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ABSTRACT OF THE DISSERTATION

Client-Chaperone Selectivity, Solubility, and Hydrogel Characteristics of Human
Crystallins and the Properties of D1-PSI.

By
Marc Anthony Sprague-Piercy
Doctor of Philosophy in Molecular Biology and Biochemistry
University of California, Irvine, 2021

Rachel Martin, Chair

This thesis examines the properties of the human crystallin eye lens proteins from three
angles, how the structure of yS-crystallin relates to aggregation propensity, how aB-crystallin
select between aggregation prone variants, and the structure of the crystallins in a lens like
hydrogel. The human crystallins are normally highly soluble and stable, as an evolved
adaptation to maintain the transparency of the eye lens. This is due to the intrinsic stability
of the proteins themselves and the chaperone ability of the a-crystallins. By studying the
structure and biophysical properties of novel and cataract associated variants of vS-crystallin
with respect to aggregation propensity and client-chaperone interactions, it was discovered
that aB-crystallin can select between different aggregation prone and function preserving
variants, as well as a disconnect between the structural features that lead to a loss in stability
and selection as a client. In the eye lens the concenration of the crystallins can reach over
400 mg/mL. By examining pure yS-crystallin as it exists in a highly concentrated hydrogel
it was discovered that the gel is formed by the protein forming into larger order oligomers in
the form of filaments and amorphous domains, but the domains retain a high degree of liquid
like character. Lastly the properties of the plant specific insert (PSI) from Drosera capensis

were examined. It was discovered that this protein exhibits anti-microbial properties, likely
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stemming from the fact that PSI can destabilize cell membranes and readily forms complexes

with lipids.
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Chapter 1

Introduction

1.1 INTRODUCTION

For the eye lens to function correctly, it must be transparent and refract visible light strongly
enough to form an image on the retina. The bulk of this unique tissue is made of layers of
densely packed fiber cells filled with very stable proteins called crystallins. Crystallins com-
prise over 90% of the dry weight of the human eye lens [1]. These proteins exhibit a higher
refractive index than average proteins, and their refractive power is not a simple function of
the amino acid sequence [2]. During development, all organelles in fiber cell are degraded
to minimize light scattering, leaving these cells without the machinery needed to synthesize
new proteins. Thus, the crystallin proteins that are made during development remain sol-
uble under crowded conditions for decades, and are used by the organism throughout its
life. Crystallin proteins exist at very high concentrations in the lens, up to 400 mg/mL in
humans [3], and even higher, over 1000 mg/mL in some aquatic species [4]. If these proteins
aggregate, the light-scattering aggregate formed is called a cataract, the most common cause

of blindness [5]. To understand how the eye lens works is to understand the physicochemical



properties of crystallins, including the molecular basis of their extraordinary solubility, the
relationship between sequence and structure, how protein-protein interactions are mediated
under conditions of extreme macromolecular crowding, and what happens when this system

fails, resulting in cataract.

The study of lens crystallins tracks with the beginning of modern chemistry. In 1830,
Berzelius isolated a gelatinous substance from the eye lens that he called crystallin because
of its transparency [6]. This material was then further fractionated to show that it was in
fact made up of more than one substance [7], but it was not until 1894 that the individual
protein components were isolated and named a-crystallin and S-crystallin by Morner [8].
Since then great strides have been made in understanding the structure and function of
these proteins. The crystallins themselves are categorized into three broad categories in the
human lens, the a-, 8-, and ~-crystallins. In addition to these ubiquitous vertebrate crys-
tallins, many more taxon-specific crystallins exist in other organisms, but these are beyond
the scope of this review. The a-crystallins are chaperone proteins that belong to the small
heat-shock protein family [9], while the /- and ~- crystallins are a part of an evolutionarily
distinct superfamily of proteins called the Sv-crystallin superfamily [10]; they are mentioned
here because they are the most common client proteins for a-crystallins in the lens. This
review will discuss some history and recent advances in understanding the physical chemistry
underpinnings of the unique and extraordinary properties of a-crystallins, with a particular
focus on comparisons between human and fish crystallins. We discuss a-crystallin structures,
their complex and dynamic oligomerization states, and most importantly, the intermolecular
interactions by which they bind to damaged structural crystallins and keep them in solution.
Finally, the sidebars provide an introduction to several techniques that are used to obtain

this information.



1.2 a-crystallins are small heat-shock proteins

a-crystalling are small heat-shock proteins (sHSPs) that act as holdase chaperones, meaning
they maintain the solubility of damaged client proteins, but are unable to refold them [11, 12].
While aA-crystallin is primarily expressed in the lens [13], aB-crystallin is expressed in many
tissues throughout the body [14, 15], and alterations to its solubility or substrate binding
competence are implicated in a variety of diseases [16]. Many studies of a-crystallin func-
tion have been performed using zebrafish as a model organism, as the vertebrate crystallin
functions [17] and expression patterns [18] are strongly conserved. Furthermore, zebrafish
embryos have the advantage of being transparent, enabling detailed studies of the developing
lens [19]. Mouse a-crystallin promoters were found to drive GFP expression in several organs
in the zebrafish, including the lens, notochord, heart, and skeletal muscle, indicating that
mammalian a-crystallin promoter activity can also be screened in this model organism [20].
In zebrafish, knocking out aB-crystallin causes both lens defects and reduced cardiac stress
tolerance [21], while @A was found to have the same function in the lens as it does in other

vertebrates [22].

As in other sSHPs, a-crystallins have a (-sheet rich a-crystallin domain flanked by flexi-
ble N-terminal and C-terminal extensions [23]. A schematic view is shown in Figure 1.1.
The a-crystallin domain is main active part of the protein, containing the region that is
responsible for substrate binding; in fact, relatively short peptides from this region, the
mini-a-crystallins, display substantial chaperone activity on their own [24, 25]. However,
the tails also play important roles in controlling the activity, oligomeric state, and substrate
recognition [26, 27], as illustrated by the different binding surfaces, corresponding to different
sequence regions, that recognize amorphous aggregates and amyloid fibrils [28]. Structures
of truncated a-crystallins show the primary dimer interface, which is in the middle of an

extended [-sheet, but also reveal how the C-terminal extensions can participate in domain-



swapping, leading to oligomers of differing sizes [29]. The N-terminal extension has also been

implicated in binding of specific substrates [28].

1.3 Polydispersity is central to a-crystallin function

Understanding how a-crystallins recognize client proteins and maintain their structural in-
tegrity requires high-resolution structures not only for the monomeric proteins, but also their
complexes. a-crystallins exist as polydisperse mixtures of 10-40-mers [30, 31|, with the most
common species in the range of 24-28 [32]. Characterizing the equilibrium of oligomeric
states is central to gaining full mechanistic insight into a-crystallin activity: NMR exper-
iments have shown that polyhedra of varying sizes form, providing different environments
for client proteins [33]. Heterogeneous interactions are observed even in constructs of the
isolated a-crystallin domain, as key residues display resonances at more than one chemical
shift position, indicating multiple conformations [34]. However, the importance of the C-
and N-terminal extensions for controlling oligomerization has been demonstrated in several
studies. The IPI motif on the C-terminal domain, embedded in the palindromic sequence
“ERTIPITRE” can interact bidirectionally with the 54/68 surface of the a-domain, and
these interactions control both the oligomeric state and the ability of the protein to chaper-
one amyloid clients [35, 36]. Peptides mimicking this sequence readily bind to the a-crystallin
domain in solution, providing support for the importance of this motif for protein-protein
interactions [37]. Polydispersity appears to be central to a-crystallin function: not only
does the formation of variable oligomers discourage crystallization or other deleterious in-
teractions between the a-crystallin molecules themselves, but the ability of these molecules
to self-organize into constantly shifting polyhedra provides a variety of surfaces that are

presented to client proteins of differing sizes and shapes.



Solving the structures of a-crystallins in biologically relevant complexes is a challenging
endeavor. Their dynamic and polydisperse nature makes them particularly suitable for
NMR [38, 39], and in many cases hybrid structural methods are used to integrate information
across different length scales. Various combinations of experimental and molecular modeling
techniques have been used to model a-crystallin oligomers, sometimes with inconsistent
results, possibly reflecting differences in protein constructs or sample preparation methods,

or true heterogeneity.

For example, building on solid-state and solution NMR structures of smaller oligomers
[40, 41], cryo-EM, solid-state NMR, and small-angle x-ray scattering (SAXS) were used
to generate a model of symmetric aB-crystallin 24-mers [42] (Figure 1.2A). These oligomers
are built using a hierarchical progression where dimers connected by the [S-sheet interface
assemble via their C-terminal extensions to form hexamers, which in turn associate via
their N-terminal regions to create higher-order structures. Another hybrid structure of aB-
crystallin 24-mers was generated using a combination of cryo-EM, solid-state NMR, and
molecular modeling also came to the conclusion that the building blocks are dimers, which
then associate to form hexamers [43]. This structure also identifies two different dimer ar-
rangements, consistent with the variable interactions between the palindromic sequence of
one monomer and hydrophobic residues of the other observed in the crystal structures [35],
but in contrast to solution-state NMR data showing only a single set of chemical shifts,

suggesting that all monomers adopt the same conformation [33].

In addition to the most common species, the 24-mers, oligomers ranging from 6-mers to
48-mers have also been observed in solution. These data and the closed, spherical shape of
the higher-order oligomers suggest that the highly symmetric complexes may be for stor-
age, whereas the binding-competent species are either smaller complexes (perhaps dimers)
or incomplete spheres allowing room for client proteins. Solution NMR indicates that ms-

timescale dynamics in the C-terminal extensions regulate the oligomerization state [44].



Some details of the dynamic equilibrium among these complexes were revealed using deuteration-
assisted small-angle neutron scattering (DA-SANS) in conjunction with electrospray ioniza-
tion (ESI) native mass spectrometry (nMS): exchange of subunits between complexes was
common, however oligomer collapse did not appear to occur, even for a subset of the popu-
lation [45]. Thus, the dynamic quaternary structure of aB-crystallin appears to be mediated
by small oligomers dissociating from and re-associating with larger complexes. Other stud-
ies have suggested that monomers are present under physiological conditions [46] and have
chaperone activity [32], but are compromised from a solubility standpoint [47]. Beyond the
size of the oligomers, the morphology of the a-crystallin oligomers can also affect chaper-
one function. a-crystallins can retain function after forming amyloid fibrils or amorphous

aggregates, with amyloid fibrils even showing enhanced affinity for particular clients [48].

The first structural models of the lens-specific chaperone aA-crystallin in 12-, 16- and 20-
mers were generated recently using a combination of cryo-EM, mass spectrometry with
cross-linking, NMR spectroscopy, and molecular modeling [49](Figure 1.2B). This model
suggests that for aA-crystallin, the building block for oligomerization is a tetramer. As
in the case of aB-crystallin, the exact extent of oligomerization is governed in part by
the extent of C-terminal domain swapping [50, 51, 52], although the N-terminus is also
involved in oligomerization, as its truncation shifts the equilibrium to favor smaller oligomers
[53, 54]. Domain-swapped oligomers are found in multimers larger than 12, whereas the
dodecameric species can form without any interactions with the C-terminus [49]. These
results are consistent with earlier crystal structures of truncated versions of vertebrate aA-
crystallins that showed conformations both with [29] and without domain-swapping [55].
Recently, an alternative splicing variant of human aA-crystallin with a truncated N-terminal
sequence was discovered. On its own, this isoform has only weak chaperone activity and
makes only small oligomers, but it is capable of integrating into larger oligomers of the

more common canonical variant, modulating oligomer size and chaperone activity [56]. In



contrast, an alternative splicing variant found in rodents («A*) has a longer N-terminal

domain, and has enhanced activity relative to the standard isoform [57]

1.4 Cataract-related a-crystallin variants can be aggregation-

prone or have altered chaperone activity

Many cataract-associated variants of a-crystallins feature an altered a-domain, which results
in structural changes and/or compromised chaperone activity. The aB-R69C and D109H
variants are implicated in human disease, including cataract [58, 59]. Both cause consider-
able structural changes, reduced chaperone activity, and increased aggregation propensity
in vitro [60]. The D109H variant is particularly disruptive, probably because the loss of the
negative charge at position 109 disrupts a critical salt bridge that is required for proper for-
mation of the anti-parallel sheet dimer interface, as does the R120G variant [61]. The R12C
variant of aA-crystallin is more prone to aggregation than WT, especially in the presence of
calcium ions [62]. Both the aA-GI8R and aA-R21(Q) variants show decreased function, but
when mutated together to make an «A-G98R/R12Q double variant, compensating for the

difference in charge, much of the function and stability of the protein is rescued [63].

In other cases, the major driving force of cataract formation is how mutations in a-crystallin
affect the aggregation of other proteins. For example, the R49C and R116C variants of acA-
crystallin have differing affinities for the aggregation-prone client protein I14F ~vD-crystallin
[64]. The higher affinity R49C variant results in increased aggregation of yD-I4F, possibly
through simple mass action, as the folded form is sequestered by the chaperone protein,
thus pushing the equilibrium toward formation of the denatured form [64]. In mouse mod-
els, knocking out aA and aB-crystallin leads to increased abundance and cross-linking of

BB2-crystallin [65] the aB-R120G and the «A-R49C variants lead to decreased protein degra-



dation in the lens during development [66], which may lead to an increased propensity for
cataract formation, or alternatively might be an effect of cataract formation. However, not
all mutations are deleterious; for example the R12C variant of aB-crystallin exhibits in-
creased chaperone activity in addition to changes in the oligomeric state of the protein with
increased population of a dimer form that is favored as a result of a disulfide bond [67]. This
variant also resists thermal and calcium-induced aggregation compared to WT. However,
when exposed to calcium ions the chaperone activity of the variant is decreased, potentially
due to structural changes, as the R12C variant shows altered chemical environments of its

tryptophan residues, suggesting partial unfolding [67].

1.5 «a-crystallins bind divalent cations, with complex

effects on their function

Human aB-crystallin binds one equivalent of Cu?*, and its chaperone activity is enhanced by
this interaction [68, 69, 70]. aB is able to prevent aggregation and co-precipitation of Cu?*
and human D at all Cu?*:4D ratios, suggesting that aB is acting as a chaperone rather than
a chelator in this situation [71]. However, there is also evidence of metal ion homeostasis
through sequestration. Increasing the amount of a-crystallin bound to the client protein vD,
which would occur naturally with age, results in an increase in free iron and calcium ions
[72], which would increase the susceptibility of the eye lens to oxidation. Schiff bases and
rutin, a naturally occurring flavonoid, were shown to inhibit copper-induced aggregation of
human D and promote the chaperone activity of aB, suggesting a possible role as a cataract

therapeutic [73, 74].

In the case of Zn?*, aB-crystallin was again able to prevent metal ion-induced aggregation,

but here it appears to act as a chelator rather than a chaperone, because higher concen-



trations of Zn** were still able to cause aggregation [75]. Zinc ions mitigated diabetic
cataract in mouse models due to their antioxidant properties and positive interactions with
a-crystallin [76, 77, 78]. Zn?" interactions with a-crystallin do not restructure the protein’s
secondary or tertiary arrangement, but they do increase its surface hydrophobicity, thereby
enhancing the chaperone activity [76]. In human lens epithelial cells, treatment with Cd**
or Cu?" promoted the expression of aB-crystallin, whereas Cu?" promoted the expression

of aA-crystallin [79)].

1.6 a-crystallin post-translational modifications can cause

age-related cataract

The majority of cases of cataract are caused by aging: most people are born with healthy
lens proteins, which accumulate post-translational modifications (PTMs) over time, leading
to cataract [80, 81]. UV irradiation is associated with the formation of cataract [82]. In aA-
crystallin, UV damage leads to increased hydrophobic exposure, secondary structure changes,
and diminished chaperone activity [83]. Backbone cleavage can lead to the accumulation
of insoluble peptides in the lens, providing nucleation sites for the growth of aggregates.
For example, a 15-residue peptide derived from aA-crystallin aggregates in aging lenses,

recruiting full-length protein and forming (-sheet rich fibril structures [84].

One of the most common PTMs in the lens is isomerization [85], which is difficult to detect
because it does not change the protein mass. Serine and aspartic acid can epimerize to form
their D-counterparts, and Asp can also convert to L- or D-isoAsp [86]. These modifications
can alter the protein structure, sometimes causing disruption that goes beyond the mutation
site [87]. In the eye lens, Asp isomerization increases with age, with awA-crystallin being more

susceptible to isomerization than aB-crystallin [88]. Isomerization in a’A changes the relative



populations of different oligomers [89] In aB, isomerization of Asp109 disrupts a critical salt
bridge at the dimer interface, negatively impacting its solubility, while epimerization of
Ser162 significantly weakens the dimerization interface between the palindromic sequence
and the $4-/58 groove [90]. Glycation, particularly of lysine side chains, can also occur in the
crystallins, linking cataract and diabetes [91]. In mice, L-lysine treatment has been shown
to reduce glycation in a-crystallin after treatment with glucose [92]. PTMs have even been
shown to enhance a-crystallin activity. Acetylation of lysine residues have been linked to
higher hydrophobic exposure and increased chaperone activity in a-crystallin [93]. Recently,
the link between the aA-crystallin oxidation state and oligomerization and function has
been characterized. When aA-crystallin is oxidized, a destabilizing disulfide bond is formed,

dispersing higher-order oligomers [49].

Another important post-translational modification that impacts the regulation of protein
function is phosphorylation, which happens to a-crystallins under stress conditions. In aB-
crystallin, phosophorylation occurs in a heterogenous manner, with mixed populations of
proteins phosphorylated at different sites. Overall phosphorylation efficiency is low, due to
the inability of kinases to act on monomers that are part of a large complex; phosphory-
lation appears to happen during subunit exchange [94]. Phosphorylation of aB-crystallin
is mostly localized to three serine residues: 19, 45, and 59 [95, 96]. When these sites are
phosphorylated, aB-crystallin forms smaller oligomeric complexes, and shows preferential
binding to different client proteins [97]. An aB-crystallin variant mimicking hyperphospho-
rylation of these residues showed increased chaperone function relative to wild-type, using
insulin as a client [98]. Low levels of phosphorylation appear to improve chaperone activity
and reduce aggregation propensity, whereas hyperphosphorylation, which sometimes hap-
pens to variant proteins in vivo, leads to increased aggregation [99]. Consistent with this
observation, extensive phosphorylation at S45 resulted in uncontrolled aggregation in vitro
[100]. Epimerization and phosphorylation can also interact to alter the protein’s behavior:

phosphorylation of Serb9, is precluded by epimerization of this residue, and reduced by the
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isomerization of the nearby residue Asp62 [90]. Despite the many advances in understanding
a-crystallin function since Horwitz first discovered its molecular chaperone properties, stud-
ies such as these underscore the importance of recognizing that a-crystallins may behave
differently in dilute, homogenous solutions than they do in the messy, crowded environment

of the cell [101].

1.7 Client-chaperone interactions

Recognition of misfolded, partially unfolded, or otherwise solubility-compromised proteins
is central to a-crystallin function. Although the exact mechanisms of client recognition are
not yet fully understood, the size, charge, size, and exposed hydrophobic surface of the client
protein all appear to play a role [102]. All-atom molecular dynamics (MD) simulations were
used to probe the interactions of monomers and oligomers of a small peptide implicated in
Alzheimer’s disease-related plaques (Af17_42) with an aB-crystallin ACD dimer. The dimer
bound more strongly to oligomers of AS;7_49 relative to monomers, as each peptide has only
limited number of contacts with the ACD dimer, resulting in weak and transient interactions.
However, oligomer formation locks the peptides into a more rigid conformation, resulting in
a larger interaction surface [103]. Particular residues in @A, such as D69 [104] and F71 [105]
have all been proposed as being critical to chaperone activity, as have the C-terminal [106]
and N-terminal tails [107]. An important step in understanding what governs these protein-
protein interactions was the discovery of small peptides derived from the a-crystallin domain
that are active as chaperones. For example, the peptide “KFVIFLDVKHFSPEDLTVK”
from «A-crystallin has chaperone activity and was thus named mini-aA-crystallin [108]. In
aB-crystallin a similar peptide, “DRFSVNLDVKHFSPEELKVK?” was identified, and has

been called mini-aB-crystallin (see Figure 1.1B) [109]. The discovery of these peptides
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has allowed for more focused probing of the molecular mechanism of the client-chaperone

interaction involving the a-crystallin domain.

A common finding when investigating a-crystallin binding interactions is the importance of
hydrophobic interactions. Mini aA-crystallin is notably hydrophobic, and its confirmed site
of interaction with human ~vyD-crystallin specifically involves several hydrophobic residues
[110]. In human ~yD-crystallin, both the I4F and V76D variants stabilize an aggregation-
prone intermediate, leading to early onset cataract. However aB-crystallin does not recognize
either of these variants, whereas it does bind the [4F/V76D double variant [111], suggesting
that a minimum amount of unfolding is needed to trigger a-crystallin activity. More evi-
dence that full-length aB-crystallin can select between native-like and strongly aggregation-
prone proteins with very similar, folded structures is provided by the difference between
aB-crystallin’s robust binding to the G18V variant of human ~S-crystallin, but not the
G18A variant, which is likewise thermally destabilized, albeit to a lesser extent [112]. Sim-
ilarly, hydrophobic residues in melittin mediate the interaction of full-length aA-crystallin
with this peptide [113]. Although hydrophobic interactions are clearly important, there is
also more to the story. In aB-crystallin alone there are at least 13 peptide sequences related
to chaperone activity [114], and each of these could reveal unique mechanisms that explain
aB-crystallin’s prodigious ability to chaperone diverse client proteins. A schematic illustrat-
ing the general binding modes is given in Figure 1.3A; Figure 1.3B shows the location of the

mini-aA peptide and several other key residues on the a-crystallin monomer.

One area of current interest is how a-crystallin interacts with UV-damaged client proteins.
Current work has shown that a-crystallin forms very large complexes when binding Sp-
crystallin, and that the size of the complex is positively correlated with the content of UV-
damaged protein [115]. High-resolution structural studies are needed to resolve the details

of these complexes. So far studies have all mostly focused on the role and mechanism of the
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a-crystallin domain, but the N- and C- terminal extensions are also important, possibly for

initial client recognition [116], in addition to their role in mediating oligomerization.

1.7.1 Species-specific adaptations

a-crystallins have species-specific adaptations that enable them to recognize particular client
proteins: bovine a-crystallin effectively protects cow 7y-crystallins from aggregation, while
failing to interact with structural crystallins from the Antarctic toothfish, and even -
crystallins from the bigeye tuna only partially protected toothfish ~-crystallins under heat
stress conditions [117]. The cold adaptations required for the lifestyle of the Antarctic tooth-
fish, which lives at a temperature of -2°C year-round provide some clues to this exquisite
specificity. Like humans, the toothfish has two a-crystallin paralogs, aA and aB, although
its lens protein mixture is more complicated due to the much larger number of y-crystallin
paralogs [118]. Sequence comparison shows that a-crystallins from cold-adapted fish have
more hydrophobic residues than their warm-water counterparts, and mutating key residues
in zebrafish aA-crystallin with their counterparts in the toothfish protein altered surface
hydrophobicity (measured using bis-ANS binding), oligomerization, and chaperone activity
[119]. Unlike humans and toothfish, zebrafish have two aB-crystallins, aBa and aBb [120].
aBb is the more similar to human aB, whereas aBa has unusual oligomerization behavior

and superior chaperone activity against a panel of destabilized T4 lysozyme variants [57].

1.7.2 Human a-crystallin chaperone activity as as a biomedical

and therapeutic target

An important reason for studying the molecular mechanisms of a-crystallin chaperone action

and aggregation is the long-term goal of using this information in a therapeutic context. a-
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crystallin itself is potentially useful as a therapeutic agent against protein deposition diseases,
particularly the a-crystallin domain and component peptides. The a-crystallin domain binds
to, and prevents the fibrillization of Af;_4 [121], a protein found in amyloid plaques in
Alzheimer’s disease. The ability of a-crystallin to bind amyloid fibrils in a therapeutic
context has also been examined in the context of Multiple Sclerosis (MS). MS symptoms are
linked to the formation of amyloid fibrils of fibronectin, contributing to the formation of an
MS lesion, so maintaining the solubility of these proteins could lead to an effective treatment
for MS. In a clinical trial, doses of aB-crystallin were shown to reduce the number of MS
lesions by 76% over a 9 month period [122]. Delivery remains a problem with this approach:
it is difficult to get a-crystallin into the cell efficiently. aB-crystallin can be fused to the
glycoprotein C cell penetrating peptide, followed by stimulation of cell uptake by applying

heparan sulfate [123].

Of course a-crystallin is also associated with disease states, and so it is itself a target for
therapeutics. Attempts at treating a-crystallin associated cataract typically focus on res-
olubilizing the protein, as protein turnover in the lens is negligible so degradation in not
a viable option. Aspirin nanorods have shown effectiveness in maintaining a-crystallin sol-
ubility n witro, allowing for the possibility of an aspirin-based cataract treatment [124].
Mouse models of hereditary and age-related cataract have been successfully treated with
small molecules, with one compound in particular, 29, 5-cholesten-3b,25-diol, improving the
solubility of a-crystallin by 63% [125]. RNA aptamers can act as molecular switches to
control the activity of the targeted proteins. RNA aptamers have been developed that bind
specifically to aB-crystallin while not targeting the very similar awA-crystallin [126]. This
work marks an important first step toward selectively and specifically controlling the activity

of aB-crystallin.
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1.8 Conclusion and outlook

We have presented an overview of the current state of knowledge of the molecular mecha-
nisms of a-crystallin oligomerization and chaperone activity. Much of this information has
come from combinations of complementary methodologies, notably solid-state and solution
NMR with cryo-EM. Future progress toward understanding native a-crystallin oligomers and
their interactions with client proteins will require advanced biomolecular simulations. MD
simulations provide a detailed picture of how proteins move, leading to insights into protein
folding, enzyme activity, and solvent interactions [127, 128]. MD is also an integral part
of the process of refining macromolecular structures based on X-ray crystallographic [129]
and NMR [130] data. MD simulations are often performed using a detailed structural model
containing all the atoms in the protein as well as atomically detailed solvent molecules, al-
though coarse-grained approaches and implicit solvent treatments are also available. Monte
Carlo simulations can be used to study the equilibrium behavior of a wide range of physical
systems. In this method, the system starts in an arbitrary configuration, and a perturbation
is applied. Depending on whether the new configuration is lower or higher in energy, the
move is accepted or rejected [131], and a wide range of thermodynamic properties can then
be explored. In the context of systems containing many proteins, rigid-body models are often
used to reduce the computational cost [132]. Multiconformation Monte Carlo simulations
can reintroduce some conformational complexity at low additional cost by using a library of
predetermined protein conformations [133]. For systems that are characterized by complex
interactions among a large number of monomers, another alternative to computationally
expensive all-atom simulations is the network Hamiltonian dynamics approach, a coarse-
grained method in which a network Hamiltonian is written strictly in terms of connectivity
among the protein monomers, eliding the molecular-level details. The properties being sim-
ulated are therefore characteristic of the entire system rather than of the structural details

of any particular protein, allowing long-timescale simulation of systems comprising hundreds
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to thousands of monomers. This approach has been used to recapitulate all known types of
amyloid fibrils observed in the Protein Data Bank [134] and to model the formation kinetics
of several different fibrillization pathways [135]. It may also provide a modeling framework
for understanding a-crystallin oligomerization and the dynamic equilibrium among oligomers
of different sizes, even before detailed all-atom simulations for the full system can be ob-
tained. a-Crystallin forms complex, heterogeneous oligomers that are built up in a modular
fashion based on domain-swapping interactions with its N- and C-terminal extensions. The
full picture of a-crystallin chaperone behavior is very complicated, with different parts of
the chaperone contact- ing its aggregation-prone substrate depending on specific properties
of the client. A clear future direction in this area is the continued exploration of a-crystallin
interactions with a greater variety of misfolded or destabilized proteins, as the full range
of a~crystallin activity has probably not yet been characterized. Many different client pro-
tein modifications have been observed, ranging from amino acid substitutions to PTMs such
as phosphorylation and isomerization. A pattern that emerges from all of these studies is
that there are multiple pathways for aggregation depending on the nature of the modifi-
cation. As these aggregates are formed by different mechanisms and may have different
physicochemical properties, pharmaceutical interventions for medical conditions caused by
these modifications will require either tailored treatments or a general solution that encom-
passes all of the a-crystallin functionalities observed in nature. In contrast, understanding
a-crystallin properties and crystallincrystallin interactions can also lead to improved designs

for artificial lenses that more closely mimic the functionality of the biological lens.
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Figure 1.1: a-crystallin binding to client protein. (A) The initial recognition of the
client protein sometimes occurs at the N- terminal extension of the a-crystallin [116]. (B)
Mini aA-crystallin contains many hydrophobic residues that bind to the client protein
through hydrophobic interactions [110]. (C) aA-crystallin tightly binds the client protein,
keeping it in solution.
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Figure 1.2: Oligomeric states of a-crystallins. (A) The Jehle (top) [31, 42] and Braun (bot-
tom, PDB: 2YGD) [43] aB 24mer pseudoatomic models. Homodimers (left) are formed
through ACD (yellow) contacts. Dimers combine to form a hexameric species (middle)
through NTR (green) and ACD contacts. The C-terminal domain is highlighted in blue.
Hexamers combine to form the dominant 24-mer structures (right). (B) Pseudoatomic mod-
els of a 16-mer of wild-type reduced human aA-crystallin[49]. Top: aA-crystallin monomers
(blue and red) forming the f7-interface dimer. Dimers via interactions between N-terminal
extensions, to form z-shaped tetramers that stack to make up the pillars of the hollow
oligomer. Bottom: Monomers (red) binding through N-terminal interactions. (C) Cryo-EM
density maps from the Electron Microscopy Database (EMD) [49] of the (top) 12-mer (EMD-
4895), (middle) 16-mer (EMD-4894), and (bottom) 20-mer (EMD 4896) with three, four, and
five-fold symmetry, respectively, from the apical axis (right). All oligomers are formed from
a z-shaped tetrameric building block. Abbreviations: ACD, a-crystallin domain; cryo-EM,
cryo-electron microscopy; EMD, Electron Microscopy Database; NTR, N-terminal region;
PDB, Protein Data Bank.
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Figure 1.3: A A schematic of the interaction modes of aB-crystallin with client proteins.
There are several different possible paths for client recognition and chaperone activity. Both
the N- (green) and C-terminal extensions (blue) can act as site for initial recognition or
even as the active holdase region. In the case of initial recognition, the client initially binds
the flexible extension and then becomes bound to the a-crystallin domain. The a-crystallin
domain itself can also directly interact with client proteins for holdase activity, without
intermediate binding. B. Many specific residues and sequence regions are implicated in aB-
crystallin holdase activity. The mini-aB peptide is highlighted in red, while the other key
residues throughout the protein are labeled. These residues are D2, F24, F27 [107], R56
[136], D109 [59], R120[137], R157 [138], K82, K90, K92, K121, K166, K174, K175 [139].
Abbreviation: PDB, Protein Data Bank.
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Chapter 2

Human aB-crystallin discriminates
between aggregation-prone and
function-preserving variants of a

client protein

2.1 Introduction

For many proteins, the solubility and oligomerization state are critical functional properties
that are subject to alteration by mutation or post-translational modification. Protein aggre-
gation is associated with many human pathologies, including Alzheimer’s and Parkinson’s
diseases as well as chronic respiratory conditions [140], transthyretin amyloidosis[141], and
sickle cell anemia[l142]. Protein aggregates can cause disease via loss of function, as in a-

antitrypsin deficiency: when a-antitrypsin aggregates, the normal function of this protein to
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inhibit proteolysis is lost, leading to tissue disruptions[140]. In other cases pathogenesis is

due to direct cytotoxicity of the aggregates, as in transthyretin amyloidosis[141].

In the case of crystallins, their normal function is to maintain lens refractivity and trans-
parency. These proteins are therefore exceptionally stable and soluble, even at high concen-
trations (above 400 mg/mL in humans)[143, 144]. In the eye lens there is a negligible amount
of protein turnover[145], meaning that the crystallins must remain soluble throughout the
life of an organism, offering a unique model for the study of protein stability and solubil-
ity. With age, however, accumulated damage to the crystallins results in light-scattering

aggregates causing an opacification of the lens, a condition known as cataract.

There are two main classes of lens crystallins, a- and [v-crystallins. The a-crystallins
are small holdase chaperone proteins that form very large, multimeric complexes[146, 147].
The pv-crystallins are highly refractive structural proteins that maintain the refractive in-
dex gradient of the eye lens. Post-translational modifications including deamidation[148],
glycation[149], and UV-filter adduction[150] have been shown to reduce crystallin solubility.
Many mutations in both a- and S~-crystallins have been associated with early-onset cataract,
including the R116C [151] and the R49C variants [152] of aA-crystallin, the R120G variant of
aB-crystallin[153], the S39C[154] variant of «S-crystallin, and the P23T[155, 156, 157] vari-
ant of yD-crystallin. In particular, the yS-G18V variant of yS-crystallin has been associated

with childhood-onset cataract[158].

The structure of yS-crystallin is typical of Sv-crystallins in general, with two double Greek
key domains. Although the sequences of these two domains are not identical, their structures
are very similar, resulting in a highly symmetric protein. A theme that has emerged from
investigation of cataract-associated variants of vD- and «S-crystallin is their structures are
often not dramatically different from that of the wild-type protein. In the V24M variant, the
core of the N-terminal domain is more closely packed, but the protein maintains the overall

p-sheet structure[159]. Similarly, the tertiary structures of the yS-D26G [160] and vS-G18V
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[161] variants are only subtly different from that of ¥S-WT. The structure of vS-crystallin

with important features labeled is shown in Figure 2.1.

Although the structures of vS-G18V and vS-WT ~S-crystallin are very similar, the holdase
chaperone aB crystallin recognizes these subtle changes in structure, preferentially binding to
the partially destabilized vS-G18V variant but not the wild-type protein[161]. The unfolding
temperature of vS-G18V is 6 °C higher than the aggregation temperature, indicating that
the aggregation of the protein is not due to the protein simply unfolding; [162] instead
vS-G18V exhibits a slightly destabilized N-terminal domain characterized by an increase in
hydrophobic exposure on the surface of the protein [163]. Not all of the known cataract-
associated variants of structural lens crystallins exhibit increased hydrophobic surface area
or recognition by aB-crystallin. For instance, the cataract-associated [4F and V76D variants
of vD-crystallin do not bind to aB to any appreciable degree, even though these variants are

noticeably destabilized relative to yD-WT[164].

In order to investigate which local changes in structural crystallins enable recognition by
aB-crystallin, we generated the novel G18A variant of yS-crystallin (yS-G18A). This variant
was chosen to provide a minimal structural disruption that may or may not be recognized
by aB-crystallin, as the mutated residue is located in a tight turn with backbone torsion
angles that are canonically favorable only for glycine. We find that although yS-G18A
is thermally destabilized and somewhat aggregation-prone relative to vS-W'T, it exhibits
minimal structural perturbations at physiological temperature and is not recognized by aB-

crystallin.
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Figure 2.1: A schematic view of human vS-WT (PDB ID: 2M3T), highlighting key sequence
features, including [-strands (Left) and a-helices or loops (Right) on the structure. The
mutated residue (G18) is labeled as well. The span of each helix, strand, or loop is laid out
linearly (Bottom) to indicate how the sequence of vS-WT relates to the structure.
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Figure 2.2: CD spectra indicate that the overall fold of vS-G18A is similar to that of 7S-
WT. (A) CD spectra of vS-WT, vS-G18A, and 7S-G18V. The spectra of all three proteins
are similar overall, however 7S-G18V has a shoulder at 200-210 nm not observed in the
others. (B) Intrinsic tryptophan fluorescence spectra of vS-WT, vS-G18A, and S-G18V
after excitation at 280 nm. The spectrum of the yS-G18V variant exhibits a slight red shift
relative to the other two. (C) ANS binding assay for vS-WT, vS-G18A, and yS-G18V.
The vS-G18V variant has the highest intensity, indicating that the vS-G18V variant has the
largest hydrophobic surface area exposed to solvent.

2.2 Results and discussion

2.2.1 Experiments and molecular dynamics simulations suggest

that the overall fold of vS-G18A is similar to that of vS-W'T

The circular dichroism (CD) spectra of yS-WT, vS-G18A, and vS-G18V were measured to
probe changes in secondary structure. The spectrum of vS-G18A exhibits a minimum at 218
nm, indicative of a primarily S-sheet structure (Fig. 2.2A). The spectrum of vS-G18A is
more similar to yS-W'T than vS-G18V; it lacks the shoulder at 200-210 nm observed in the
spectrum of vS-G18V.[158, 162]

In vertebrate lens ~-crystallins, two buried tryptophans are ubiquitously conserved within
each domain.[165, 166]. Each set acts independently as a FRET pair, enabling the ~-
crystallins to quench UV radiation and act as a photoprotectant.[167, 168]. Minor changes

to the chemical environment surrounding the tryptophans reduce their quenching efficiency,
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providing a sensitive measure to detect minor conformational changes.[169, 170] Increased
polarity of the tryptophan environment from solvent exposure results in red-shifting of the
fluorescence spectrum[171]. This change can be observed for vS-G18V, in which the fluo-
rescence is broadened and the peak intensity is red-shifted to 328 nm (Fig. 2.2B). The
emission spectrum of vS-G18A is almost identical to that of vS-W'T, consistent with the
absence of increased relative solvent accessibility (RSA) observed in the vS-G18A Molecular
Dynamics (MD) simulations (see below), and indicates that the chemical environments near

the buried tryptophans are minimally perturbed (Supplementary Figure 1).

Anilinonaphthalene 8-sulfonate (ANS) is a small-molecule fluorophore often used to investi-
gate hydrophobic surface exposure in proteins.[172, 173] Binding is mediated through both
hydrophobic and electrostatic interactions.[174, 175] Increased hydrophobic surface area is
observed in some cataract-related variants such as vS-G18V, [163] vS-V42M, and yD-P23T,
but not others, including vS-D26G.[160, 173, 159] ANS fluorescence increases moderately in
the presence of vS-G18A relative to vS-W'T, but the signal is dramatically weaker than for
vS-G18V (Fig. 2.2C). Similarly, a hypsochromic shift to 513 nm (from 525 nm) is observed
for vS-G18A compared to 495 nm for vS-G18V. These changes indicate that vS-G18A ex-
hibits a small increase in hydrophobic surface area relative to vS-W'T. We hypothesize that
these changes are localized close to the mutation site; in our previous study of G18V the area
around this loop opened up to expose more hydrophobic side-chains to solvent[163]. Further,
the strong hypsochromic shifting in conjunction with increased fluorescence suggests strong

interactions with positively charged residues, such as Argl9 and Arg20.

MD simulations of ¥S-WT and vS-G18A were performed to investigate mutation-induced
changes in protein structure and dynamics. No dramatic changes were observed in the N-
terminal domain (NTD) or C-terminal domain (CTD) of ¥S-WT or vS-G18A as a whole
based on C, root mean square deviation (RMSD). Whole-protein changes are attributable

to the flexible N-terminal tail extension and inter-domain linker regions of the protein
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(Fig. 2.3). At the residue level, vS-G18A exhibits increased root mean-square fluctuations
(RMSFs) within the a-helices and sequential loop sequences of the NTD (Supplementary
Figure 2). Spatially, these regions are adjacent to the first 5-hairpin, which contains residue
18. At the mutation site, no large changes in RMSF are observed. There is no increase in
calculated solvent accessibility suggesting that the core of the protein would not be exposed
and there would be no additional hydrophobic patches in ¥S-G18A when compared to WT
(Supplementary Figure 1). The ¢ backbone angle of A18 is identical to that of G18,
whereas the ¢ angle is slightly larger and more broadly distributed (Fig. 2.4). Although
it is difficult to determine the exact significance of this change, alanine and valine exhibit a
near identical distribution of ¢)-¢ torsion angles in lens 8- and y-crystallins (Supplementary
Figure 3). Like V18 of vS-G18V, the torsion angle of A18 is dissimilar to all native - and
~v-crystallin alanines. Therefore, even though it is not as bulky or hydrophobic, alanine may
be expected to cause similar changes in the protein backbone conformation at the mutation
site. In vS-G18V the torsion angle changes results in altered backbone hydrogen bonding
with the subsequent g-strand relative to wild-type. This change, however, is not observed for
~v-G18A. The absence of significant structural differences between vS-G18A and vS-W'T as
observed in the MD simulations does not necessarily preclude the possibility of increased ag-
gregation propensity or a-crystallin binding, as it is well-established that structural changes
to the lens y-crystallins are not necessary to alter protein stability and aggregation in the

lens. [157, 162, 159, 160]

2.2.2 NMR chemical shifts of vS-G18A indicate only mild struc-

tural perturbations

The 'H-'N-HSQC [176] spectrum of vS-G18A (Fig. 2.5A) was measured in order to com-
pare the NMR chemical shifts, a sensitive probe of the local chemical environment, to those

of ¥S-WT and vS-G18V, which were measured previously. Chemical shift assignments were
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Figure 2.3: C, RMSD from the initial configuration. The time evolution of vS-G18A predicts
a well-folded protein much like vS-WT. Full = RMSD of all a-carbons. CTD = RMSD of
residues 95-178. NTD = RMSD of residues 6-86.
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Figure 2.4: Backbone torsion angles for lens vS-crystallin residue 18. (A) The -¢ popula-
tions of vS-G18A are similar to those of ¥S-WT. (B) The ¢ torsion angle distributions are
almost identical, while (C) the vS-G18A ¢ torsional angle distribution is broader that in
vS-WT.
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Figure 2.5: (A) 'H-'"N HSQC spectrum of vS-G18A. Peaks were assigned by comparing the
spectrum of vS-G18A to the previously assigned spectra of ¥S-WT and yS-G18V [177]. (B)
Overlaid "H-N HSQC spectra of ¥S-WT (green) and vS-G18A (magenta). The two spectra
overlay very well but some peaks are in slightly different positions. (C) Comparison of the
chemical shift differences between vS-G18A and yS-WT (green) and vS-G18A to yS-G18V
(blue).

determined by comparison to the vS-WT and yS-G18V assignments from the BioMagRes-
Bank (BMRB) (Entries 17576 and 17582), in which 72 % of shifts were assigned. As a
whole, the chemical shift perturbations (CSP) for vS-G18A indicate that the structure is
much more similar to yS-WT than vS-G18V (Fig. 2.5B,C). The most pronounced differ-
ences are observed in the first 50 residues of the N-terminal domain. Even for these residues,

the vS-G18A chemical shifts are still more similar to vS-W'T than to vS-G18V. Residues

17-20 were not assignable, probably due to local structural rearrangement.
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Transition 1 Transition 2

Protein  Midpoint [Gnd-HCl] AG,,,(kcal/mol) m (kcalimol™'daM™') Midpoint [Gnd-HCl] AG,(keal/mol) m (kcalimol™taM™)

WT 2.14+0.01 M 4.07+£0.01 -1.93+0.01
G18V 1.58+0.01 M 3.73+0.1 -2.36+0.01 2.3 £0.01 M 4.43+£0.01 -2.144+ 0.01
G18A 2.11+0.01 M 3.68+0.01 -1.75+0.01

Table 2.1: Thermodynamic parameters as calculated from chemical unfolding in Gnd-HCI.
The midpoint of unfolding is similar for all three proteins in the final transition, but vS-
G18V shows a stable intermediate. The parameters were calculated from the lines shown
in Supplementary Figure 4 where "m" represents the slope of each line. The midpoint of
unfolding was read at the x-intercept for each line and AG,,, was read at the y-intercept

2.2.3 ~S-G18A is of intermediate stability and aggregation propen-

sity, between vS-WT and +S-G18V

The stability of vS-G18A relative to vS-WT and 7S-G18V was measured in response to
chemical stress. Chemical denaturation was performed using guanidine hydrochloride and
assessed using the 355/325 nm fluorescence ratio (Fig. 2.6A). vS-WT and 7S-G18A follow
a two-state unfolding model with near identical unfolding midpoints at 2.1 M. In vS-G18V,
three state-unfolding is observed with an unfolding intermediate between ~1 M and 2 M. The
unfolding midpoint leading up to the intermediate is at 0.9 M and leading up to complete
unfolding is 2.3 M. We hypothesize that vS-G18A does not exhibit an intermediate unfolding
state because the minimal structural changes near the mutation site are not sufficient to
catalyze unfolding of the N-terminal domain. This is corroborated by the "m" parameter
for each protein, which is the dependance of AG on concentration of denaturant. For the
first transition observed in yS-G18V, m is higher than any slope in the second transition
suggesting that some part of the protein is more suseptible to denaturation by guanidine
hydrochloride. The 0G,,, of unfolding (Table 2.1) for each protein was calculated by using
a linear approximation of a two-state unfolding curve as previously described[178]. vS-G18V
was separated into two, two-state unfolding curves to generate its thermodynamic properties.
AGy,, of unfolding was estimated by extrapolating a line of best fit for each data set to 0

[178] (Supplementary Figure 4).
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Figure 2.6: The stability and aggregation propensity of vS-G18A are more similar to vS-
WT than to vS-G18V, although decreased stability is observed. (A) Chemical stability of
vS-WT, 7S-G18A, and vS-G18V was measured by taking the ratio of 355/325 nm after
incubation in increasing concentrations of guanidine hydrochloride. Both vS-WT and ~S-
G18A show very similar results. However, vS-G18V is the least stable protein, exhibiting a
three-stage unfolding pattern. The inset shows the linear extrapolation used to calculate the
parameters in Table 1.(B) Thermal unfolding curves were generated by monitoring the CD
intensity at 218 nm as a function of temperature for yS-WT (green), vS-G18A (magenta),
and vS-G18V (blue). vS-WT is the most stable protein with a thermal unfolding midpoint
temperature (T,,) of 77.6740.03 °C. The vS-G18A variant is of intermediate stability, with a
T,, of 69.8740.05 °C, while the vS-G18V variant is the least stable with a T,,, of 66.744+0.04
°C. (C) Thermal aggregation propensity was measured by DLS. Both yS-G18A and ~S-
G18V are aggregation-prone relative to wild-type, however, vS-G18V forms small aggregates
at physiological temperature, where vS-G18A remains monomeric. Each experiment was
repeated three times.
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Thermal denaturation as measured by circular dichroism (CD) as a function of temperature
(Fig. 2.6B). As previously observed, yS-WT is highly stable, with a unfolding midpoint
at 77.67£0.03 °C whereas 7S-G18V has the lowest unfolding midpoint at 66.74+0.04 °C.
~vS-G18A is of intermediate stability, with a unfolding midpoint at 69.87+0.05 °C. Although
vS-G18A is nearly as robust as vS-W'T with respect to chemical denaturation, its thermal

stability of vS-G18A is noticably depressed.

Although ~S-crystallin has a high thermal unfolding midpoint, thermal aggregation occurs
at much lower temperatures, probably due to transiently unfolded states. Using dynamic
light scattering (DLS), we measured protein aggregation as a function of temperature to
investigate the behavior of vS-G18A (Fig. 2.6C). Between 44 °C and 47 °C, aggregates <
10 nm in diameter are observable. These aggregates exceed 20 nm by 53 °C, after which large,
insoluble aggregates > 1000 nm are observed. The formation of intermediate size aggregates
of ¥S-G18A is similar to that of vS-G18V, but at elevated temperature. In contrast, vS-W'T
does not exhibit any aggregation until 51-53 °C, when large, insoluble aggregates rapidly
form. The similarity in thermal unfolding and aggregation of vS-G18A to vS-G18V suggests
that vS-G18A has a similar aggregation pathway to vS-G18V, but shifted such that its onset

occurs above physiological temperature.

2.2.4 aB-crystallin does not bind yvS-G18A

Our characterization of vS-G18A indicates that protein stability is reduced compared to vS-
WT, however, not as dramatically as it is in vS-G18V. Similarly, the aggregation propensity is
intermediate, with an onset temperature around 45 °C. Moreover, ¥S-G18A does not appear
to undergo large structural changes and does not exhibit a large increase in hydrophobic
surface exposure. We next investigated how yS-G18A would interact with aB-crystallin

to learn more about how mutated, but essentially structurally unmodified, y-crystallins
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behave as client proteins. Specifically, the objective was to determine whether the holdase
chaperone aB-crystallin could discriminate between vS-G18A and S-G18V. To this end,
'H-1°N-HSQC experiments were performed using mixed samples of ?N-labeled vS-G18A

and natural abundance human aB-crystallin.

aB-crystallin forms high-molecular weight complexes that enable it to keep bound client
proteins soluble.[147]. Therefore, if aB-crystallin were able to recognize and bind vS-G18A,
then the NMR spectra of the latter should display an increase in line-width and a change
in chemical shift for residues that participate in binding to aB-crystallin, as previously
observed for vS-G18V.[161] The HSQC spectra (Fig. 2.7A) of N-labeled vS-G18A in
the presence of natural abundance aB do not exhibit these changes, instead showing only
modest chemical shift perturbations (Fig. 2.7B) compared with vS-G18A alone, even as
temperature increases. The vast majority of the residues have a CSP of less than 0.05 ppm
at both 25 (Fig. 2.7C) and 37 °C (Fig. 2.7D). Using a threshold of 2*RMS, the CSP of
only 3 residues at 25 °C and only 4 residues at 37 °C are large enough to suggest significant
conformational change. In both cases these residues with the highest CSP are in the NTD
suggesting that there might be some very weak and transient interaction between the NTD

of vS-G18A and aB-crystallin.

When comparing the NMR, solved structure of vS-WT to the NMR structure of vS-G18V
and the predicted structure of ¥S-G18A there are some key structural differences that could
account for the changes in solubility and aB-crystallin selectivity (Fig. 2.8). It has been
previously shown that the binding interface for aB-crystallin includes the 3 cysteine residues
on vS-G18V [163]. In this regard vS-G18A is much more similar to vS-WT (Fig. 2.8A), so
it is possible that the conformation of this region of vS-G18A does not promote interactions

with aB-crystallin, while the altered conformation seen in vS-G18V does (Fig. 2.8B).
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Figure 2.7: aB-crystallin does not specifically bind yS-G18A. (A) N-HSQC spectra of
15N-labeled vS-G18A as a function of temperature. (B) N-HSQC spectra of ®N-labeled
vS-G18A mixed with natural abundance aB-crystallin. The spectra are almost identical,
suggesting little interaction between vS-G18A and aB. (C) Observed CSPs for vS-G18A
compared to yS-G18A+aB at 25 °C indicate very little change in conformation, suggesting
minimal interaction. Only four residues have a CSP greater than 2 «x RM S, residues 13, 22,
29, and 81. (D) a similar observation is made at 37 °C where only four residues show a CSP
greater than 2 x RM S, these residues are 9, 22, 27, and 47.

34



Figure 2.8: The predicted structure of vS-G18A is very similar to that of vS-WT. (A)
The overall structures of yS-WT (PDB ID: 2M3T) and vS-G18V (PDBID: 2M3U) are very
similar but there are some key differences. The loop region around the mutation site exhibits
an altered conformation suggesting altered salt-bridging interactions with this loop region.
The cysteine residues in vS-G18V are pointed out into the solvent and not turned into the
protein like in vS-WT. (B) Comparing a predicted structure of yS-G18A generated from
molecular dynamics simulations to the NMR structure of vS-W'T shows some important
similarities. Although vS-G18A has a slightly altered conformation in the loop region around
the mutation site, the disturbances are not sufficient enough to alter the conformation of the
loop containing cysteines 23, 25 and 27, in contrast to 7vS-G18V, where these cysteines are
more exposed to solvent.
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2.2.5 Conclusion

CD spectra and NMR chemical shifts suggest that the structure of vS-G18A is much more
similar to yS-WT than to vS-G18V. However, the protein is thermally sensitive and there was
a noticeable increase in aggregation propensity upon heating. Although it might be expected
that a protein of intermediate aggregation potential between vS-W'T and yS-G18V would
also bind aB-crystallin to some degree, this is not the case for vS-G18A. This indicates that
aB-crystallin is capable of discriminating very subtle structural changes in its client proteins,
binding to the aggregation-prone G18V variant while leaving the function-preserving G18A

variant untouched.
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2.3 Materials and Methods

2.3.1 Protein expression and purification

The G18A variant of human yS-crystallin was generated using standard site directed mu-
tagenesis. The cDNA encoding each protein and containing an N-terminal 6x-His tag was
ligated into a pET28a(+) vector (Novagen, Darmstadt, Germany) and transformed into
Rosetta E. coli for expression. All natural abundance proteins were expressed via [(-D-1-
thiogalactopyranoside induction. A culture of Lysogeny broth (LB) was an inoculated from
a starter culture at ODgyy of ~0.05 and grown to an ODgyy of ~1. The growth culture
was grown at 37 °C to an ODgyy of ~1.2 and then induced with 0.5 mM IPTG. After 24
hours at 25 °C the cells were harvested via centrifugation at 4000 rpm. The cells were lysed
by sonication and subsequently centrifuged. The lysate supernatant was purified by nickel
affinity chromatography and digested using TEV protease (produced in house) to remove
the 6x His tag. The TEV protease and 6x His tag were removed by a second round of nickel
affinity chromatography. Finally, size exclusion chromatography using a Superdex-75 SEC
column was run to confirm purity. Protein masses were further confirmed using a Waters

Xevo XS-QTOF.

For N-labeled protein expression, a culture of E. coli in natural abundance LB was grown
to an ODggg of ~1.2. The culture was spun down and the pelleted cells were resuspended in
an equivalent volume of M9 minimal media. The culture was allowed to grow for 1 h at 16
°C and before being induced with §-D-1- thiogalactopyranoside at a final concentration of
0.5 mM. The cells were then grown at 18 °C for 36 hours. Purification was performed using

the same procedure as the unlabeled abundance protein.
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2.3.2 ANS Fluorescence

vS-WT, 4S-G18V, and vS-G18A samples at 1 mg/mL (10 mM sodium phosphate, pH 6.9)
were incubated with 750 uM of 1-Anilinonaphthalene-8-Sulfonic Acid (ANS) for 1 hour at
room temperature. Spectra from 450-500 nm were collected on a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technology Inc., Santa Clara California, USA) using a 390 nm

excitation and 5 nm slit widths.

2.3.3 Circular dichroism (CD) and thermal unfolding

The circular dichroism of all proteins were collected using a J-810 spectropolarimeter (JASCO,
Easton MD). Samples were prepared at 0.1 mg/mL (10 mM sodium phosphate, pH 6.9) and
measured over the 190-250 nm wavelength range at RT. Thermal denaturing of proteins was
assessed via the absorbance at 218.0 nm. A temperature ramp of 2 °C/min was applied
over the temperature range of 25-85 °C using 5 second equilibrations and 1 °C increments.
Thermal denaturation experiments were performed at a sample concentration of 0.25 mg/mL
(10 mM sodium phosphate, 150 mM NaCl, 1 mM DTT, pH 6.9). The 50% unfolding point
was calculated by fitting each curve to a two-state unfolding model as described previously

162).

2.3.4 Tryptophan fluorescence and chemical unfolding

The intrinsic tryptophan fluorescence of all proteins was measured using a SpectraMax Gem-
iniEM spectrometer (Molecular Devices, USA). Samples were excited at 295 nm and emission
intensity was recorded from 300-400 nm. All samples were prepared at 0.1 mg/mL in 10

mM sodium phosphate, 50 mM sodium chloride, 0.05% sodium azide, pH 6.9.
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The chemical unfolding via guanidine hydrochloride were assessed by 355/325 fluorescence
ratio. Protein samples at 0.1 mg/mL were prepared in increasing concentrations of guanidine
hydrochloride up to 6 M. The reaction mixtures were equilibrated at room temperature for
48 hours. Unfolding curves were generated by calculating the fluorescence ratio of 355 nm

to 325 nm.

2.3.5 Dynamic light scattering

Protein thermal aggregation was measured via dynamic light scattering (DLS) using a Ze-
tasizer Nano-ZS (Malvern Analytical, Malvern, United Kingdom). The number mean was
used to assess particle sizes across a temperature range of 25-80 °C. Protein was diluted to

1 mg/mL in 10 mM sodium phosphate, 0.05% sodium azide, pH 6.9.

2.3.6 Solution-state NMR

BN-HSQC experiments were conducted using an 'H -C-»N 5 mm tri-axis PFG triple
resonance probe attached to a Varian *UnINOVA spectrometer (Agilent Technologies)
operating at 800 MHz (Oxford Instruments). Proteins were concentrated to 35 mg/mL and
then supplemented with 2mM TMSP and 10% D,O. 'H chemical shifts were referenced to
TMSP and *°N shifts were referenced indirectly to TMSP. NMR data were processed using

NMRPipe[179] and analyzed using NMRFAM-Sparky[180].

2.3.7 aB-crystallin binding assay

Lyophilized aB-crystallin was resuspended in 10 mM sodium phosphate at pH 6.9 and mixed

in a 2:1 ratio with the N-labeled vS-G18A variant of yS-crystallin at a concentration of 1.5
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mM. A series of " N-HSQC experiments were then performed at 25, 27, 30, 32, 35, and 37 °C.
The sample was incubated at the experimental temperature for 1 hour and the »N-HSQC
experiment was run for 2 hours at each temperature. The chemical shifts collected were
compared to a sample of a N-labeled vS-G18A variant of «S-crystallin at a concentration

of 1.5 mM. Chemical shift perturbations (CSP) were calculated using the following formula:

Gy, = \/ (AaN/5)22+ (Adg)?

2.3.8 Molecular dynamics simulations

The top configuration of the human yS-crystallin solution-state NMR structure[161] (PDB
ID 2M3T) was used as the initial protein configuration in the ¥S-WT simulation and in the
vS-G18A simulation after performing the Gly to Ala substitution at residue 18. The vS-W'T
simulation system consisted of a single protein chain, 11,493 water molecules and a single
sodium counterion to neutralize the protein net charge for a total of 37,347 atoms. The
initial simulation cell size was 63.573 x 81.480 x 77.315 A3. The vS-G18A simulation system
consisted of a single protein chain, 12,860 water molecules and a single sodium counterion

for a total of 41,451 atoms. The initial simulation cell size was 81.52 x 67.71 x 80.34 A3.

The simulations were performed with NAMD 2.9[181]. Each simulation system was subjected
to 10,000 steps of conjugate-gradient energy minimization followed by a 1-ns MD run at
constant pressure (1 bar) and a constant temperature (300 K) over which the protein was
released from its initial configuration in a stepwise manner using harmonic restraints on all
backbone heavy atoms. The simulations were then run for 518 ns (yS-WT) and 1048 ns
(7S-G18A) at constant temperature (300 K) and pressure (1 bar). The CHARMMS36 force
field[182, 183, 184] was used for proteins and ions and the TIP3P[185] model was used for

40



waters. The smooth particle mesh Ewald method[186, 187] was used to calculate electrostatic
interactions. Short-range, real-space interactions were cut off at 12 A by means of a switching
function. A reversible, multiple time-step algorithm[188] was used to integrate the equations
of motion with a time step of 4 fs for electrostatic forces, 2 fs for short-range nonbonded
forces. The integration time step for bonded forces was 1 fs in the vS-W'T simulation an
2 fs in the yS-G18A simulations . All bond lengths involving hydrogen atoms were held
fixed using the SHAKE[189] and SETTLE[190] algorithms. A Langevin dynamics scheme
was used for temperature control, and a Nosé-Hoover-Langevin piston was used for pressure

control.[191, 192]

2.3.9 Ramachandran analysis

The observed phi and psi angles for glycine, alanine, and valine were determined by collecting
all available native vertebrate lens Sy-crystallins from the PDB (40 structures). Angles were

calculated by using the DSSP package and processed using R.[193, 194]
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Chapter 3

Investigations into the Structure of

vS-W'T at High Concentrations

3.1 Introduction

The crystallins were named by Berzelius in 1830 after the apparent crystalline quality of
a substance isolated from eye lenses [6]. This name is misleading as the proteins of the
lens do not actually form a crystal and the wild-type crystallins are notoriously difficult to
crystallize. What the name does capture is the fact that the lens does form a firm, glassy
structure. This structure comes from the proteins of the lens forming a hydrogel due to the

high concentration of these proteins in the lens.

The concentration of proteins in the eye lens varies depending on the organism the lens is
from and what part of the lens is being examined. For example, mammalian lenses can have
protein concentrations up to 400 mg/mL [3], while the lenses from aquatic species exhibit
protein concentrations exceeding 1000 mg/mL [195]. Similarly the protein concentration of

the cortex is much lower than what is found in the nucleus [196].
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The majority of studies performed on the crystallins are done at concentrations far lower
than what is found in the lens. This is mainly due to experimental constraints, as performing
many kinds of experiments at concentrations greater than 300 mg/mL is not feasible. For
example, the first structure of «S-crystallin was solved by solution-state NMR, done at a
concentration of 40 mg/mL [197]. Other kinds of biophysical characterization are done
at even lower concentrations, in the 0.1-1 mg/mL range. This includes light scattering
techniques[112], circular dichroism[112, 162], fluorescent techniques[112], and so on. All of
these are at best two orders of magnitude lower in concentration that what is found in the
lens. The result of this is that much of what is known about the crystallins is their behavior

at very low concentrations, where the effects of molecular crowding are not in effect.

Molecular crowding can have a profound effect on a protein. These effects can range from
changing the folding dynamics of the protein to changing its enzymatic proprieties. For
example hen egg white lysozyme will refold much faster under crowding conditions as a
different folding pathways is preferred [198]. T4 DNA polymerase binds DNA with a much
higher affinity under crowding conditions [199]. With regard to the crystallins, both a-
crystallin and vyB-crystallin exhibit unique protein-protein interactions at high concentration
due an increase in particular kinds of anisotropic interactions [200]. a-crystallin exhibits a
resistance to aggregation under crowding conditions as the nucleation stage of aggregation

is inhibited [201].

This has naturally lead to the question of how do the crystallins behave under very high
concentrations, similar to what is found in the intracellular milieu of the lens fiber cells. There
is a clear difference in the physical properties of the crystallins as concentration increases.
In dilute solution human ~S-crystallin are primarily monomeric [202], and weakly repulsive
protein-protein interactions dominate [203]. This is in stark contrast to the firm gel that
forms in the lens at very high concentrations, where protein-protein interactions would be

responsible for holding the gel together.
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I hypothesize that there are important changes in the oligomerization state and the structure
of the protein to allow for hydrogel formation at high concentrations. To examine this I used
both solid-state and solution-state NMR to investigate the structure of yS-crystallin at the
residue level and use Cryo-EM to characterize the bulk hydrogel that is formed at high

concentrations.

3.2 Results and Discussion

3.2.1 Solution-State NMR of 7S-Crystallin

To first understand how concentration can affect the biophysical properties of yS-crystallin
we performed a series of ’N-HSQCs at increasing concentration (Fig. 3.1). At higher
concentrations the spectrum look identical to what is seen at lower concentrations in terms
of peak position allowing for easy assignment of the spectra (Fig. 3.2). This result suggest

that as concentration increases there is little change to the structure of the protein.

While there appears to be little change in structure of ~S-crystallin, the more crowded
environment found in a higher concentration solution, could result in altered relaxation
mechanisms brought on by different protein-protein interactions. For example if the proteins
begin to form complexes then you would expect a decrease in T,. As molecular motions slow
and different relaxation mechanisms become available causing the net magnetization vector
to return to equilibrium more quickly. Spin-spin interactions become prominent if the local
fluctuations in the magnetic field around a nucleus slow below the Larmor frequency of
that nucleus resulting in a higher degree of field inhomogeneity and therefore the transverse
magnetization of individual spins dephase with each other at a shorter time scale. From the

’N-HSQCs performed we measured the 'H linewidths as decreasing relaxation times would
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Figure 3.1: The '"N-HSQC of yS-crystallin is largely unchanged as concentration
increases. A "-HSQC At (Blue) 40 mg/mL, (Teal) 100 mg/mL, (Light Green) 200 mg/mL,
and (Dark Green) 275 mg/mL. There is a high degree of similarity between each of the

spectra.
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Figure 3.2: Solution state NMR of vS-crystallin at high and low concentration. *N-
HSQC of vS-WT at (light blue) 40 mg/mL reveals a well-dispersed peak pattern, expected
of a well folded protein. At (dark blue) higher concentrations (275 mg/mL) there is the same
overall placement of peaks but there does appear to be an increase in linewidth. Alternate
conformations of different residues are labeled in green.

result in an increase in peak width (Fig. 3.3). This result is consistent with the yS-crystallin

molecules interacting with each other more frequently due to the close proximity.

3.2.2 Solid-State NMR of +S-Crystallin Hydrogel

~vS-Crystallin was concentrated to point that a hydrogel was formed, at approximately 475
mg/mL and we examined the hydrogel using magic angle spinning solid-state NMR. Cross
polarization (CP) and INEPT experiments were performed to get an idea on the mobility
of the protein and individual residues. In CP experiments the chemical shift of nuclei can
be measured if the sample being measured exhibits slow molecular motions, due to dipolar-
coupling based magnetization transfer. A rigid solid could give a very high resolution spectra
when combined with magic angle spinning. INEPT experiments on the other hand transfer

magnetization directly through bonds due to J-coupling and require rapid molecular motions
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Figure 3.3: Linewidth increases as concentration increases. (A) The proton linewidth
of selected peaks at 40, 100, 200, and 275 mg/mL. In general the peaks begin to broaden
as concentration increases suggesting that the relaxation time for yS-crystallin is increasing.
(B) The fold change in line width was plotted as well to better illustrate how the linewidths
were changing.

for this transfer mechanism to be favored. A gel with a high degree of liquid like character
would how C- and »N-CP experiments reveal very little signal, with any signal noticed
simply being an artifact of the rotor (Fig. 3.4). As CP experiments highlight polarization
transfer through dipolar couplings a highly mobile sample would not show much signal in
a CP experiment. In contrast INEPT relies on magnetization transfer through J-couplings
and would be easy to measure if dipolar couplings are averaged to zero. The N-INEPT
performed by MAS-ssNMR shows very little resolution and very broad peaks making it very
difficult to make claims on the structure of the protein at the level of individual residues
( Fig. 3.5). The overall contours of the spectrum overlaps well with the solution state-
HSQCs performed and this suggests that the overall state of the protein is similar to that
seen in dilute solution. The ¥C-INEPT seems to show a higher resolution and better peak
separation than the N-INEPT upon inspection (Fig. 3.6). The higher resolution offered
by the 3C-INEPT is possibly do to a higher degree of flexibility in the side chains when
compared to the backbone of the protein, as faster molecular motions increase resolution
in INEPT experiments. The dispersion of peaks for the ¥*C-INEPT suggests that the fold

of the protein is well folded and similar to the structure found in dilute solution. Similar
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to the N-INEPT, the overall contours of the spectrum is very similar to what is seen in
solution-state NMR. Taken together these suggest that the structure of vS-crystallin in a

hydrogel is very similar to what is seen in dilute solution.

3.2.3 Cryo-EM of the Hydrogel Shows Different Phases and Hints

at a Maturation Process

What we can gather from the structural information gathered from NMR on ~S-crystallin
in a hydrogel is that the structure of the protein does not change as protein concentration
increases. This is surprising as there is a noticeable change in the bulk properties of the
protein at high concentration, when a gel is formed. To better understand what is the

topology of this hydrogel, the structure of the gel was examined with cryo-EM.

vS-crystallin was concentrated down to 625 mg/mL and prepared for cryo-TEM. When
compared to vitreous ice, the hydrogel shows a collection of filament type structures (Fig.
3.7). This suggests that the gel like properties of the sample are due to interactions between
these filaments. A similar sample that was left to age for 8 months in the gel state was also

prepared for cryo-TEM and revealed a larger particles of higher density protein (Fig.3.8).

Taken together this suggests that the formation of a firm gel takes time to mature and under
crowding conditions protein-protein interactions of vS-crystallin are altered to promote the
formation of filaments and aggregates that maintain a solution like quality and do not scatter
light. How these aggregates manage to maintain transparency is still a question that needs

active research.
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Figure 3.4: 1D Cross polarization experiments of gelled crystallin. Cross polarization
experiments show no signal for either (A) carbon or (B) nitrogen This suggests that there is
a high level of mobility in the sample.
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Figure 3.5: 'N-HSQC reveals very broad lines suggesting slower molecular mo-
tions. Compared to the HSQC done in solution (Blue) at 275mg/mL the solid-state INEPT
(Magenta) performed at 475 mg/mL has very broad lines and low resolution.

3.3 Conclusion

While there is still much work to be done some important things have been revealed in this
study. Firstly the molecular structure of yS-crystallin likely not significantly different in a
hydrogel or dilute solution. Second is that the hydrogel itself is not perfectly homogeneous,
and instead has an internal structure that changes over time. What still needs to be un-
derstood is how the structure of yS-crystallin contributes to the formation of the aggregates
and fibrilar structures seen in the gel. This includes how these structures are different from

light scattering aggregates seen during cataract formation.

These results mark the first biophysical characterization of yS-crystallin as a hydrogel, pro-
viding valuable information on how this protein might behave in the eye lens and as a
proof-of-concept for further studies on other lens proteins, aggregation prone variants of

these proteins, and client-chaperone interactions at physiologically relevant concentrations.
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Figure 3.6: 3C-INEPT reveals broad lines and has poor resolution but matches
nicely with a simulated "*C-INEPT. The measured "*C-INEPT (A) is difficult to inter-
pret but when compared to a (B) simulated *C-INEPT generated from published chemical
shifts [177] the two spectra do coincide.

Figure 3.7: ~S-crystallin hydrogel is comprised of filament like structures. When
compared to a preparation of vitreous ice (A), yS-crystallin at a concentration of 625 mg/mL
(B) appears to be comprised to a collection of filament-like structures.
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Figure 3.8: Cryo-EM images of highly concentrated ~S-crystallin reveal higher
density protein phases. Looking at a collection of different Cryo-EM images of ~S-
crystallin hydrogel that has been aged 13-months reveals different phases of protein concen-
tration in the sample that appear to be aggregates.

3.4 Materials and Methods

3.4.1 Expression and Purification of Human 7S-Crystallin

Human ~S-crystallin in the pET-28+(a) vector was transformed into rosetta cells. After
inoculation from an overnight starter culture, the growth culture was grown at 37 °C until
an ODgy of 1.2 at which point the culture was induced with 1 mM IPTG and grown
overnight at 37 °C. For ®N, 13C labeled protein the growth culture was also grown to an
ODgpp at which point it was spun down and resuspended in an equivalent amount of M9
minimal media enriched with >N ammonium chloride and ¥C glucose. This culture was
grown at 37 °C for 1 hour and then induced with 1 mM IPTG. This culture was grown
at 16 °C for 48 hours. In each case the cells were harvested and lysed through sonication.
Purification was performed by a round of nickel affinity chromatography, the 6xHIS tag
was cleaved by TEV protease, a round of nickel affinity chromatography to remove leftover

TEV protease, and a final round of size exclusion chromatography. The pure protein was
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concentrated with Amicon centrifugal filters with a 3000 MWCO and formed into a gel with

VIVASPIN 500 centrifugal filters with a 10000 MWCO.

3.4.2 Solid-State NMR

The N INEPT + experiment was performed using the following parameters: number of
scans = 480, sweep width = 21306.818 Hz, acquisition time = 0.0149248 sec. The protein
was concentrated to a hydrogel from a more dilute solution buffered with 10 % D20 10 mM
phosphate pH 6.9. The solids data was collected at 25C, spinning at 10K in a 3.2 mm rotor
on a 700 MHz Bruker Avance II. Data was processed with TopSpin and assignments were
done in NMRFAM-Sparky. All cross-polarization experiments were performed on the same
sample with the same rotor, spinning speed and magnet. Data processing was performed in

TopSpin

3.4.3 Solution-State NMR

All the P’N-HSQC experiments were performed with the following parameters: water sup-
pression was performed with the 3-9-1-9 watergate program, 10% D20 in 10 mM phosphate
pH 6.9, referenced to 2 mM TMSP, number of scans = 16, sweep width = 12019.23 Hz, acqui-
sition time = 0.085 seconds, Temp = 25C, performed on the Varian Inova 500 MHz magnet.

Data was processed with NMRPipe and assignments were done with NMRFAM-Sparky

3.4.4 Cryo-TEM

Cryo-TEM samples were prepared using a, Automatic Plunge Freezer ME GP2 (Leica Mi-

crosystems) and Quantafoil R2/2 TEM grids (Electron Microscopy Sciences) which were
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plasma cleaned for ten seconds in a 50:50 Ar:02 mixture (Gatan Solarus, model 950). 7 uL
of a 625 mg/mL wildtype crystallin sample was deposited on the grid in a controlled environ-
ment of 98% relative humidity at 20 °C. Immediately after deposition, the grid was blotted
for six seconds and plunged into liquid propane at -180 °C. Grids were loaded into a Gatan
Cryo-TEM holder and imaged using a JEM-2100F TEM operating at 200 keV. Images were
recorded using DigitalMicrograph (Gatan) software with a Gatan OneView CMOS camera
at 4k by 4k resolution. Aged crystallin gel was concentrated until a gel formed and then

stored at 4 °C for 13-months before preparation for Cryo-TEM.
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Chapter 4

The Droserasin 1 PSI: A
Membrane-Interacting Antimicrobial
Peptide from the Carnivorous Plant

Drosera capensis

4.1 Introduction

Plant carnivory has been considered as part of defense mechanisms involving the jasmonate
pathway [204]. In most cases, the leaves are modified for capturing prey, using a variety of
mechanisms including pitfall traps, the unique snap trap mechanism of the Venus flytrap,
and sticky flypaper traps, among others, and all of these plants must perform their digestion
without any mechanical breakdown of prey tissues, such as mastication. In species with
flypaper traps, such as the Drosera, digestion generally occurs in an exposed environment

over a prolonged period of time, without the benefit of a pitcher or closed trap. These
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plants catch prey in the sticky polysaccharide mucilage of their leaf tentacles, which then
wrap around the meal to increase contact with the digestive mucilage [205]. The digestion
is thus exposed to variable physical conditions from changes in weather and has increased
risk of opportunistic microbial growth from bacteria and fungi that compete for nutrients
from the captured prey and potentially infect the plant tissue, causing disease [206]. In
the Droseracaea, the evolution of carnivory was accompanied by the loss of many genes
common to other plants, and the concomitant expansion of genes specifically related to
carnivory [207]. For these reasons, carnivorous plants are a potential source of novel and
useful antimicrobial peptides as well as digestive enzymes. Here, we focus on an antimicrobial
peptide discovered from the genome of the Cape sundew, Drosera capensis. This plant is
relatively easily cultivated and has been the target of genome sequencing [208] and enzyme

discovery [209, 210, 211] efforts.

Analysis of putative digestive enzyme sequences from D. capensis revealed several aspartic
proteases that contain a segment of about 100 residues called a plant specific insert (PSI).
PSIs are mostly-helical domains that are often cleaved off during maturation and act as
independent proteins [212]. Structurally, PSIs are categorized as saposin-like proteins, a
protein family whose members have substantial sequence diversity but share a strongly con-
served, compact tertiary fold, usually stabilized by three disulfide bonds [213]. Although
the S. tuberosum PSI is monomeric in solution [214], it was crystallized as a dimer [212] and
appears to oligomerize upon interaction with anionic membranes [215, 216]. Membrane per-
meabilization can induce cytotoxicity and is a common antimicrobial defense. PSI-containing
aspartic proteases from D. capensis may have been recruited for digestive function due to
their ability to digest prey proteins as well as inhibit microbial growth during digestion.
These functions may be separate or synergistic: PSIs in the digestive mucilage could simply
serve to suppress the growth of pathogens, or may also function to make insect lipids more

available for digestion.
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In other plants, aspartic proteases containing PSIs are implicated in stress responses, senes-
cence, and pathogen responses [217, 218, 219]. Their overall function involves interacting
with lipid membranes in a variety of ways, including membrane localization, increasing
the availability of membrane lipids for enzymatic processing, and permeabilizing mem-
branes [220]. For example, in the cardoon, the PSI from the aspartic protease cardosin
A plays a role in vacuole localization [221, 222] and induces vesicle leakage below pH 5.5,
whether or not it is attached to the parent aspartic protease [223]. Similarly, the well-studied
PSI from the potato Solanum tuberosum disrupts lipid vesicles and bilayers [212] and has
been shown to exhibit antimicrobial activity against plant and human pathogens [224]. Here
we report the expression and characterization of recombinantly expressed Droserasin 1 PSI
(D1 PSI) from D. capensis. Our results show that the D1 PSI forms a compact, stable
structure and is indeed capable of disrupting and permeabilizing membranes and inhibiting

microbial growth.

4.2 Materials and Methods

4.2.1 Sequence Alignment and Clustering

All sequences from the Drosera capensis genome [208] and the Dionaea muscipula transcrip-
tome [225] that were previously annotated as coding for MEROPS A1l aspartic proteases
using the MAKER-P (v2.31.8) pipeline [226] and a BLAST search against SwissProt (down-
loaded 8/30/15) and InterProScan [227] were examined for the presence of a PSI. Sequence
alignment with the previously- characterized PSI from the Arabidopsis thaliana protease
APA1_ARATH was used for quality control; proteins that did not contain a full-length
PSI were not selected for modeling or further analysis. ClustalOmega was used to pro-
duce sequence alignments [228] for putative aspartic protease PSIs. The following settings

were used: gap open penalty = 10.0, gap extension penalty = 0.05, hydrophilic residues =
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GPSNDQERK, and a BLOSUM weight matrix. This resulted in six complete PSIs from
D. capensis and two from D. muscipula. Three previously-characterized aspartic proteases
from other plants are also included as reference sequences [229, 230, 231]. The resulting PSI

sequences were clustered by sequence similarity.

4.2.2 Structure Prediction

Structures for the PSIs were predicted using the Robetta [232] implementation of Rosetta [233].
This software uses a combination of comparative modeling and all-atom refinement based
on a simplified forcefield, yielding five structures for each protein. For the PSIs, both open
and closed conformations were observed in the models: we selected the lowest-energy rep-
resentative of each type of structure for each PSI. The open conformation was observed as
part of a dimer structure, which was also employed for subsequent modeling of the D1 PSI
as described below. This process was performed for the D. capensis and D. muscipula PSls,
as well as a reference PSIs from Arabidopsis thaliana. The PDB files corresponding to the
predicted structures for the PSIs reported in this manuscript are available in the Supple-
mentary Information. Protein structure figures were generated using UCSF Chimera [234]

and VMD [235].

4.2.3 Gene Construction, Expression, and Purification

Plasmids containing the DNA sequence of the D. capensis Droserasin 1 PSI (D1 PSI) genes
were purchased from Integrated DNA Technologies (San Diego, CA, USA). Each gene was
flanked by regions containing restriction sites for Ncol and Xhol and contained an N-terminal
6xHis tag and a TEV protease cleavage sequence (ENLYFQG). The gene was amplified using
oligonucleotide primers purchased from Integrated DNA Technologies (Coralville, A, USA),

and the resulting gene product was cloned into pET28a(+) vector (Novagen, Darmstadt,
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Germany). D1 PSI was overexpressed in SHuffle T7 Escherichia coli (New England Biolabs,
Ipswich, MA,| USA) using an autoinduction protocol [236] at 25 °C with the modification of
adding 50 uM IPTG [237]. Cells were allowed to grow for at least 24 h, lysed via sonication,
heated at 70 °C for 20 min to precipitate most E. coli proteins, and cell debris was removed
by centrifugation. His-TEV-D1 PSI was purified on a Ni-charged Bio-Scale Mini Profinity
IMAC Cartridges (Bio-Rad, Hercules, CA, USA) where bound protein was washed with low
imidazole wash buffer followed by washing with 40% isopropanol wash buffer mixture and
40% DMSO wash buffer mixture to remove potentially bound lipids before elution. The
His tag was removed with the use of a His-tagged TEV protease (produced in-house), over
one week, (the time required to obtain a sufficient yield of His tag-free protein), followed by
reapplication to Ni-charged Bio-Scale Mini Profinity IMAC Cartridges (Bio-Rad, Hercules,
CA, USA) to remove His-tagged TEV protease and uncleaved His-TEV-D1 PSI. The final
purification step consisted of applying the sample to a HiLoad 16/600 Superdex 75 pg gel
filtration column (GE, Pittsburgh, PA, USA) in 10 mM phosphate buffer. D1 PSI was
dialyzed into 10 mM phosphate, 0.05% NaNj3, pH 6.9, for all experiments unless otherwise
stated. The mass of the protein was confirmed by electrospray mass spectrometry. For
13, 1N labeled protein samples, protein was expressed using an optimized high-cell-density
IPTG-induction minimal media protocol [238]. Purification was performed in the same

manner as for natural abundance protein.

4.2.4 Circular Dichroism

D1 PSI was diluted to 0.125 mg/mL with either 10 mM succinate, acetate, MES, or phosphate
buffer at pH 4, 5, 6, and 7, respectively, for the collection of full circular dichroism (CD)
spectra between 190 and 260 nm in a 10 mm quartz cuvette. Three accumulations were
collected and no smoothing function was applied to the collected data. Additional spectra

were taken under the same conditions but where the D1 PSI was reduced in 1 mM DTT
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before dilution into the final buffer. Measurements were taken on a J-810 spectropolarimeter

(JASCO, Easton, MD, USA) equipped with a thermal controller.

4.2.5 Fluorescence Spectroscopy

UV fluorescence measurements were made on D1 PSI at a concentration of 0.2 mg/mL under
the same buffer conditions as for CD spectra including unreduced and DTT-reduced protein
for full emission spectra, with an excitation wavelength of 280 nm. Spectra were taken using

a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, CA, USA).

4.2.6 Characterization of Oligomeric State

0.5 mg/mL of purified D1-PSI with 6x His-tag were incubated in 50 mM ammonium formate
for pH 3.5, 50 mM ammonium acetate for pH 4, 5, and 6 or 50 mM ammonium bicarbonate for
pH 7 and 8. Intact protein samples were diluted 5-fold in water and then run on the SYNAPT
G2-Si Mass Spectrometer (Waters, Milford, MA, USA) via direct injection in a 80/20%
0.1% formic acid/ACN running buffer. Samples were ionized by electrospray ionization
with a capilary voltage of 2.7 kV and then separated by the T-Wave ion mobility collision
cell (Waters, Milford, MA, USA). The ion series generated was then deconvoluted using the
MaxEnt1 algorithm supplied by the MassLynx (Waters Milford, MA, USA) software package

to calculate the mass of the proteins at each pH.

4.2.7 Antimicrobial Assay

Antimicrobial activity of D1 PSI was measured by growing Pichia pastoris in standard yeast

extract, peptone, dextrose media (YPD) with the addition of 50 mM sodium phosphate and
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adjusted to pH 4, 5, 6, or 7, with or without 25 uM D1 PSI, peptide concentration was
selected to match previously reported experiments [224]. Two replicates were performed at
each pH value. Cells were grown in 15 mL culture tubes in a final culture volume of 1 mL.
Cultures were inoculated with a pregrown culture, resulting in a starting optical density
(OD) of 0.005 at 600 nm, and were allowed to grow for 48 h at 30 °C. After growth total

cell yield was estimated by measuring the OD at 600 nm.

4.2.8 Vesicle Fusion Assay

Lipids used for experiments were extracted from either F. coli or P. pastoris using the Bligh
and Dyer method [239]. The lipids were then dried under a stream of nitrogen gas and polar
lipids were extracted using a cold acetone precipitation [240]. The E. coli or P. pastoris
polar lipids were solubilized by repeated heating and cooling, between 42 °C and room
temperature, in either 10 mM succinate pH 4, 10 mM acetate pH 5, 10 mM MES pH 6, or 10
mM phosphate pH 7. The solution was then run through a mini extruder equipped with a
100 nm polycarbonate membrane (Avanti Polar Lipids, Alabaster, AL, USA) to create large
unilamellar vesicles (LUV) of approximately 100 nm in diameter. Vesicle size was monitored
over time at the different pH with or without 50 M D1 PSI using dynamic light scattering

on a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.).

4.2.9 Lipid Interaction Quantification

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3- phos-
phoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium
salt (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine sodium salt (POPS), and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphate sodium salt (POPA) were purchased from Avanti

Polar Lipids (Alabaster, AL, USA). A solution of 10 mM sodium acetate pH 4.5 containing
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75 uM of POPC, POPE, POPG, POPS, and POPA each was divided into two aliquots. One
aliquot had His-tagged D1 PSI added to a final concentration of 0.04 mg/mL. Both solutions
were sonicated for an hour at room temperature and applied to a Ni-charged Bio-Scale Mini
Profinity IMAC Cartridges (Bio-Rad, Hercules, CA, USA). The aliquot lacking D1 PSI had
the flow-through collected, while the elution was collected from the aliquot containing D1
PSI. Lipids were extracted from the flow-through and elution respectively using the Bligh
and Dyer method [239]. A series of ten-fold dilutions were made for each and the result-
ing samples were run on a Xevo G2-XS QTof spectrometer (Waters, Milford, MA, USA) in
positive mode, with an in-line ACUITY UPLC BEH C18 Column (Waters, Milford, MA,
USA), where lipids were eluted with a water/isopropanol gradient containing ammonium
formate. Only the sample concentrations within the linear range of ion intensities were used.
Ion intensities were tabulated for each lipid species and normalized to the total ion count to

estimate relative lipid proportions.

4.2.10 Solid-State NMR

Samples were prepared by evaporating away chloroform from 5 mg of POPC and POPA,
respectively, under a stream of nitrogen gas. Lipids were sonicated in 0.5 mL methanol to
redissolve lipids then 0.5 mL of water was added followed by 2 mg of 13C, 1°N labeled D1 PSI
dissolved in water. Protein lipid mixture was briefly sonicated, flash frozen and lyophilized.
Lyophilized sample was then hydrated with 10 pL 10 mM acetate, 0.025% sodium azide,
pH 4.5 buffer. The resulting sample was cycled between 42 °C and room temperature ten
times. Spectra were taken at the National High Magnetic Field Lab (Tallahassee, FL, USA)
using the 40 mm bore Series Connected Hybrid (SCH) magnet system, currently the highest-
field NMR magnet [241]. Two-dimensional *C-'3C cross polarization [242] dipolar assisted

rotational resonance [243] (CP DARR) spectra were obtained at 36 T, with a 2 mm CPMAS
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probe tuned to frequencies of 'H, 3C, N, with ferroshims, at a temperature of 10 °C, a

100 ms mixing time, and a MAS rate of 24.4 kHz [241].

4.2.11 Molecular Modeling and Analysis

Predicted monomer and dimer structures of D1 PSI as described above were modeled within
lipid bilayers using atomistic molecular dynamics (MD) simulations. Open monomer and
PSI dimer structures were first adjusted by adding disulfide bonds based on homology to the
potato (S. tuberosum) PSI, with protonation states corrected for pH 5 using PROPKA3 [244].
For each respective structure, a POPC membrane patch was prepared using the VMD mem-
brane plugin; for the monomer structure, a 100 A square patch was used, with a 150 A patch
employed for the PSI dimer. The membrane patch was then centered within a TIP3P water
box [245] of dimension 80 A normal to the patch, the PSI was added within the mem-
brane center, and 0.1M NaCl was added. (All structure preparation was performed using
VMD [235].) The prepared system was then equilibrated as follows. Initially, with all atoms
other than those of the lipid tails were held fixed, the system was minimized for 5000 iter-
ations and simulated at 300 K for 0.5 ns. (All simulations were performed in NAMD [246]
using the CHARMMS36 force field [247] under periodic boundary conditions in an NpT' en-
semble at 1 atm pressure with Nosé-Hoover Langevin piston pressure control [248, 249] and
Langevin temperature control (damping coefficient 1/ps).) Water and lipid were then re-
leased (with the protein held fixed), and the system was then minimized for 1000 iterations
and simulated for an additional 0.5 ns at 300 K; during this time, water was excluded from
the lipid layer using the script of [250]. Following this, all atoms were released, and the
system was equilibrated for 0.5 ns at 310 K. The final state of this trajectory was then used
as the initial state for a production run of 100 ns at 310 K with frames collected at 10 ps

intervals. This protocol was employed for both monomer and dimer structures.
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Following simulation, water flow through PSI-induced channels was measured by counting
transitions of water molecules through the membrane during each 10 ps observation window
using a custom R [251] script using the bio3d library [252]. Underlying flow rates were

estimated by Bayesian inference using an autoregressive latent rate model defined as

)‘i ~ ty(p/\i—la 0') Y~ NegBln()‘u Cb),

where ); is the log expected flow rate in window ¢ (in units of counts per window), Y;
is the number of water molecules transitioning in window 4, v and o are the degree of
freedom and scale parameters for drift in the latent rate function, p is an autocorrelation
parameter, and ¢ is the overdispersion parameter of the negative binomial distribution.
(Student’s ¢t and negative binomial distributions were respectively employed because of the
extremely bursty character of the flow process.) Weakly informative priors were used for all
parameters, based on physically plausible limits for the processes in question; specifically, we
take 1/¢ ~ HalfCauchy(0,5), o ~ HalfCauchy(0,5), v ~ Gamma(2,0.1), p ~ Normal(0, 1),
and A; ~ Cauchy(0,5). Posterior inference was performed using No-U-Turn Hamiltonian
Monte Carlo sampling [253] for 2000 draws using four independent Markov chains; simulation
was performed using the rstan package [254]. In addition to rate estimation, marginal
distributions of transition counts over all observation windows were also obtained; these were
compared to the distributions arising from Poisson distributions with equivalent expected

values to assess overdispersion.
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4.3 Results and Discussion

4.3.1 D. capensis and Related Plants Contain Several Aspartic

Proteases with PSIs

The genome of D. capensis contains at least six aspartic proteases with moderate sequence
identity to mammalian pepsin (Droserasins 1-6) [208]. These proteases are classified as
belonging to the MEROPS Al class [255], which also includes pepsin and the nepethesins
found in the digestive fluid of pitcher plants of the related genus Nepenthes [256, 257]. The
PSIs (without the catalytic domains) from D. capensis and D. muscipula were clustered by
protein sequence similarity (Figure 4.1). Three well-characterized PSI sequences from other
plants were also included for reference: C. cardunculus Cardosins A and B (Uniprot IDs
CARDA_CYNCA and CARDB_ CYNCA, respectively) and A. thaliana APA1 (Uniprot ID
APA1 ARATH) [229, 230, 231]. Previous studies have shown that recombinantly expressed
APA1 ARATH is maximally efficient at pH 5.3, and has a highly specific cleavage pro-
file with respect to the insulin S-chain [258]. The full-length droserasins share important
functional sequence features with the vacuolar protein APA1 ARATH and the cardosins, in-
cluding the active site residues, the disulfide bonding pattern, and the PSI. Protein sequence
alignments comparing sequences of the PSIs described here can be found in Supplementary
Figure S1. All the PSI sequences share a relatively high degree of sequence identity, but the
two from C. cardunculus are much more similar to each other than to the D. capensis, D.
muscipula, and A. thaliana sequences. The latter group further clusters into two subtrees,
with three representatives from D. capensis and one from D. muscipula in each group. The
Droserasin 1 PSI (D1 PSI) was chosen for further modeling and experimental characteri-

zation as a representative of the group that is less related to the previously characterized

APA1 ARATH.
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Figure 4.1: PSIs from D. capensis and D. muscipula clustered according to protein sequence
similarity. Reference sequences from Arabidopsis thaliana and Cynara cardunculus are also
included for comparison.

Saposin-like proteins, including plant aspartic protease PSIs, are very stable, in part due to
the presence of disulfide bonds that lock the tertiary structure into place [259]. This fold
has two characteristic conformations, a compact closed form (Figure 4.2A) and an extended
open form (Figure 4.2B), both of which can be adopted by human saposin C [260, 261].
The crystal structure of the S. tuberosum PSI captures the open structure, observed as a
domain-swapped dimer [212]. The corresponding model for the D1 PSI is shown in Fig-
ure 4.2C. The open conformation is proposed to be responsible for membrane-interacting
activity due its increased exposure of hydrophobic residues compared to the closed confor-
mation; in Section 4.3.7 we show via MD simulation that the open conformation of D1 PSI
is indeed compatible with embedding in lipid bilayers. As we show, dimers formed from
open-conformation monomers are also lipid-compatible, however; they have a distinct stabi-
lization mechanism. The experiments and simulations that follow were performed in order
to characterize the biophysical and membrane-interacting properties of the D1 PSI as a first

step toward understanding its mode of antimicrobial activity.
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G35-H65

Figure 4.2: Comparative models of mature D1 PSI were predicted using the Robetta
server [232, 233]. (A) Closed conformation. (B) Open conformation. (C) Predicted dimer
in solution.
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4.3.2 D. capensis D1 PSI Is Highly Stable

In order to test the thermal stability of D1 PSI, experiments were performed with protein
recombinantly expressed in E. coli. Typical yields of 20 mg/L of bacterial growth were
achieved. Purification and characterization data are shown in Supplementary Figures S2 and
S3. CD spectra were collected under different pH and temperature conditions. Regardless of
the pH, the CD spectra collected at 20, 55 or 90 °C show very little variance (Supplementary
Figure S4), indicating that at least the secondary structure of this protein is extremely
thermostable. Furthermore, after pretreating the PSI with DTT to reduce the disulfide
bonds, only a marginal reduction of signal is observed, indicating that the secondary structure

is perturbed very little even after its three presumptive disulfide bonds have been reduced.

To further probe the response of the D1 PSI to pH, temperature, and reducing agent, in-
trinsic tryptophan fluorescence spectroscopy was employed ((Figure 4.3). This technique
can provide information on the local environment of the tryptophan as a more hydrophobic
environment leads to a blue-shifted emission relative to a polar environment. The D1 PSI
only has one tryptophan, allowing that particular position to be probed. Here, the intrin-
sic fluorescence was measured under the same conditions used for CD experiments. Under
non-reducing conditions the wavelength of maximal emission is approximately 334 nm, re-
gardless of temperature or pH, indicating that the single tryptophan (W78) is moderately
exposed but insensitive to both pH and temperature. The emission intensity does decrease
as a function of temperature, a known phenomenon in proteins [262]. When the D1 PSI has
been reduced, there appears to be a slight shift in the emission maxima to approximately 337
nm, and more strikingly, the emission intensity increased relevant to the non-reduced PSI at
equivalent temperature. A likely explanation could be that in the oxidized form, the trypto-
phan is next to a disulfide bond that is capable of quenching it, as in the closed conformation
shown in Figure 4.2A but not the open monomer shown in Figure 4.2B, where the single Trp

is solvent-exposed. Reducing the adjacent disulfide would release the quenching [263].
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Figure 4.3: Intrinsic tryptophan fluorescence spectra of D1 PSI at pH 4, 5, 6, and 7. Spectra
were collected at 20, 55 and 90 °C in the presence (dashed lines) or absence (solid lines) of
DTT. The excitation wavelength was 280 nm. Under non-reducing conditions the emission
maxima are at approximately 334 nm regardless of pH or temperature. Under reducing
conditions the emission maxima for most of the spectra shift slightly to about 337 nm,
indicating slightly more exposure of the single tryptophan. Reducing the protein also leads
to an increase in the emission intensity, likely due to the reduction of a nearby disulfide bond
that was quenching the tryptophan.
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4.3.3 D1 PSI Is Monomeric in Solution over a Wide pH Range

There is experimental evidence that PSI of Solanum tuberosum forms dimers under low pH
conditions [216], leading to the hypothesis that the activation of D. capensis D1 PSI requires
dimerization at low pH values. To test this hypothesis, the presence of monomeric and
dimeric D1 PSI was measured by intact protein mass spectrometry at a range of pH values,
from 3 to 8 (Supplementary Figure S5). A dimeric form of D1 PSI would be expected to
predominate at pH 3.5 and 4 but not at pH 7 and above if there is pH-dependent dimerization.
For each pH value measured, D1 PSI was found to exist predominately in the monomeric
form. Notably even at low pH values (pH 3.5 and 4) the monomeric form of the protein
predominates. Also, the relative amounts of monomer to dimer do not change much as pH
changes. Taken together we conclude that the oligomeric state of D1 PSI in aqueous solution
is primarily monomeric, and is not strongly pH-dependent. This suggests that either the
active form of D1 PSI is the monomeric state or that lipid bilayer interactions are required

for dimerization.

4.3.4 D1 PSI Enables Vesicle Fusion at Acidic pH

Based on previous studies in the literature, the simulations described in Section 4.3.7, and
preliminary results consistent with inhibition of microbial growth at pH 5 (Supplementary
Figure S6), we hypothesize that the PSI permeabilizes the membrane. We therefore used
a vesicle fusion assay to test whether and how the D1 PSI interacts with membranes. Dy-
namic light scattering (DLS) was used to monitor increasing vesicle size due to fusion from
membrane disruption. First, 100 nm large unilamellar vesicles (LUVs) were prepared using
E. coli polar lipid extract. At all pH conditions tested, LUVs were stable in size over time as
shown in Figure 4.4A. Upon addition of D1 PSI the distribution of LUV size begin to shift

to larger sizes, but only at pH 4 and 5: the pH 6 and 7 samples do not change in size. DLS
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measurements of the D1 PSI alone were also recorded at each pH. For each sample, only one
peak was present, corresponding to a size of about 2 nm, which was stable over time. When
LUVs were made using yeast polar lipid extract instead, again the LUVs are stable over time
at each pH (Figure 4.4B). When D1 PSI is added to the LUVs, only at pH 4 and 5 does the
size distribution increase, similar to the results for the FE. coli polar lipids. These findings
are consistent with the antimicrobial assay in that D1 PSI interacts with membranes in a
pH-dependent manner where it is only active at acidic pH. Another noteworthy observation
is that with LUVs composed of F. coli polar lipids the rate of vesicle fusion was slow and
gradual while in the case of the yeast polar lipids the change was very rapid at pH 4. Not
only is the rate faster in this case, but for the pH 4 yeast polar lipid condition, smaller peaks
appear at the latest time points. A potential hypothesis to explain the presence of these
smaller particles after extended time is that it is possible that the D1 PSI is actually able to
extract some of the lipids from the vesicle into small lipoprotein particles, consistent with

the role of some saposins as surfactants.

4.3.5 D1 PSI Is Able to Interact with Lipids Having Diverse Head

Groups

After showing that D1 PSI was able to interact with membrane lipids from a natural source
that contains a variety of lipid species, we sought to gain insight into whether the D1 PSI
preferentially binds specific polar lipids. The S. tuberosum PSI was found to interact with
both anionic and neutral lipids, although its specific mode of membrane interaction does
depend on the head groups, with more membrane disruption observed in negatively charged
membranes [215]. Furthermore, the presence of cholesterol inhibits membrane fusion activ-
ity, making the PSI non-toxic to animal cells [214]. First, the affinity of D1 PSI for different
phospholipid head groups was tested. Five phospholipid species containing different head

groups, but the same acyl groups (a singly unsaturated 18-carbon acyl chain and saturated
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Figure 4.4: (A) LUVs of 100 nm were made using an E. coli polar lipid extract. LUVs were
made in buffered solutions at pH 4, 5, 6, and 7. Vesicle size was monitored over time using
DLS, either with (bottom) or without (top) D1 PSI. LUVs made with lipids alone are stable
in size for all pH values, but upon addition of D1 PSI they fuse into larger vesicles at acidic
pH. (B) LUVs of 100 nm were made using a yeast polar lipid extract. LUVs were made in
buffered solutions at pH 4, 5, 6, and 7 and size was monitored using DLS over time, either
without (top) or with (bottom) D1 PSI. Again, LUVs are stable in size for all pH values,
but upon addition of D1 PSI they fuse into larger vesicles at acidic pH.
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16-carbon acyl chain), were tested for their ability to associate with the D1 PSI. A solution
was prepared containing both the neutrally-charged POPC and POPE as well as negatively-
charged POPG, POPS, and POPA. One aliquot of this lipid solution had His-tagged D1
PSI added and was mixed, allowing time for lipid-protein interactions to occur. Then the
lipid-protein mixture was applied to Ni** resin where the PSI would bind, bringing with it

any associated lipids, while unbound lipids were washed away.

The PSI was eluted and any lipids that associated with it were quantified by MS and com-
pared to the composition of the original lipid solution (Figure 4.5A). As shown in Figure 4.5B
there is no significant difference in relative lipid composition between the original lipid so-
lution and the lipids that co-purified with the PSI. However, it is possible the kinetics of
association may be different depending on the lipid composition as hinted with the vesicle
fusion assay (Figure 4.4). During membrane association the PSI must first interact with the
head groups, before interacting with the acyl chains buried in the membrane. It is possible
that specific head groups more strongly interact with the PSI, promoting initial association,
followed by contact with the acyl chains, at which point PSI-acyl chain interactions pre-
dominate. The lack of sensitivity to the lipid head group makes the D1 PSI a promising
candidate for making lipoprotein nanoparticles of different sizes for NMR studies of other

membrane proteins, as previously demonstrated for saposin A [264, 265, 266].

4.3.6 Solid-State NMR Shows That D1 PSI Is Ordered and Strongly

Bound to the Membrane

Solid-state NMR (ssNMR) is often used to solve the structures of membrane-associated pro-
teins whose complexes with lipids are too large to tumble isotropically in solution. Because
ssNMR makes use of magic angle spinning (MAS) to average out chemical shift anisotropy

and dipolar coupling interactions it does not suffer the size limitations of solution-state NMR.

74



A PSI
Lipid solution + \

~

Relative composition

POPC

Niz*-affinity,
wash, and
elution
- ' |
g | m/z
Lipid MS quantification
o .
PN NP\ Lipids onl
o o o - p y
) o * [ PS!lipids

POPE POPG POPS |

OH
° 0 0 \/\ ; i
\\/ \/\N< “\/ NHs* O\AVOH /l\ E—H
* | N -, \/ © o o
3
NH3*

Figure 4.5: (A) Schematic representation of the experimental procedure.
tion containing POPC, POPE, POPG, POPS, and POPA was prepared and split into two
aliquots. One aliquot was treated with His-tagged D1 PSI and allowed to mix before pu-
rifying the His-tagged PSI and bound lipids from the unbound lipids. Lipids were then
extracted from the D1 PSI and lipid solution and relative lipid species were quantified using
mass spectrometry. (B) Results of lipid quantification. Blue represents lipids from the initial
lipid mixture while red represents lipids that were bound to D1 PSI. The data indicate that
there is no difference between the initial composition of lipids and the composition of lipids

bound to the D1 PSI.

5

A lipid solu-



This allows for the use of vesicles or bicelles as a membrane system to study membrane pro-
teins [267]. Because of its similarity to saposins, the D1 PSI may be useful for stabilizing
lipid nanodiscs, which are composed of a small section of lipid bilayer that is encircled by a
membrane scaffold protein [268]. For ssNMR studies, 3C, 1N isotopically labeled D1 PSI
was expressed, purified and mixed with a mixture of 1: 1 POPC and POPA at pH 4.5.
The sample was sent to the National High Magnetic Field Laboratory in Tallahassee, FL to

obtain spectra.

Our NMR investigations of this protein begin with 2D 3C-13C correlation spectra collected
using the dipolar-assisted rotational resonance (DARR) experiment [269, 243]. Early exper-
iments using nano- or microcrystalline preparations of small, globular model proteins such
as BPTI [270], ubiquitin [271], GB1 [272], and the a-spectrin SH3 domain [273] demon-
strated that this type of homonuclear correlation can be used to provide partial assign-
ments. In the usual procedure, well-resolved resonances with distinctive chemical shift
values are identified, followed by mapping of spin systems via a "walk” among the prox-
imal 13C atoms of the sidechain. Full assignments can then be obtained using further 2D,
3D and 4D experiments [274, 275], followed by the measurement of through-space distance
restraints (often using these same simple homonuclear correlations), and finally, structure
determination [273, 276, 277]. This methodology is also fully applicable to membrane pro-
teins [278, 279, 280], most readily in cases where the protein adopts a well-ordered confor-
mation in the membrane. The 3C-3C CP DARR spectrum (Figure 4.6) shows that there
are clearly-defined peaks that are reasonably well-dispersed, demonstrating that the PSI is
not overly mobile and is not structurally heterogeneous in the sample so as to distribute the
signal over multiple chemical shifts. Additional DARR spectra were collected with mixing
times of 50 and 400 ms (Supplementary Figure S7.) These spectra are similarly well-resolved,
and comparing the three spectra shows the expected increase in the number of cross-peaks

with increasing mixing time, as correlations between more distant spin pairs are observed.
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Figure 4.6: (A) CO (left) and aliphatic (right) regions of a *C-13C CP DARR spectrum of D1
PSIin a 1:1 POPC, POPA membrane system was taken at 10 °C and spinning at 24.4 kHz.
The spectrum displays well-resolved off-diagonal peaks of reasonable intensity indicating that
the PSI is suitable for ssNMR structure determination. Tentative assignments are labeled
by residue type. (B) The inset region shows some representative cross-peaks in the aliphatic
region.

These preliminary spectra indicate that this protein is amenable to structure determination
by ssNMR. Based on common '3C chemical shifts we can tentatively assign some residues
based on correlations between the Ca and Cf carbons. For example, 1 Ala, 3 Val, 1 Pro,
and 4 Asn residues were tentatively assigned. This suggests that a backbone walk is feasible
for D1-PSI in a POPC and POPA membrane system. Carbon chemical shifts were compared
to the average chemical shifts from all the proteins in the BioMagResBank [281], gathered
from http://www.bmrb.wisc.edu/ref_info/statful.htm as published on 5/14/2020. 3D
experiments will be needed for complete resonance assignments. Further sample preparation,
such as optimization of lipid composition and protein-lipid ratios, is also needed to increase

the signal of the sample and to explore how the D1 PSI responds to different lipids in the

membrane system.
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4.3.7 Molecular Modeling Suggests Potential Stability of Both
Monomeric and Dimeric D1 PSI within Membranes, and

Indicates That both Induce Permeability

To further explore the potential interaction of the D1 PSI with membranes, in particular the
question of whether the membrane-interacting form is likely to be monomeric or dimeric, we
performed all-atom molecular dynamics (MD) simulations of the PSI within POPC bilayers.
As both monomeric and dimeric conformations have been proposed to be biologically relevant
for other PSIs, we examined both cases. After 100 ns (following initial stabilization and
equilibration) at 310K, we see that both monomeric and dimeric forms retain stable-but
quite distinct-conformations within the bilayer. Figure 4.7B provides a schematic depiction
of the monomeric case. The PSI assumes the open “L” conformation, with the terminal
helices V1-Y13 and E87-P106 forming a partially solvated “pontoon” that sits parallel to
the lipid surface and the central helix pair (residues G14-134 and D66-N86) spanning the
bilayer at an angle of roughly 120 degrees with respect to the “pontoon”. On the opposite
side, the protein is anchored by a mostly unstructured, hydrophilic loop region (G35-H65)
that extends well into the solvent (see Figure 4.7C). This conformation appears to be stable,
and indeed the “hinge” between the pontoon and the spanning helices would appear to
allow the PSI to accommodate substantial deformation in membrane curvature or thickness

without extensive conformational change.

In the case of the dimer, we observe a very different anchoring strategy. Figure 4.7E shows
a schematic of the D1 PSI within the bilayer. In this case, the PSI forms a symmetric
homodimer that anchors to both sides of the bilayer by respective copies of the hydrophilic
anchor loop (G35-H65). Interestingly, the hydrophobic residues of the central helices that
are lipid-exposed in the monomeric case serve here as the core of the homodimer, remaining

stable despite burial in a hydrophobic environment. By contrast, the nominally lipid-exposed
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residues about the core (which form the “back” of the open “L” in the monomer, and the
pontoon) are largely hydrophilic. This does not appear to destabilize the dimer; instead,
these residues appear to facilitate the maintenance of a water channel, as described below.
As with the monomeric case, the anchor loop is aggressively solvated, with a water layer
extending several nanometers beyond the lipid head groups (Figure 4.7F). The highly flexible
nature of the anchoring loops suggests a substantial entropic contribution to the free energy
of the lipid-embedded dimer (more so than for the monomer), possibly allowing the dimer to

remain anchored within the bilayer at higher temperatures or at higher ionic concentrations.

Both monomeric and dimeric D1 PSI are observed to induce local changes in membrane
conformation, creating “depressions” in the membrane surface (Figure 4.7C,F) that are linked
to transmembrane water channels (Figure 4.7G,H). In the monomeric case, a single channel is
formed that follows the hydrophilic residues on the “back” of the spanning helices, bridging
to the hydrophilic residues on the sides and “bottom” of the pontoon (Figure 4.7G). For
the dimer, the larger available hydrophilic surface area tends to produce multiple locally
solvated regions (Figure 4.7H), supporting a broader channel structure. Examination of
water transport across the membrane confirms that these apparent channels do indeed induce
membrane permeability. Figure 4.8A shows posterior estimates of water transport rates
(molecules/ns) across both simulated MD trajectories. As suggested by the broader channel
structure, the PSI dimer supports a higher and somewhat more consistent mean flow rate
(apx 37 molecules/ns) than the monomer (apx 7 molecules/ns), though the former is still
somewhat “bursty” and irregular. Flow through the monomer channel is extremely irregular,
with infrequent bursts and substantial changes in the overall flow rate over longer time scales
(the former being evident from the roughness of the estimated rate function). Additional
confirmation of the bursty nature of water flow in both cases can be seen by comparing
the marginal distribution of observed transition events over short (10 ps) intervals to an
equivalent Poisson process, as shown in Figure 4.8B. While the upper tail of the transition

counts (i.e., numbers of water molecules observed to transition through the channel) is
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heavier than the Poisson in both cases, the departure is especially profound for the monomer
trajectory. This may arise from the relative asymmetry of the channel structure (as shown
in Figure 4.7G), which may create “pools” of water that can only pass when the monomer
assumes specific conformations. Whether or not this is the case, the substantially higher
mean flow rates for dimeric D1 PSI suggest that enhanced concentrations of PSI within
membranes will produce greater than linear increases in membrane permeability, potentially

contributing to toxicity in biological settings.

4.4 Conclusions

In conclusion, the D1 PSI is a mostly a-helical, highly thermostable peptide that maintains
its secondary structure up to 90 °C, even under conditions where its three disulfide bonds
are reduced. It causes vesicle fusion in lipid mixtures from both yeast and E. coli, but
only at a pH < 5, consistent with the physiological pH of D. capensis digestive mucilage.
Mass spectrometry of bound lipids upon extraction from lipid mixtures indicate that the
PSI interacts with a wide range of lipids, independent of the charge on the head groups.
Solid-state NMR data indicate that it strongly interacts with the membrane in a bicelle
mixture, consistent with its robust lipid interactions in vesicle fusion assays. Furthermore,
these data suggest that the PSI adopts an ordered conformation when interacting with
the membrane, making structural studies in the membrane-bound state feasible. A major
question left to be resolved is the oligomeric state of the PSI in membranes. In aqueous
solution, it is predominantly monomeric over a wide range of pH values from 3-8. However,
MD simulations show that either the monomeric or dimeric state may interact with and
permeabilize membranes. In both the monomeric an dimeric states, the PSI in its open
conformation can span the membrane, inducing local changes in membrane curvature and

allowing the passage of water molecules from one side to the other. Further experimental
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Figure 4.7: Conformations of monomeric (A-C) and dimeric (D-F) D1 PSI in POPC bilayer
after 100ns. Both monomer and dimer assume stable but distinct conformations within the
membrane (A D), anchored by loop regions and (for the monomer) a helical “pontoon” as
shown schematically in (B,E); blue regions indicate solvent, whereas grey regions indicate
lipid. Loops extend substantially into solvent in both cases (C,F), while a depression forms
in the surrounding bilayer. Bilayer depressions are linked to channels along the hydrophilic
regions of the protein (G,H), through which water diffuses.
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Figure 4.8: Both monomeric and dimeric D1 PSI conformations induce permeability in
lipid bilayers, as revealed by MD trajectories. (A) Posterior median estimates (solid lines)
and 95% posterior intervals (shaded areas) of trans-membrane water flow as a function of
simulation time. Transport is extremely “bursty” in both conformations, with substantially
larger fluctuations in mean rate for the PSI monomer trajectory. (B) Marginal distribution of
transport events (cross-membrane water molecule transitions) per 10ns observation interval
(bars). Observed distributions are heavier-tailed than Poisson distributions with equivalent
expectation (lines), indicating high levels of “burstiness’ even on short timescales.
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characterization is needed to elucidate the mechanism of membrane interaction, which may

involve monomers, dimers, or even larger pore-forming complexes.
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Appendix A

A.1 Supplement for Human aB-crystallin discriminates
between aggregation-prone and function-preserving

variants of a client protein.
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Figure A.1: The difference between relative solvent accessibility of vS-WT and vS-G18A on
a per residue basis. There is no large scale difference in relative solvent accessibility between
vS-G18A and yS-WT with only a few residues falling outside of the RMS. The dotted lines
represent the RMS = +0.115
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Figure A.2: C, root mean squared fluctuation (RMSF) per residue. yS-G18A exhibits in-
creased thermal backbone fluctuations in the loops 30-35 and 65-75. The asterisks indicates
the position of residue 18. [-strand, helix, and loop secondary structure features are indi-
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Figure A.3: Ramachandran plots for all native (A) glycines, (B) valines , and (C) alanines in
all the available lens fv-crystallin structures. (D) Ramachandran plots for all the glycines in
the homologous beta-turn position to yS-W'T G18 from all available v-crystallin structures
(shown in green), as well as G18 in yS-WT and V18 in vS-G18V(shown in black). In general,
Ala and Val 1-¢ populations are highly similar compared to Gly. Therefore, we might expect
the A18 torsion angles to be more comparable to V18 than G18.
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Appendix B

B.1 Supplement The Droserasin 1 PSI: A Membrane-
Interacting Antimicrobial Peptide from the Car-

nivorous Plant Drosera capensis.

0 (] o0 [
CARDB_CYNCA NQQUKTLV GQYGKNMIQM LTSEVQPD SH TFD GAHDVRSMIE SVVD SSGG---EIC TFCE ONETXRNETE DNIINHVNEV CDQLPTS
CARDA_CYNCA NQQUKTVV SRYGRDIIE SKIQPD SH TFD GARDVSSIIE SVVD SSGGIHDEMC TECE QNEIXQSETE DNIINYANEL CEHLSTS
02VCI9_SOLTU SMECKTIV SQYGEMIWD SGVRPDQV CSQAG D GAQHVSSNIR TVVERE SVG--EAPLC TACE QNQLXQAGTX EKVLEYVNQL CEKIPSP
Diomu_L6139T1 SQE QYGQTTMD EASS SRVGL(T-- --REGVSMGIE SVVDXE SSGIVRD D QONQLQONTTQ ELILNYINEL CERLPSP
Droserasin 2 SQE SQYGQTILE ETSP SQISLCTED GTRGVSMGIE SVVDKE SSGIVED SACE QONQLOONQTQ ELILNYANQL CERLPSP
Droserasin_3 SQE SQYGQTILE ETSP SQISLOTED GTRGVSMGIE SVVDKE SSGIVRD SACE QONQLQQNQTQ ELILNYANQL CERLPSP
Droserasin_4 SQE SQYGQTILE ETSP SQISLCTED GTRGVSMGIE SVVD ss D SACE QONQLQONQTQ ELILNYANQL CERLPSP
ASPR_HORVU SQECKTIV SQYGQQILD ETQP SQVGLCTED GTRGVSAGIR SVVDDE SNGLRADPMC SACE QNQLAQNXTQ DLILDYVNQL CNRELPSP
APALl_ARATH SQQUKTVV DQYGQTILD SETQP SQIGLCTFD GTRGVSMGIE S SNGVGD SACE QSQLEQNMTQ ERILNYVNEL CERLPSP
Droserasin_1 SVECKTVV SQYGKTILD EZQPQ SQIGLCTFD GERGVSMGIE SSGRLHDATC TACE ONQLEQNETE ERILNYANQL CERLPSP
Droserasin 5 SVECKTVV SQYGKTILD! EAQPQ SQIGLCTFD GERGVSMGIE SSGRLHDATC TACE QONQLEQNETE ERILNYANQL CERLPSP
Diomu_L584T2 SQECKT QYGKTILD TEAQPQ SQIGLCTFD GKRGVSMGIE S SGRVHDASC TACE QNQLEXNQTE DRILNYASEL CERLPSP
Droserasin_6 SVECKTVV SQYGKTILD EAQPQ SQIGLCTFD GERGVSTGIE S SSGRLHDASC TACE QONQLRXNETE ESILSYANQL CERLPSP
@ conserved residue helix 3
C in disulfide bond XX [N/QJ-[N/QJ-[A/L/IVI-[R/K]-[N/Q] motif

Figure B.1: Sequence alignment of PSIs from D. capensis and D. muscipula, along with
reference sequences from Arabidopsis thaliana and Cynara cardunculus.
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75kD

25kD

11kD

Figure B.2: This 12% SDS-PAGE shows D1-PSI purified from an anion exchange column in
50% ethanol. Lane 1 shows Blue Stain Protein Ladder from Gold Biotechnology (Olivette,
MO), Lane 2 is the flow through of the cell lysate from the column. Lanes 3, 4 and 6 are
D1-PSI eluted off the column with 250mM NaCl, 500mM NaCl and 1M NaCl, respectively.
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Figure B.3: Mass of D1-PSI was obtained via electrospray mass spectrometry with the
Waters (Micromass) Quattro Premier XE machine. We confirm a mass size of 11.87kD for

D1-PSL
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Figure B.4: Circular dichroism spectra of the D1 PSI at pH 4, 5, 6, and 7. Spectra were
collected at 20, 55 and 90 °C in the presence (dashed lines) or absence (solid lines) of
DTT. Spectra indicate that the secondary structure of the protein is highly stable under all
conditions tested. Furthermore, reduction of disulfide bonds by DTT apparently results in
only small changes to the secondary structure.
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Figure B.5: Mass spectrometry of intact D1-PSI at pH 3.5, 4, 5, 6, 7, 8 as calculated using the
maximum entropy deconvolution algorithm. At each pH tested, D1-PSI exists predominately
as a monomer (11868 Da) , with a minor dimer peak appearing at each pH (23737 Da). The
relative amounts of monomer to dimer does not change significantly as the pH of the solution
changes and the monomer peak predominates at pH values where D1 PSI would be active.

120



N untreated
20-
B 25 M psi
< 15
N
o
)
.; 10,
8
5,
0
7 6 5 4

pH

Figure B.6: Pilot test of antimicrobial activity. The yeast P. pastoris was grown at pH
4, 5, 6, 7 with or without 25 M D1 PSI. Two replicates were performed. Error bars
indicate standard errors. At close to neutral pH of 6 and 7 there was little to no difference
between the treated and untreated cell yield (pH 7: Mean difference (treatment - control):
0.064, t=0.184, p=0.884 95% CI for mean difference: -4.355, 4.483. pH 6: Mean difference
(treatment - control): 0.969, t=8.338, p=0.075 95% CI for mean difference: -0.483, 2.421.).
At pH 4, very little cell growth was observed ( Mean difference (treatment - control): 0.006,
t=3.674, p=0.067 95% CI for mean difference: -0.001, 0.014). At pH 5, where the D1 PSI
is hypothesized to be active, treated cells showed a reduced overall cell yield, indicating
antimicrobial activity of D1-SI (Mean difference (treatment - control): -4.422, t=-2.631,
p=0.228, 95% CI for mean difference: -25.000, 16.152.) The results from this pilot experiment
are qualitatively compatible with our hypothesis that the D1 PSI inhibits microbial growth
at its active pH, but the number of replicates is too small to reliably draw strong conclusions
(results not significant at 0.05 under a two-sample t-test). Future studies will include more
replicates and a finer gradation of pH values between 5 and 6.
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Figure B.7: CO (left) and aliphatic (right) regions of 3C-'3C CP DARR spectra of D1 PSI
in a 1:1 POPC, POPA membrane system collected at 10 °C and spinning at 24.4 kHz with
(A) a 50 ms mixing time and (B) a 300 ms mixing time. Both spectra show well-resolved
off-diagonal peaks, although the intensities are different, reflecting the different mixing times.
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Supplementary Table 1: Aspartic protease PSI PDB files available for download.

protein organism conformation file name
APA1 ARATH A. thaliana open APA1 ARATH_ PSI xmonomer ml.pdb
APA1 ARATH A. thaliana closed APA1_ARATH_PSI smonomer m2.pdb
Diomu_L6139T1 | D. muscipula open Diomu_L6139T1_PSI_xmonomer_m2.pdb
Diomu_ L6139T1 | D. muscipula closed Diomu_ L6139T1_PSI_smonomer_ml.pdb
Diomu_L584T2 | D. muscipula open Diomu_ L584T2 PSI xmonomer ml.pdb
Diomu_ L584T2 | D. muscipula closed Diomu_ L584T2_PSI_smonomer m2.pdb
Droserasin 1 D. capensis open Droserasinl _PSI__xmonomer ml.pdb
Droserasin 1 D. capensis closed Droserasinl_PSI__smonomer_m2.pdb
Droserasin 1 D. capensis dimer Droserasinl_ PSI_dimer.pdb
Droserasin 2 D. capensis open Droserasin2_ PSI__xmonomer_m1l.pdb
Droserasin 2 D. capensis closed Droserasin2_ PSI__smonomer_m2.pdb
Droserasin 3 D. capensis open Droserasin3_ PSI__xmonomer_ m1.pdb
Droserasin 3 D. capensis closed Droserasin3_ PSI__smonomer_m2.pdb
Droserasin 4 D. capensis open Droserasind_ PSI__xmonomer ml.pdb
Droserasin 4 D. capensis closed Droserasin4d  PSI__smonomer_m2.pdb
Droserasin 5 D. capensis open Droserasinb_ PSI_ xmonomer_ml.pdb
Droserasin 5 D. capensis closed Droserasin5_PSI__smonomer_m2.pdb
Droserasin 6 D. capensis open Droserasin6_ PSI__xmonomer__ml.pdb
Droserasin 6 D. capensis closed Droserasin6_ PSI__smonomer_m2.pdb
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