chip with in-chip grown lysozyme crystals shown before and after centrifugation.
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In Figure 4.3a, only edges of the lysozyme crystals are apparent as they are located on the

periphery of the features. After centrifugation, in Figure 4.3b, multiple crystals can be seen

in each well and are now likely to be within the beam path.. To minimize crystallization

variance, two identical lysozyme chips (Chip 3, Chip 4) were then prepared from the same

stock solution of protein:precipitant mixture. Chip 3 was used as before, while Chip 4 was

centrifuged for 1 minute at 1400 rpm (∼120 g). Centrifugation yields up to a nearly a 2-fold

increase in the indexing rate and does not appear to have detrimental effects on diffraction

quality (Table 4.1, Figure 4.3c and 4.3d). Lysozyme structures were solved at a resolution

of 1.70 Å (Figure 4.2d) for Chip 3 (not centrifuged) and Chip 4 (centrifuged) datasets of

in-chip grown crystals (Table 4.1) and the refined structures have been deposited in the

Protein Data Bank (PDB ID: 7NKF and PDB ID: 7NJF, respectively).

Additional model systems can be crystallized inside HARE-chips

In-chip crystallization was then tested on two additional systems with well-known crystal-

lization protocols, proteinase K and xylose isomerase. Similar to the strategy for lysozyme,

conditions for abundant nucleation and ∼20 µm crystal size were optimized in hanging drop

crystallization setups (Figure 4.2e and 4.2i). These optimized conditions were then directly

applied to the chip in 10 µl (5 µl of protein mixed with 5 µl of mother liquor) droplets, and

spread into the chip features, yielding in-chip grown crystals (Figure 4.2f and 4.2j). The total

amount of protein sample consumed for each chip for proteinase K and xylose isomerase was

300 µg and 400 µg, respectively. Data from six proteinase K chips and one xylose isomerase

chip were collected. Using datasets from proteinase K chip 3 and xylose isomerase chip 1,

the structures for each were solved at a resolution of 1.65 Å and 2.00 Å, respectively (Table

4.1 and 4.3, Figure 4.2h and 4.2l). Coordinates have been deposited in the PDB (PDB:

7NJJ, 7NJG).
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Figure 4.3: Crystal centering using gentle centrifugation. The same features of a chip with
lysozyme crystals are shown (a) before and (b) after centrifugation for 1 min. Hit maps for
two identical chips prepared from the same stock solution of lysozyme:precipitant mixture
(c) without centrifugation and (d) with centrifugation. Blue indicates a recorded diffraction
pattern that was successfully indexed by CrystFEL.

4.3.2 In-chip crystallization of a new protein variant

Although the crystallization of model systems is an important quality control, we wanted to

demonstrate that this method can also be used for novel structure determination of a previ-

ously unsolvedprotein. Moreover, we also sought to demonstrate that micro-crystallization

can be achieved at protein concentrations typical for soluble proteins (5 - 25 mg/ml).
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In-chip crystallization of human γS-crystallin

To this end, we investigated an aggregation-prone, deamidation variant of the highly soluble

eye lens protein, human γS-crystallin. The deamidation variant of γS-crystallin used in

this study is an extreme example of naturally occurring, age-related deamidation and is

implicated in cataract formation [46, 57]. In total this variant has nine substitutions of

amide-containing amino acids to carboxylic acid-containing amino acids. To date, only two

crystal structures have been reported for human γS-crystallin, presumably because these

highly soluble crystallins resist crystallization in keeping with their biological role [64, 83].

Via conventional sparse matrix screens, we identified a crystallization condition for this novel

variant and then optimized it for higher nucleation rates. We found suitable vapor diffusion

hanging-drop crystallization to be achievable at a protein concentration of 11 mg/ml (Figure

4.4a). The same crystallization condition was then applied to the chip using the previously

established protocol. In-chip crystal growth was observed in our custom crystallization trays

after 1 day of incubation at 25 °C (Figure 4.4b). Notably, the total amount of protein con-

sumed to fill a chip was only 55 µg, demonstrating that this method is suitable to directly

transfer vapor diffusion, hanging-drop crystallization conditions to the chip format with-

out high sample consumption. This experiment also shows how standard high-throughput

screening workflows can be utilized to enable serial crystallography with the HARE-chip

technology. The structure was solved at a resolution of 3.0 Å from a single chip (Table 4.3,

Figure 4.4c and 4.4d). The refined structure has been deposited in the PDB (PDB: 7NJE).

Structure of a novel γS-crystallin variant

While Purkiss and coworkers determined the crystal structure of the human γS-crystallin

truncated to just the C-terminal domain (PDB: 1HA4)[83], Thorn et al. crystallized the

dimer of γS-crystallin linked via an intermolecular disulfide bond between the C24 in each
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Figure 4.4: In-chip crystallization of γS-crystallin. Crystallization of the γS-crystallin variant
using the same crystallization condition in traditional hanging drops (a) and for in-chip
crystallization (b). The insert shows an enlarged image of a crystal within the chip features.
(c) The solved structure for the γS-crystallin variant with two monomers linked via a disulfide
bond. (d) Representative section of the 2Fo-Fc (contoured at 2σ) electron density map after
refinement from the merged datasets of the two chips for the γS-crystallin variant. From
N-terminus to C-terminus chain A is colored from blue to red, while chain B is colored from
green to cyan.

monomer (PDB: 6FD8) [64]. Solution-state NMR has also been employed in the study

of human γS-crystallin; structures of the wild type monomer (PDB: 2M3T) [68, 82] and

aggregation prone single-site variants (PDB: 2M3U, 6IF9) [82, 238] have been solved. The γS-

crystallin deamidation variant structure reported here crystallizes in space group P212121. It

shows a disulfide-linked dimer at the same pair of cysteines (numbered here as Cys25) as the
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wild-type dimer structure PDB:6FD8. However, unlike 6FD8, this novel structure arranges

in a different orientation from the previously described QR configuration [64]. Instead, the

monomers are mirrored across the dimer interface (Figure 4.4c), with interfacial contacts

arising from the disulfide bonds between Cys25 on each subunit and the δ-oxygen of Arg26

and τ -nitrogen of His87 on either subunit. The fold of the monomer units is highly similar to

6FD8, with a global RMSD of 0.463 Å derived from the alignment of a chain A from 6FD8 and

chain A from the variant γS-crystallin dimer structure solved here [64]. The mutated sites

appear to play a significant role in the crystallization of this deamidated variant. Additional

crystal packing contacts are visible in this novel structure that are absent from other reported

structures. Significantly, five out of the nine sites of deamidation (Asp15, Glu121, Asp144,

Glu17, and Glu107) create salt bridges to symmetry mates; these contacts are absent in the

6FD8 and 1HA4 structures.

Deamidation and oxidation are frequently observed modifications in crystallins in cataractous

lenses [10, 33, 44, 46]. Deamidation has even been suggested to lead to increased disulfide

bond formation [49, 54]. Human γS-crystallin, with its higher cysteine content compared to

other lens crystallins, displays extensive deamidation and disulfide bonding in aged lenses

[55, 239, 240], and fulfills a complex role in the lens with the potential to mediate oxidative

damage via disulfide exchange [35]. Although both deamidation and oxidation are suggested

to result in minor structural changes, these small structural changes can still be critically

detrimental to protein dynamics and stability [49, 54, 64]. Further work is being conducted

to define the role of deamidation in γS-crystallin stability and aggregation propensity and to

investigate the interplay of multiple post-translational modifications in cataract formation.
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4.3.3 Intracellular protein crystallization

Exploiting the intrinsic ability of cells to crystallize proteins represents an alternative ap-

proach to obtain protein micro-crystals suitable for X-ray crystallography [226]. We have

previously shown that serial femtosecond diffraction of µm-sized protein crystals directly in

living cells on a fixed target (FT-SFX) enables high-resolution structure elucidation [241].

The structure of HEX-1 from the fungus Neurospora crassa, crystallized in Sf9 insect cells,

was solved at 1.8 Å resolution using diffraction data from only a single chip collected within

12 min at the Linac Coherent Light Source (LCLS). Here, we used the same protein to test

the applicability of fixed-target sample delivery for serial in cellulo diffraction data collection

at a synchrotron source at room temperature.

HEX-1 is the woronin body major protein in the filamentous fungus N. crassa and naturally

forms crystals to seal the septal pores in case of cell damage [242]. The spontaneous self-

assembly into intracellular crystals also occurs in insect cells after infection by a recombinant

baculovirus (rBV) encoding the HEX-1 gene. Regular, micrometer-sized hexagonal crystals

grow reproducibly and with high efficiency in living insect cells [225]. In the High Five insect

cells used here, crystal growth is observed 48 h after rBV infection at the earliest, with a

maximum of crystal-containing cells at 96 h after infection. The cells produce spindle-like

crystals with average dimensions of 26.3 ± 10.2 µm in length and 5.3 ± 1.5 µm in width,

which is considerably larger than the crystal dimensions observed in Sf9 cells that we have

used before (9.1 ± 3.2 µm in length and 3.5 ± 0.7 µm in width) [241], but only marginally

larger than the feature openings of the chips that were used for the intracellular crystals

(∼25 µm).
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Establishing HARE-chips for in cellulo synchrotron diffraction data collection

In a first approach, serial diffraction of the intracellular HEX-1 crystals was established

using the HARE-chips at the P14.2 synchrotron beamline. For that, High Five insect cells

were infected with the HEX-1 encoding rBV in a 6-well cell culture plate using an MOI of

1. Intracellular crystal growth was confirmed by light microscopy four days after infection.

Immediately before the diffraction experiment, crystal-containing cells were stripped and

200 µl cell suspension from a single well was loaded onto the chip using the previously

described custom-made vacuum system [227]. Serial diffraction data was collected directly

without any additional steps. The diffraction details for HEX-1 intracellular crystals are

listed in Table 4.3. Applying the parameters of a primitive hexagonal unit cell, 5,520 of the

recorded detector images were successfully indexed (27% indexing rate). The refined unit cell

parameters are comparable to that extracted from previous X-ray diffraction experiments

[225, 241, 243], confirming the indicated similar composition of the in-vitro and in cellulo

grown HEX-1 crystals. The structural model of HEX-1 refined at 2.30 Å is superimposable

to that obtained from FT-SFX of in cellulo grown HEX-1 [241], with an overall root mean

square deviation (RMSD) of 0.225 for 141 Cα atoms.

Structure determination using in situ crystallized HEX-1

In a second approach, in situ crystallization of HEX-1 was tested in living High Five cells that

have been loaded into the features of the HARE-chips. After adhesion on the poly-D-lysine

coated silicon chip, High Five cells were infected with the HEX-1 encoding rBV and cultured

on the chip surface until the diffraction experiment, 96 h p.i. An almost complete coverage

of the chip surface by the cell layer was detected by light microscopy, clearly extending into

the features (Figure 4.5a). Spindle-shaped crystals were observed in the majority of cells,

exhibiting a morphology and dimensions comparable to that of intracellular HEX-1 crystals
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grown in a cell culture plate. For serial diffraction data collection, the chip was removed

from the well of the cell culture plate and excess of culture medium was removed before

mounting. The diffraction details for HEX-1 in situ crystals are comparable to that ob-

tained after loading HEX-1 crystal-containing cells onto the chip (Table 4.3). Although the

indexing rate was slightly decreased (8%), diffraction data of a single chip enabled the struc-

ture determination at a resolution of 2.50 Å (Figure 4.5b). The refined HEX-1 structures

solved by in cellulo diffraction of loaded crystal-containing cells and of in situ grown crys-

tals have been deposited in the Protein Data Bank (PDB:7NJI and PDB:7NJH, respectively).

Figure 4.5: In situ crystallization of intracellular HEX-1 crystals. (a) Fungal protein HEX-1
crystallized in cellulo on the surface and in the features of the chip. (b) The HEX-1 structure
with the N-terminal domain shown in blue and the C-terminal domain shown in yellow with a
representative section of the 2Fo-Fc (contoured at 2σ) electron density map after refinement
from the chip 1 dataset.

4.4 Discussion

As in any crystallographic project, the availability of homogenous, well-diffracting micro-

crystals is an experimental bottleneck in fixed-target serial-crystallography. Therefore, pre-

vious studies have focused on reducing sample consumption and crystal handling of batch-

crystallized solutions. Lyubimov et al. loaded microfluidic trap arrays with only 5 µl of

crystal slurry [244], while Murray et al. transferred even smaller volumes (<2 µl) of micro-
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crystal suspensions onto X ray-transparent silicon nitride chips [245]. Recently, Davy et al.

used acoustic droplet ejection to load the ‘Oxford photo-chips’ (highly similar to the HARE-

chips) with only 3 µl of crystal slurry grown in batch [221]. Although these methods provide

a remarkable sample reduction, they all rely on pre-crystallized material. By contrast, the

crystallization on the surface of fixed targets supports has also been described before.

While Ren et al. used monocrystalline quartz plates as a support structure for on chip

crystallization of various sizes [246], Lee et al. developed a one-dimensional fixed target

system in which microcrystals are loaded into an array of polyimide tubes [247]. This

method allows for low sample consumption and was shown to successfully grow crystals in

situ via batch crystallization. However, unlike the HARE-chips these techniques would not

allow for ligand mixing studies that have become important for reaction initiation in time-

resolved experiments and the method by Lee et al. does not support vapor diffusion-driven

in situ crystallization [247]. By contrast, Lieske et al. developed an on-chip vapor diffusion

crystallization method on the surface of the porous silicon ‘Roadrunner’ chips that were also

used for ligand soaking [235]. In the methods mentioned above the crystals are randomly

positioned rather than in predetermined locations, preventing the use of the HARE method

for time-resolved crystallography [212]. Opara et al. developed an in situ crystallization

method using silicon nitride membranes that is highly similar to the approach described here,

as the crystals are located in predefined positions and crystallized using a vapor diffusion

approach [248]. In contrast to the HARE-chips the silicon nitride membranes are closed

on one side of the chip, which may lead to different crystallization results. In general, an

exact comparison of the different approaches described above is complicated by different

form-factors, the number of features as well as the concentration of the crystal slurries or

proteins solutions.

As a practical advantage, crystallization within the HARE-chips requires minimal equipment

and can thus be carried out in non-specialized labs. With the exception of the HARE-chips,
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the required materials are common laboratory supplies or can be substituted with similar

tools. The crystallization trays are readily accessible through 3D printing and the files

are available with this manuscript. At the same time, this in-chip crystallization approach

can be used to seamlessly extend existing high-throughput crystallization workflows. The

major benefit of this approach is to directly transfer optimized crystallization conditions

from droplets to the chip format, without or with limited additional adaptation. Notably,

optimization does not require the use of an entire chip, but partial chip screening can be

used to optimize the size and density of crystals using < 1 µl of protein solution in a single

column of the HARE-chip compartments. Importantly, as the crystals are confined to grow

inside the chip features and only a limited supply of protein is available within each feature, a

crystal size limit compatible with time-resolved applications is inherent in the crystallization

setup. The feasibility of this workflow is not only demonstrated by model systems, but also

by the successful structure determination of a novel γS-crystallin variant, a group of proteins

known to be rather recalcitrant towards crystallization. Thus, for novel systems, promising

conditions for in-chip crystallization can be found using established, conventional screening

approaches, which can later be extended to in-chip crystallization.

The reported model protein structures were solved using data from a single chip loaded

with approximately 140-400 µg of protein for lysozyme, proteinase K, and xylose isomerase,

slightly less than consumed by loading crystal slurries via vacuum loading of these proteins

[213]. The median hit rate of 25% indicates that a single chip is usually sufficient for structure

determination [249]. An interesting observation is that this can be substantially increased

by a simple short centrifugation step, an aspect that needs further detailed exploration

in future experiments. However, in-chip crystallization is not limited to model systems.

The γS-crystallin structure demonstrates that in-chip crystallization can also be applied

to non-model proteins. This structure also emphasizes that typical protein concentrations

(here 11 mg/ml), commonly found in vapor diffusion crystallization screens are amenable to

HARE-chip crystallization. At this protein concentration the overall sample consumption
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reduces to 55 µg of protein per chip. This is a reduction of 5-10 fold compared to the

amount of protein typically used in vacuum loading of crystal-slurries using the HARE-chip.

However, in comparison to the model systems, γS-crystallin showed rather low hit rates

(6%), and it is likely that its comparably low protein concentration affected the final crystal

density. Presumably, a further optimization of the nucleation propensity, or the use of seed-

stocks, would have a positive effect on the crystallization and lead to higher in-chip hit rates

[233]. While the hit rate determines the efficiency of the data-collection experiment, serial

crystallography also permits to estimate the efficiency of the crystallization itself. To this

end the number of diffraction patterns can be compared to the total amount of protein.

While the model-systems showed a median number of 21 diffraction patterns per µg of

protein, γS-crystallin showed 27 diffraction patterns per µg of protein – thus a comparable

efficiency of the crystallization. This emphasizes the potential of HARE-chip crystallization

to reduce the amount of protein that is required for serial crystallography. We note that,

an automation of these workflows in the future will likely lead to a further reduction of the

sample requirements.

In addition to reduced sample consumption, another advantage of in-chip crystallization is

the reduced crystal handling compared to the vacuum loading method previously used in

HARE time-resolved studies. With in-chip crystallization, the crystals can remain unper-

turbed after growth, with no transfer steps between growth and data collection. This could

be of particularly aid to intracellular crystallization as these samples are often highly sensi-

tive, especially when the crystals are purified from the cells. However, intracellular protein

crystallization offers some distinct advantages over traditional screening approaches: crystals

can be grown in a cellular environment with natural post-translational modifications [206]

alongside a diverse array of small molecules and possible cofactors to support crystallization;

indeed, cofactors have been discovered via this method [207]. In cellulo crystallization is

also more scalable and eschews laborious purification steps. We have recently shown that

silicon chips are ideally suited for serial crystallography providing high-resolution diffrac-
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tion of HEX-1 crystals within the intact cells, via serial femtosecond crystallography (SFX)

at an XFEL [241]. Here, we confirm that fixed-target delivery of crystal-containing cells

also enables fast and efficient data collection via serial synchrotron crystallography (SSX) at

room temperature. It is possible that the resolution of the diffraction data is limited by the

reduced photon flux of the synchrotron source. However, the HEX-1 structure determined

via SSX is directly superimposable to that determined via fixed-target SFX, validating the

comparability of SSX and SFX data [249].

Moreover, insect cells can be cultivated and infected directly on the surface of the HARE-

chips without affecting the growth and the quality of the HEX-1 crystals. The in situ

approach provides the advantage to avoid any cell transfer procedures, thus the sample

remains unperturbed until X-ray exposure. In contrast, loading of cells containing preformed

crystals requires the removal of excess medium. If harsh vacuum loading systems are used,

this could affect the cell integrity and thus the crystal quality, since virus infected cells

are particularly sensitive to mechanical stress. The viral infection might also inhibit the

attachment of the crystal-containing cells to the chip surface after loading, leading to the

loss of some cells during removal of the cell culture medium and thus to reduced hit rates.

These limitations should be overcome by the in situ approach, but the indexing rate did not

improve. This is attributed to problems in growing the cell monolayer up to the center of

the chip features, where any support is missing. Thus, several features did not contain a

crystal-containing cell in the volume that is hit by the X-ray beam. It needs to be tested in

future studies if a very gentle centrifugation centering will improve the hit rates, as observed

for other samples.

In addition to the advantage of exploiting intracellular crystals via SSX, this work demon-

strates that the main advantage of HARE-chip delivery of intracellular crystals, is a sig-

nificant reduction of the required material. Per indexed diffraction pattern this method

has an almost 2000-fold lower sample consumption compared to liquid-jet SFX approaches,

90



previously performed to solve the structures of T. brucei CatB and IMPDH [206, 207].

4.5 Conclusions

Here we present a new crystallization technique inside HARE-chips that can substantially

reduce protein consumption and sample handling for serial X-ray crystallography. Canonical

vapor diffusion crystallization conditions can be directly transferred to crystallize inside the

HARE-chips. The direct growth of protein micro-crystals within precisely defined features is

therefore compatible with the HARE-method for efficient time-resolved crystallography. For

systems that are costly to produce, resist batch crystallization, form highly delicate crystals,

or crystallize in living cells, in-chip crystallization may offer distinct advantages over other

sample preparation techniques.
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Chapter 5

Conclusion

The long-lived proteins of the human eye lens, the crystallins, have evolved to be remarkably

resilient proteins. Their fine-tuned surface properties create the necessary balance to pro-

duce lens transparency and resist protein aggregation. Even with extensive deamidation and

oxidation modifications, as detailed in this thesis, γS-crystallin maintains its overall protein

fold; however, these modifications alter the protein’s stability and propensity for aggrega-

tion. Higher dynamics likely exposes hydrophobic portions of the protein and these partially

unfolded states aggregate, eventually leading to light-scattering protein precipitates charac-

teristic of cataract. γS-crystallin in particular may be predisposed to accumulate oxidative

modifications in the form of disulfide bonds between its highly solvent-exposed cysteines.

This observation hints at a more complex role for γS in the lens, not only as a structural

protein that contributes lens refractive index, but as a participant in lens redox homeostasis.

Further investigation into the role of γS and other eye lens proteins as chemical partici-

pants, resisting as well as employing post-translational modifications, is warranted. Future

work may also look to explore further the prevalence in aged and cataract lenses of multi-

ple post-translational modifications occurring on a single protein molecule and the possible

synergistic effects.
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The surface properties that help crystallins maintain short-range ordered spatial arrange-

ments in the lens as well as resist protein aggregation likely also contribute to their recal-

citrance to protein crystallization. The in-chip method of crystallization described in this

thesis expands the toolkit available for serial crystallography on hard-to-crystallize proteins,

such as the crystallins, that may form small and delicate crystals. This technique maximizes

sample economy and minimizes physical stress. Further work may improve on this method,

possibly using seed stocks to increase nucleation for higher hit rates. With this alternative

route to crystallization harnessing direct growth in serial crystallography chips, a number

of previously unfeasible protein systems may be studied with time-resolved crystallography,

providing reaction mechanisms and structures of short-lived reaction intermediates.
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Codon-optimized γS-wt sequence with NcoI and XhoI restriction sites: 

CCATGGGACATCACCATCACCATCACGAAAATCTTTATTTTCAAGGCAGCAAAACGGGCACCAAAATCACGTTC
TACGAAGACAAAAATTTCCAAGGTCGCCGTTACGACTGTGACTGCGACTGTGCGGACTTCCACACATACCTGTC
CCGTTGCAACTCTATCAAAGTTGAAGGCGGCACCTGGGCTGTATACGAACGCCCGAACTTCGCTGGCTACATGT
ACATCCTTCCGCAGGGCGAATACCCGGAATACCAGCGCTGGATGGGTCTGAACGACCGTCTGTCGTCTTGCCGC
GCTGTACATCTGCCGTCCGGCGGTCAGTACAAAATCCAGATCTTCGAAAAAGGCGACTTCTCCGGCCAGATGTA
CGAAACCACCGAAGACTGCCCGTCTATCATGGAACAATTCCACATGCGCGAAATCCACTCTTGTAAAGTTCTGG
AAGGCGTATGGATCTTCTACGAACTGCCGAACTACCGCGGTCGCCAGTACCTGCTGGACAAAAAAGAATACCGC
AAACCGATCGACTGGGGCGCGGCCTCTCCGGCTGTACAGAGCTTCCGTCGTATCGTTGAATAATAACTCGAG 
 

Primer Sequence (5' to 3') 

N15_fwd GAC AAA GAT TTC CAA GGT CGC 

N15_rev GCG ACC TTG GAA ATC TTT GTC 

Q121_fwd ATC ATG GAA GAA TTC CAC ATG 

Q121_rev CAT GTG GAA TTC TTC CAT GAT 

N144_fwd TAC GAA CTG CCG GAC TAC 

N144_rev GTA GTC CGG CAG TTC GTA 

N54D_fwd CCG GAC TTC GCT GGC TAC ATG TAC ATC CTT CCG  

N54D_rev GCG TTC GTA TAC AGC CCA GGT GCC GCC TTC   

Q93E_fwd CGT CCG GCG GTG AGT ACA AAA TCC AGA TCT TCG AAA AAG GCG 

Q93E_rev GCA GAT GTA CAG CGC GGC AAG ACG ACA GAC GG 

Q64E_fwd CTT CCG GAG GGC GAA TAC CCG GAA TAC CAG C 

Q64E_rev GAT GTA CAT GTA GCC AGC GAA GTC CGG GCG TTC GTA TAC 

Q17E_fwd GAA GAC AAA GAT TTC GAA GGT CGC CGT TAC GAC TGT GAC TG 

Q17E_rev GTA GAA CGT GAT TTT GGT GCC CGT TTT GCT GCC TTG 

Q107E_fwd GGC GAG ATG TAC GAA ACC ACC GAA GAC TGC CCG TCT ATC 

Q107E_rev GGA GAA GTC GCC TTT TTC GAA GAT CTG GAT TTT GTA CTC ACC GCC G 

Q71E_fwd GGA ATA CGA GCG CTG GAT GGG TCT GAA CGA CCG TCT GTC G 

Q71E_rev GGG TAT TCG CCC TCC GGA AGG ATG TAC ATG TAG CCA GCG 

codonY11_fwd     CAA AGA CTT CCA AGG TCG CCG TTA C 

codonY11_fwd_2  CAA AGA CTT CGA AGG TCG CCG TTA C  

codonY11_rev     TCT TCA TAG AAC GTG ATT TTG GTG CC 

 

 

 
Figure A.1: Oligonucleotides for PCR mutagenesis. A mistranslation of Y11 was identified
in the deamidated variants and was corrected by the application of primers codonY11 fwd
to γS-3 and γS-5 and codonY11 fwd 2 to γS-7 and γS-9 with codonY11 rev used for all
deamidated variants.
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Figure A.2: Calibration curve for Ellman’s assay in 2% SDS, 100 mM TRIS pH 8.0 using
dithiothreitol (DTT). The concentration of thiol is 2× the concentration of DTT. The ex-
tinction coefficient calculated is 12968 M−1cm−1.
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Figure A.3: (A) The average fluorescence intensity from three replicates measured by dif-
ferential scanning fluorimetry (DSF) for γS-crystallin wild-type (γS-wt, black), 3-site (γS-3,
yellow), 5-site (γS-5, blue), 7-site (γS-7, green), and 9-site deamidation variants (γS-9, pink).
(B) The average fluorescence intensity for each protein with overlaid solid lines showing the
Boltzmann fit curves calculated for each data set. Only the region of the DSF data up to
the fluorescence maxima are used for the Boltzmann fit.
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Figure A.4: SAXS profiles for (A) γS-wt, (B) γS-3. (C) γS-5, (D) γS-7, and (E) γS-9 with
concentrations ranging from approximately 40 mg/mL down to either 16 mg/mL (γS-7 and
γS-9) or 8 mg/mL (γS-wt, γS-3, and γS-5). Each concentration series was measured in
triplicate. (F) The intensity at zero angle over concentration as a function of concentration.
The y-intercept of the linear regression gives the intensity at zero angle extrapolated to zero
concentration.
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Figure A.5: Structure alignment of the previously reported NMR structure of γS-wt (PDB:
2M3T) and the novel crystal structure reported here (PDB:7N36). The script colorbyrmsd
in Pymol was used to highlight areas of minimum pairwise RMSD in blue and maximum in
red. The loop containing K154 and K155 as well as the linker region between domains show
the maximum difference.
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Figure A.6: (A) Absorbance at 412 nm after the addition of DTNB for γS-wt and each
variant. (B) Normalized absorbance at 412 nm for each reaction. Increasing number of
deamidated sites leads to longer reaction times to maximum Abs412.
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Figure A.7: (A) Assessment of free thiol concentration over time using Ellman’s assay for
γS-crystallin wild-type (γS-wt, black), 3-site (γS-3, yellow), 5-site (γS-5, blue), 7-site (γS-7,
green), and 9-site deamidation variant (γS-9, pink). Proteins were aged at 210 – 250 µM
which was diluted 40-fold for these measurements.
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Figure A.8: (A) Adaptive Poisson-Boltzmann Solver (APBS) electrostatics calculation
was used to generate surface charge maps in PyMol for (A) γS-wt PDB:7N36, (B) γS-3
PDB:7N37, and (C) γS-9B PDB:7N3B showing regions of high negative charge with increas-
ing deamidation.
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Figure B.1: (A) 137Cs Irradiator Mark-I. The 137Cs is raised into the source guide rod during
irradiation. (B) The samples were held in the sample ring at a set distance from the source.
(C) Fricke dosimetry was used to confirm the dose for our sample setup. The Fricke solution
was irradiated for 5 and 10 minutes and the absorbance at 304 nm was measured as 0.442
after 5 minutes and 0.878 after 10 minutes. The calculated dose rate was 1.54 kGy/hr.
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Figure B.2: Deconvoluted intact mass spectra of HγS irradiated for 1 hr/1.5 kGy immediately
after removal from the source (purple), 4 hours after removal from the source (orange) and
1 week after removal from the source (yellow). These data indicate that HγS continues to
be modified post-exposure.
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Figure B.3: Tandem mass spectrum and peak list for the pepsin digest peptide 1-
GSKTGTKITF-10. The b3 ion and subsequent b ions show a -1 Da loss on one of the
first three residues. Oxidation of lysine results in a -1 Da loss in the conversion to the alde-
hyde derivative, suggesting this peptide resulted from an oxidation of K3.
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Figure B.4: Tandem mass spectrum and peak list for the trypsin digest peptide 42-
VEGGTWAVYERPNFAGYMYILPQGEYPEYQR-72. The lack of mass change on the b17
ion and the addition of +16 Da to the b18 ion and subsequent b ions demonstrates oxidation
of M59.
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Figure B.5: Tandem mass spectrum and peak list for the trypsin digest peptide 73-
WMGLNDR-79. The lack of mass change on the y5 ion and the addition of +16 Da to
the y6 ion and subsequent y ions, as well as lack of mass change on b1 and addition of +16
Da to the b2 ion and subsequent b ions demonstrates oxidation of M74.
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Figure B.6: Tandem mass spectrum and peak list for the trypsin digest peptide 102-
GDFSGQMYETTEDCPSIMEQFHMR-125. The lack of mass change on the y17 ion and
the addition of +16 Da to the y18 ion and subsequent y ions, as well as lack of mass change
on the b6 ion and the addition of +16 Da to the b7 ion and subsequent b ions demonstrates
oxidation of M108.
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Figure B.7: Tandem mass spectrum and peak list for the trypsin digest peptide 102-
GDFSGQMYETTEDCPSIMEQFHMR-125. The lack of mass change on the y6 ion and
the addition of +16 Da to the y7 ion and subsequent y ions demonstrates oxidation of M119.
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Figure B.8: Tandem mass spectrum and peak list for the trypsin digest peptide 102-
GDFSGQMYETTEDCPSIMEQFHMR-125. The lack of mass change on the y1 ion and
the addition of +16 Da to the y2 ion and subsequent y ions demonstrates oxidation of M124.
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Figure B.9: Tandem mass spectrum and peak list for the trypsin digest peptide 159-
KPIDWGAASPAVQSFR-174. The lack of mass change on the y11 ion and the addition
of +16 Da to the y12 ion and subsequent y ions demonstrates oxidation of W163.
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Figure B.10: Tandem mass spectrum and peak list for the trypsin digest peptide 132-
VLEGVWIFYELPNYR-146. The lack of mass change on the y4 ion and the addition of
+16 Da to the y5 ion and subsequent y ions demonstrates oxidation of L142 .
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Figure B.11: Tandem mass spectrum and peak list for the trypsin digest peptide 132-
VLEGVWIFYELPNYR-146. The +16 Da to the b2 ion and subsequent b ions as well
as the lack of mass change on the y13 ion and the addition of +16 Da to the y15 ion suggests
oxidation of one of the first two residues, V132 or L133.
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Figure B.12: Tandem mass spectrum and peak list for the trypsin digest peptide 20-
RYDCDCDCADFHTYLSR-36. The lack of mass change on the b5 ion and the addition
of +32 Da to the b6 ion and subsequent b ions demonstrates oxidation of C25.
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Figure B.13: Tandem mass spectrum and peak list for the trypsin digest peptide 20-
RYDCDCDCADFHTYLSR-36. The lack of mass change on the b3 ion and the addition
of +32 Da to the b4 ion and subsequent b ions demonstrates oxidation of C23.

138



Figure B.14: Tandem mass spectrum and peak list for the trypsin digest peptide 20-
RYDCDCDCADFHTYLSR-36. The lack of mass change on the b7 ion and the addition
of +32 Da to the b8 ion and subsequent b ions demonstrates oxidation of C27.

139



Figure B.15: Comparison of deconvoluted intact mass spectra of lysozyme non-irradiated
(purple) and irradiated for 1 hr/1.5 kGy at 100 mg/mL (purple) and 5 mg/mL (yellow).
Increased protein concentration appears to reduce the relative amount of modification upon
γ irradiation.
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Figure B.16: Evidence of dimerization observed in mass spectra during the course of irradi-
ation. Deconvoluted intact mass spectra of HγS samples irradiated with doses (0, 1.5, 2.3,
3.1, 4.6, 7.7, and 10.8 kGy) of γ radiation show the expected HγS dimer mass.

141



Appendix C

Supplementary material for A simple

vapor-diffusion method enables

protein crystallization inside the

HARE serial crystallography chip

142



For all supplemental figures:

a)Hit-map: a blue dot on the grey outline of the chip compartments indicates a feature for

which one or more protein diffraction pattern(s) could be obtained. For partially collected

chips, the missing parts are indicated in yellow.

b) Resolution histogram of the diffraction patterns obtained for each chip.

c) Unit cell parameter histogram of the diffraction patterns obtained for each chip.

Figure C.1: Lysozyme chip 1.
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Figure C.2: Lysozyme chip 2.

Figure C.3: Lysozyme chip 3.
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Figure C.4: Lysozyme chip 4.

Figure C.5: Proteinase K chip 1.
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Figure C.6: Proteinase K chip 2.

Figure C.7: Proteinase K chip 3.
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Figure C.8: Proteinase K chip 4.

Figure C.9: Proteinase K chip 5.
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Figure C.10: Xylose isomerase chip 1.

Figure C.11: Human γS-crystallin deamidation mutant chip 1.
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Figure C.12: HEX-1 chip 1, loaded.

Figure C.13: HEX-1 chip 2, in situ.
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