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ABSTRACT OF THE DISSERTATION

Exploring Cold-Adapted Eye Lens Proteins and Discovery of an Antimicrobial Protein
from a Carnivorous Plant

By
Jan C. Bierma
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2019

Professor Rachel W. Martin, Chair

This thesis explores the eye lens proteins from the Antarctic toothfish Dissostichus mawsoni
and how they have evolved to the subfreezing temperatures of their environment. This in-
cludes showing that toothfish vS1- and yS2-crystallins are less stable than their homologous
human counterparts and working toward solving their structures using solution-state NMR.
By making structural and biophysical comparisons, inferences can be made about how these
crystallins have become cold adapted. Another unique adaptation of D. mawsoni is the
ability to completely resist cold cataract, a liquid-liquid phase separation of the proteins.
By studying yM-crystallins from D. mawsoni that are susceptible to phase separation and
performing site specific mutagenesis it was discovered the temperature of phase separation
could be controlled by simply swapping between lysine and arginine residues. These results
hint at hydration effects and salt bridges as being a major factor influencing the crystal-
lin’s propensity to self associate into a separate liquid phase. To further characterize these
proteins their functional role of providing refractive power was measured. The results of
these measurements demonstrated that all the crystallins tested had a refractive index much
higher than would be predicted by their amino acid composition. This suggests that protein
conformation has a large impact on protein refractivity and the assumed models used to

predict protein refractivity must be approached much more carefully.

x1



Also described is the D1-PSI discovered in the genome of the carnivorous plant Drosera
capensis. As a saposin-like protein, it has demonstrated the ability to interact with mem-
branes in a way that can exhibit anti-microbial growth. Results show that this PSI is able
to disrupt membranes, but seems to lack bias for which lipid head groups it interacts with
in the context of a stable lipoprotein complex. To better understand what is structurally
happening to the D1-PSI while interacting with a membrane, solid-state NMR experiments
are ongoing. Such information can inform the mechanism by which D1-PSI is capable of

disrupting membranes.
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Chapter 1

The vS-crystallin proteins from the
Antarctic nototheniid toothfish: a model
system for investigating differential
resistance to chemical and thermal

denaturation

1.1 Background

Proteins require optimized stability and flexibility to perform their biological roles, including
interacting with binding partners, responding to their environment and resisting aggrega-
tion. Protein function depends on both structure and dynamics; making the folded state of
a protein more stable by rigidifying it does not necessarily lead to enhanced functionality.|1]

Comparisons among homologous proteins from thermophilic, mesophilic, and psychrophilic



organisms have often shown that these proteins are comparably flexible when each is con-
sidered at its physiologically relevant temperature, even though in thermodynamic terms
adaptation to higher temperature often correlates with higher stability.[2] The crystallins,
the structural proteins of the eye lens, are unusually stable and thus present an attractive
model system for studying questions of protein stability. These proteins create the high re-
fractive index necessary for this specialized tissue to focus light on the retina. Unlike in land
animals, where the air-water interface at the cornea provides a significant amount of focusing
power, in aquatic organisms the crystallins alone produce the refractive capability of the eye.
Fish lenses therefore have both increased protein concentrations and greater refractivity of
the proteins themselves in comparison to their mammalian counterparts. While the crystal-
lin concentrations in mammalian lenses can reach up to 450 mg/mL, lenses belonging to

aquatic organisms reach up to 1,000 mg/mL [3, 4].

In vertebrates there are two common types of lens proteins: the gv-crystallins, which are
primarily structural, and the a-crystallins, which have an additional function of binding
damaged structural proteins and preventing aggregation|5]. These two protein families have
different evolutionary histories and distinct structures|6]. The a-crystallins are believed to
have resulted from the gene duplication of an ancestral a-crystallin domain; these proteins are
closely related to each other and to other chaperone proteins|7, 8|. The structural crystallins,
including the taxon-specific crystallins found in many organisms, and the Sv-crystallins that
are the focus of this study have been recruited from diverse abundant, soluble proteins via
gene sharing or duplication often followed by selection for increased refractivity of the protein
itself|9, 10, 11]. The fv-crystallin superfamily, which is characterized by two double Greek
key domains, is thought to be derived from a calcium-binding motif that existed before the
evolution of eye lenses,[12] as evidenced by similarity to calcium-binding proteins in sequences
from archaea,[13] slime mold,[14] and urochordate[15]. The urochordate (Ciona intestinalis)
protein in particular is highly similar to the vertebrate members of the family, but with

two notably different features: it has only one domain rather than two, and it contains two



calcium binding sites. Despite this common evolutionary history, functional mammalian
lens proteins lack calcium-binding activity [16]. A study of the structure and dynamics of
zebrafish (Danio rerio) yMT7-crystallin by solution-state NMR has revealed a potentially
general unfolding pathway for all Svy-crystallin domains [17]. Although this protein has the
same overall fold as the mammalian v-crystallins, there are significant primary sequence
differences, including enhanced methionine content as well as the absence of some of the
tryptophan residues that are strongly conserved in mammals. In teleost fishes, the yvM-
crystallins are the most common structural proteins in the lens, while -crystallins are more
common in humans [18|. Although ~S-crystallins are a relatively minor subclass in both
cases, they were chosen as the focus of this study because their amino acid sequences are

strongly conserved among all vertebrates and because of their ability to resist cold cataract

19].

Crystallins, particularly in fish lenses, are enriched in highly polarizable amino acids and
depleted in aliphatic amino acids as a result of their selection for high refractive index
[20]. This selective pressure can sometimes work against the selective pressure for cold
tolerance, which favors a relatively high proportion of hydrophobic residues. In comparing
crystallin proteins from different environments, two notions of protein stability are relevant
[21]. The thermodynamic stability, AG® of unfolding, is the difference in Gibbs free energy
between the folded and unfolded states, measured by reversible denaturation of the protein
[22]. The unfolding temperature, T,,, which is measured by (usually irreversible) direct
thermal denaturation [23]. Although they are not directly comparable, the thermal and
chemical stabilities of similar proteins are often positively correlated; in a series of homologs
or variants, it is common for the ordering of thermal and chemical denaturation resistance
to follow the same ordinal ranking. In the case of the eye lens crystallins from the Antarctic
toothfish (Dissostichus mawsoni), comparing the thermal and chemical stabilities of two
closely related proteins provides insight into the different sequence characteristics related to

their two major functions; cold tolerance and high refractive index.



The Antarctic toothfish lives in the cold waters of the Southern Ocean, where temperatures
can be as cold as -2 °C. This large fish has a relatively long lifespan (=~ 50 years). Its lens
proteins are therefore resistant to both age-related loss of solubility and the formation of cold
cataract [24]. D. mawsoni has two yS-crystallin paralogs, vS1- and yS2-crystallin (abbrevia-
ted vS1 and 7S2 throughout), with a sequence identity of 60%. Protein turnover is very low
in the eye lens, requiring the crystallins to maintain their stability and solubility over the
whole lifespan of the organism. In mesophilic organisms, high stability corresponds to a high
thermal denaturation temperature and high AG® of unfolding. Quantitative thermodynamic
studies of cold-adapted proteins so far have generally found decreased thermodynamic sta-
bility [25, 26, 27, 28]. In general, psychrophilic proteins are characterized by decreased core
hydrophobicity, depleted isoleucine content, increased surface hydrophobicity, fewer total
charged residues, increased surface charge, a lower arginine/lysine ratio, weaker interdomain
and intersubunit interactions, decreased secondary structure content, more and longer loops,
more glycine residues, fewer and weaker metal-binding sites, fewer disulfide bonds, fewer elec-
trostatic interactions, and increased conformational entropy of the unfolded state [29]. Some
of these adaptations conflict with the primary optical function of the v-crystallins, for which
highly polarizable amino acids are selected. Quantitatively, this is described by the refractive
index increment (dn/dc); the change in refractive index with concentration. Although this
can be empirically determined, for proteins it is often assumed to be described by a simple
additive model in which only the amino acid content is important for determining dn/dc for

the entire protein molecule [10].

Here we compare the thermal and chemical stabilities of D. mawsoni vS1- and yS2- crystal-
lins in light of these competing functions. Although these proteins have comparable values
for AG® of unfolding, surprisingly, ¥S1 is more susceptible to thermal denaturation while
~vS2 is more readily unfolded with urea. For related proteins, these quantities are typically
positively correlated with each other and with overall thermodynamic stability. The diffe-

rential resistance to thermal and chemical unfolding in this system underscores the different



mechanisms of unfolding involved, and the intramolecular interactions involved in resistance

to them.

1.2 Materials and Methods

1.2.1 Gene construction, expression, and purification

Plasmids containing the ¢cDNA sequences of the human ~S-crystallin (hvyS), D. mawsoni
7S1 (GenBank, DQ143971.1) and 7S2 (GenBank, DQ143972.1) genes [30] were purchased
from Blue Heron Biotech, LLC. (Bothell, WA). Each gene was flanked by regions containing
restriction sites for Ncol and Xhol, an N-terminal 6x His tag, and a TEV cleavage sequence
(ENLFQG) with the N-terminal methionine of hyS, yS1 and «S2 replaced by the final glycine
in the cleavage sequence. The toothfish crystallin genes were amplified using oligonucleotide
primers purchased from Sigma-Aldrich (St. Louis, MO) and the resulting gene products
were individually cloned into pET28a(+) vectors (Novagen, Darmstadt, Germany). h~S,
~vS1 and vS2 were overexpressed in Rosetta (DE3) Escherichia coli using standard IPTG-
induced overexpression protocols at 25°C in standard Luria broth (LB). Cells were allowed
to grow for 16-24 hours post induction. The cells were lysed by sonication and cell debris was
removed by centrifugation. His-TEV-h~S, His-TEV-yS1 and His-TEV-+S2 were purified on
a Ni-NTA column (Applied Biosystems, Foster City, CA). The pure protein was collected
from the column elution fraction and then dialyzed extensively against 10 mM phosphate

buffer, pH 6.9, for all experiments.



1.2.2 Circular dichroism

Purified 4S1 and vS2 was diluted to 0.125 mg/mL with 10 mM phosphate buffer at pH 6.9
for the collection of full circular dichroism (CD) spectra, and to 0.25 mg/mL with 10 mM
phosphate buffer at pH 6.9, 150 mM NaCl, and 1 mM DTT for unfolding experiments.
Measurements were taken on a J-810 spectropolarimeter (JASCO, Easton, MD) equipped
with a thermal controller. For unfolding measurments, the samples were heated at a rate of
2°C/min. For thermal denaturation curves, the CD at 218 nm was monitored and the curves
were fit to a two-state equilibrium unfolding model to determine the thermal denaturation

temperature (T,,).

1.2.3 Fluorescence spectroscopy

UV fluorescence measurements were made on yS1 and yS2 at a concentration of 0.075 mg/mL
in 10 mM phosphate buffer, pH 6.9. Samples for chemical unfolding curves were prepared
with increasing concentrations of 10 M urea (Fisher Scientific, Waltham, MA). Urea stock
solutions were prepared as outlined by Pace et al. [31]. Samples were allowed to equilibrate
for at least 24 hours before absorption-emission fluorescence spectra were obtained using a
F4500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) with a A., of 280 nm. The
ratio of baseline-corrected emission intensities at 360 nm and 320 nm was used for analysis.
To determine the thermodynamic parameters (AGS and m-values), AG|yreq) Was calculated
from the normalized equilibrium unfolding data and a linear least squares fit was performed

in Mathematica to the line:

AG;, = mlured (1.1)



where AG?, is the value of AG at 25 © C, extrapolated to zero concentration of denaturant,

and m is a measure of the dependence of AG on denaturant concentration.

1.2.4 Dynamic light scattering

Dynamic light scattering (DLS) measurements were obtained with a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) on 7S1 and vS2 at a concentration of 1.0 mg/mL in
10 mM phosphate buffer, pH 6.9. At each temperature, the sample was allowed to equilibrate
for 2 min before measurements were obtained, after which scattering measurements were

performed in triplicate, resulting in a heating rate of ~0.5°C/min.

1.2.5 Transmittance

Transmittance was obtained using a Cary 4000 UV-Vis (Agilent Technologies, Santa Clara,
US) on hvS, vS1 and 7S2 at a concentration of 10.0 mg/mL in 10 mM phosphate buffer,
pH 6.9 from 25 °C to 5°C.

1.3 Results and Discussion

1.3.1 Primary sequence analysis suggests adaptation for high re-

fractivity

The structural Sv-crystallins share a common fold consisting of paired homologous double
Greek key domains, each with two sets of four adjacent antiparallel S-strands linked by short
loops. This protein architecture has been identified as contributing to the very high stability

of the fry-crystallins [32]. The stability of the fold is in part due to the tight interdomain

7



interface that contains several critical hydrophobic interactions [33]. Homology models based
on the solution structure of hyS(PDBID 2M3T) [34] were constructed using SwissModel [35].

and are shown in Fig. 1.1.

Figure 1.1: Homology models of D. mawsoni vS1 (grey) and S2 (blue) based upon the
solution structure of human ~S-crystallin.

~vS-crystallin is found in many vertebrates, and its primary sequence is highly conserved
accross diverse species including fish, mammals, and birds [36, 37, 38, 39]. A sequence
alignment for hyS, vS1, and «S2 is shown in Fig. 1.2. Both «S1 and vS2 have moderate
sequence identity to hvyS, (57% and 53%, respectively). Conserved residues include the four

tryptophans, several glycines in loops, and other structurally important residues.

In general, the amino acid composition of proteins is relatively constant, as it primarily de-
pends on factors such as the codon redundancy and mutation tolerance [40, 41|, such that
deviation from the average amino acid frequency is often indicative of selection for a par-
ticular function or environmental adaptation. For example, thermophilic proteins are often
enriched in arginine because of its importance in forming stabilizing salt bridges [42]. Many

psychrophilic proteins are depleted in proline content, possibly because of the reduced low-



HyS 1 GSKTGTKI DEKNFQGRRYDC CDCAD TYL) RCNSIKVEGGTWZ—\VYERPNFAGYMYILPQGEYP WMGLNDRL 80
TyS1 1 S———SKI DRNFQG RCNSIKVE YEKPN YVLTRGEYP NDT 77
TyS2 1 G-———-- KIAE‘FEDKNFQG C DC DLRSY GRCNSVKVE YERPN YILSSGEYP QQWM NDS 75

Hys 81 SSCRAVHLPIGIQIKI FEKGDESG YETTEDCPSIMEQFHMREIHS KV GVWIFYELPNY QYLLDKKE p 160
TyS1 78 RSCRTFSYT ERPNFQG MEFSEDCES QENFCSHDIYS GYW PNY il lzl 157
TyS2 76 KSCRSIQNVYGKSWKIRFMENKDFEGQAAECVEDCASMYETFKFQEVHSS DGAW PNYCGHQ EYNNY 155

TyS1 158 SDWGA CZ—\T SER| 176

HyS 161 IDWGAASPAVQSFR V!— 178
TyS2 156 TDWGA SPA ISFRMT 174

Figure 1.2: Sequence alignment of D. mawsoni yS1- and yS2-crystallin protein sequences
with human ~S-crystallin. D. mawson: vS1 and vS2 have overall sequence identities of
57% and 53% with yS-crystallin, respectively, and 60% sequence identity to one another.
Residues are highlighted according to their pattern of conservation among the three crystallin
sequences examined. Gray: residues that are conserved in all three proteins. Blue: residues
that are identical in hyS and yS1. Green: residues that are identical in hyS and ~S2.
Magenta: residues that are identical in vS1 and S2.

temperature activity of the peptidyl-prolyl cis-trans isomerases that isomerize the peptide
bond preceding the proline |29, 43|. Eye lens proteins, which have been selected for their high
refractive index increments are enriched in highly polarizable amino acids such as Trp, Tyr,
Phe, Arg, Met, and Cys, and depleted in aliphatic residues [11]. The amino acid frequencies
for hyS, vS1, and «S2, are given in Table 1.1 along with the average values for vertebrate

proteins and the contribution of each amino acid type to dn/dc.

The Grand AVerage of hydropathicitY index (GRAVY) predicts the hydrophobic character
of the proteins where more positive values indicate higher hydrophobicity. Table 1.2 sum-
marizes the sequence characteristics of vS1, vS2, and hvyS as calculated from the ExPASy
ProtParam tool [44]. vS2 is the most hydrophobic, yet it has a lower aliphatic index than
h~S, reflecting its enhanced content of aromatic residues. The aliphatic index measures the
relative volume occupied by aliphatic side chains (non-polar, hydrophobic) including ala-
nine, valine, isoleucine and leucine. Of the three, hS has much higher aliphatic character
followed by vS2 and lastly, ¥S1 with the least aliphatic character. Alanine, valine, isoleucine
and leucine are expected to be selected against in lens proteins because these amino acids

have low refractive index increments. Consistent with this idea, v¥S1 has the lowest alipha-



Table 1.1: Refractive index increment by amino acid type

amino acid dn/dc frequency frequency frequency frequency
type from ref. [10]  average ~S1 vS2 hvS
(nL/g) (%) (%) (%) (%)
Ala (A) 0.167 7.4 1.1 4.0 3.9
Arg (R) 0.206 4.3 9.1 4.6 7.3
Asn (N) 0.192 4.4 4.5 5.7 2.8
Asp (D) 0.197 5.9 5.1 5.2 5.6
Cys (C) 0.206 3.3 5.1 5.2 3.9
Gln (Q) 0.186 3.7 4.5 5.2 5.1
Glu (E) 0.183 5.8 8.5 8.0 7.9
Gly (G) 0.175 7.4 6.8 7.5 8.4
His (H) 0.219 2.9 2.3 2.3 2.2
Ile (I) 0.179 3.8 3.4 3.4 5.6
Leu (L) 0.173 7.6 1.7 2.9 5.1
Lys (K) 0.181 7.2 2.3 5.2 5.6
Met (M) 0.204 1.8 4.5 2.3 2.8
Phe (F) 0.244 4.0 6.8 6.9 5.1
Pro (P) 0.165 5.0 4.5 2.9 4.5
Ser (S) 0.170 8.1 8.5 8.6 6.2
Thr (T) 0.172 6.2 6.8 3.4 3.9
Trp (W) 0.277 1.3 2.3 2.9 2.2
Tyr (Y) 0.240 3.3 9.1 7.5 7.9
Val (V) 0.172 6.8 2.8 6.3 3.9

10



Table 1.2: Sequence analysis of vS1, vS2, and h~S, crystallins

# -ve # +ve Charge

aliphatic charged charged predicted predicted neutral
GRAVY  index  residues residues  dn/dc pl pH
Human ~S -0.685 56.97 24 23 0.1983 6.4 -0.9
Toothfish vS1  -0.957 29.32 24 20 0.2020 5.6 -4.0
Toothfish vS2  -0.651 47.01 23 17 0.2002 5.2 -6.0

tic index, as well a higher predicted dn/dc than hyS. vS1 has more hydrophobic residues
than hyS while vS2 has fewer hydrophobic residues than either hyS or 4S1 according to
the GRAVY index. However, the lower aliphatic character and depletion of valine, alanine,
isoleucine, and leucine in the sequences of yS1 and yS2 are also consistent with the need for
these proteins to have increased flexibility in order to maintain cold tolerance. Selection for
cold tolerance often leads to decreased numbers of hydrophobic residues in the protein core,
and more on the surface, reflecting the reduced entropy cost of exposing hydrophobic groups
to solvent at low temperatures. However, selection for increased refractive index leads to
depletion of aliphatic residues in favor of those with more polarizable side chains [10, 11].
This would lead to the expectation that the D. mawson: crystallins would have an unusually
high proportion of aromatic amino acids to compensate, which is the case; ¥S1, which has
the highest predicted dn/dc, has 9.1% Tyr, almost three times the average value, and is also
enriched in Phe (6.8% vs. the average of 4.0%). Similarly, vS2 and hyS are enriched in Phe,

Tyr and Trp, although to a lesser extent than vS1.

Other highly polarizable residues that would be expected to be enriched in lens proteins
include Arg, Met, Cys, and His. However, Arg is often depleted in cold-adapted proteins
due to its role in the formation of stabilizing salt bridges. In this case, both yS1 and h~vyS
are significantly enriched in Arg, while 7S2 has approximately the average value. This may
provide insight into the denaturation behavior of the D. mawson: crystallins described in
the next section. In contrast to the zebrafish yM-crystallin, in which methionine content

is greatly enriched, only vS1 (4.5%) has a greater level than the average (1.8%), while yS2
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and hyS have more moderate levels (2.3% and 2.8%, respectively). Taken together, these
observations suggest that rather than any one residue being critical for determining the high
dn/dc values required for function in fish lens proteins, this function can be acquired by
different combinations of high-refractivity amino acids, within the constraints imposed by

the additional selection for cold tolerance in the D. mawsoni proteins.

The toothfish crystallins have lower isoelectric point (pl) values with respect to hyS, mea-
ning that they have much more negative charge at neutral pH. This is consistent with the
previous observation that psychrophilic proteins often have more acidic pl values than ho-
mologous mesophilic or thermophilic proteins, possibly because negatively charged residues
are important for mediating interactions with the solvent and hence maintaining flexibility

in cold environments [25].

1.3.2 ~S1 and 4S2 are both folded, with primarily $-sheet secondary

structure

Using PsiPred, a secondary structure prediction software, [45, 46| the sequences for both
vS1 and vS2 were predicted to have primarily S-sheet secondary structures. The prediction

results are shown in Fig. 1.3.

Circular dichroism (CD) spectra were collected for both vS1 and «S2 to assess the overall
general secondary structures of the proteins (Fig. 1.4). A comparison of the circular di-
chroism spectra of vS1 and vS2 at 25°C indicates that both proteins have primarily S-sheet
secondary structures. The negative ellipticities of ¥S1 and yS2 occur at 216 nm and 217 nm,
respectively. These values are in the range that is typical of -sheet proteins and is con-
sistent with the predicted secondary structure results and with the experimental results for

h~S [47].
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Figure 1.3: Predicted secondary structures of D. mawsoni (A) vS1 and (B) 7S2.
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The intrinsic fluorescence of crystallin proteins is an important indication of the degree of
folded structure in the double Greek key domains, as the fluorescence is primarily due to
four highly conserved tryptophan residues in the protein core. Both yS1 and «S2 share
these conserved tryptophans; vS2 also has a fifth tryptophan. In mammalian eye lenses,
the positioning of the conserved tryptophan side chains is essential for the rapid quenching
of UV fluorescence hypothesized to protect crystallins from photochemical degradation in
species that are subject to strong UV light exposure [48]. Their conservation in this aquatic
species may be due to their contributions to the dn/de, hydrophobic packing, or both. UV
fluorescence spectra for D. mawsoni ¥S1 and «S2 are shown in Fig. 1.4. The emission
maxima in the fluorescence spectra for excitation at 280 nm are 331 nm and 336 nm for yS1
and 52, respectively. vS2 has increased fluorescence intensity in comparison to vS1 due to
the presence of the additional tryptophan in its sequence. The reported A, for tryptophan
fluorescence of hvS is 326 nm [47|. Typically, tryptophan fluorescence emission maxima are

in the range of 300 to 350 nm. Tryptophans that are exposed to water have emission maxima
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Figure 1.4: A. Circular dichroism spectra of D. mawsoni yS1- and yS2-crystallins. ~S1
displays a negative ellipticity at 216 nm while vS2 displays a negative ellipticity at 217 nm.
Both of these values are indicative of primarily -sheet secondary structures. B. Tryptophan
fluorescence emission spectra of ¥S1 and vS2. 4S1 has an emission maximum at 331 nm and
the emission maximum for vS2 is 336 nm.

between 340-350 nm whereas completely buried tryptophans have maxima around 330 nm.
The slight red shifts of both vS1 and yS2 with respect to hyS indicate that the tryptophans
in both toothfish proteins are more exposed to water, suggesting that vS1 and vyS2 are less

compactly folded and more structurally flexible than hvyS, as expected.

Cold denaturation, protein unfolding due to the decreased energetic cost of exposing hyd-
rophobic residues to solvent, does not occur for most globular proteins until well below the
freezing point of water. Except in special cases, experimental studies of cold denaturation

have required the use of chemical denaturants, high pressure [49], encapsulation in reverse
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micelles [50], or limiting the sample volume to small capillaries [51] to study the unfolding
intermediates. Thus, cold cataract, the low-temperature opacity of many protein solutions
such as mammalian lenses, results from liquid-liquid phase separation rather than protein
unfolding. The toothfish eye lens does not undergo cold cataract until -12 °C, in contrast
to mammalian lenses, which form them at much higher temperatures (=20 °C) [24]. ~S-
crystallins in general are resistant to cold cataract, and are thought to play an important role
in maintaining solubility in multicomponent crystallin mixtures; e.g. bovine yS-crystallin
has a theoretical liquid-liquid phase separation temperature of —28°C [52| and its presence
in concentrated solutions of other v-crystallins results in a lowered phase separation tempe-
rature [53|. Transmission measurements at 600 nm were taken as a function of temperature
in order to establish that solutions of our in wvitro- generated protein constructs are transpa-
rent over the relevant temperature range (i.e., cold cataract does not occur). These results,
summarized in Table 1.3 indicate that hyS, vS1, and yS2 all remain transparent at 5°C,
consistent with previous measurements of yS-crystallins. Although solutions of each of the
~v-crystallins studied here remain transparent at 5 °C, further investigations will be needed
to assess their ability to stabilize mixtures of other crystallins as a function of temperature.
Enhanced low-temperature solubilizing activity has been previously observed in cold-adapted
aA-crystallins, which have greater hydrophobic character, and are better able to maintain
their chaperone activity at lower temperatures than their mesophilic orthologs at the cost of
high thermal stability [54]. Having two yS-crystallins with varying degrees of hydrophobic
surface character may be an important adaptation for avoiding cold cataract in the toothfish

lens.
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Table 1.3: Transmittance of hyS, vS1 and ~S2 from 25 °C to 5 °C.

Transmittance (A = 600 nm) hyS ~S1 ~S2

25 °C 093 098 0.97
20 °C 095 093 0.97
15 °C 095 091 0.97
10 °C 0.94 0.88 0.97
5°C 0.93 0.87 0.97

1.3.3 ~S1 and S2 have different relative stabilities under chemical

and thermal denaturation

The overall thermodynamic stability of the vS-crystallin fold is highly relevant to the biologi-
cal function of the eye lens, because of the lack of protein turnover in the lens; the crystallins
must remain stable and soluble for decades. In general, cold-stable proteins are generally
more susceptible to chemical denaturation than their higher-temperature counterparts [29].
Factors affecting overall protein stability include hydrophobic interactions, hydrogen bonds,

and conformational entropy.

vS1 and vS2 were subjected to chemical denaturation with increasing concentrations of urea,
while fluorescence spectroscopy was used to monitor unfolding. Each sample was allowed
to equilibrate for at least 24 hours before fluorescence measurements were collected. The
excitation wavelength was 280 nm and emission spectra were collected between 300-500 nm.
Fluorescence maximum intensities were normalized by taking the F360/320 ratio at each
concentration of denaturant and plotted as fraction unfolded vs. denaturant concentration
(Fig. 1.5)A. The data points indicated with open circles in Fig. 1.5A represent dilution of
the samples to 2M urea after full unfolding at 7M urea, demonstrating the reversibility of
this transition. Fig. 1.5B is a plot of AG vs. denaturant concentration for the transition
regions of the unfolding curves used to extrapolate values for AG; . ¥S1 is more susceptible
to unfolding by urea; the [ureal; » of ¥S1 is equal to 3.8 M and 5.6 M for 4S2. AGY, is 13.35

kJ mol~! and 18.74 kJ mol~! for vS1 and vS2, respectively. The thermodynamic parameters
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Table 1.4: Thermodynamic parameters from chemical denaturation of vS1 and ~S2.

~vS1 vS2 h~S
[urealy /2 (M) 3.8 5.6 6.3
AGe, (kJ/mol)  13.35 18.74 27.12
m (kJ/molM)  3.51 3.35 4.33
T,, (°C) 68.5 £ 0.1 58.0+ 0.1 72.0£ 0.1 [47]

calculated from these denaturation curves are summarized in Table 1.4. Urea unfolding is
thought to be driven by a combination of indirect and direct mechanisms [55]. It weakens
the hydrophobic effect by disrupting the hydrogen bonding network of the solvent, as well
as stabilizing unfolded states via direct electrostatic and hydrogen bonding interactions with
side chain and backbone groups [56, 57, 58]. More urea may be needed to unfold 7S2
because it has nearly twice as many aliphatic residues as 7S1 and fewer hydrophilic amino
acid residues. The slope, m, describing the dependence of AG on denaturant concentration,

is very similar for both vS1 and ~S2.

Thermal denaturation provides complementary information regarding protein stability and
aggregation propensity. For some proteins. e.g. lysozyme [59], the thermally denatured
state has been shown to differ form that induced by chemical denaturation. Furthermore,
this process is often irreversible, making the calculation of thermodynamic quantities pro-
blematic; however the midpoint of the unfolding transition (T,,) is itself a useful measure
of protein stability. The thermal denaturation of vS1 and yS2 were monitored by circular
dichroism at 218 nm (Fig. 1.6) and fit to a two-state equilibrium unfolding model. The
CD melting curves obtained provide information about the overall stability of the protein
folds. The difference in thermal stabilities between the two proteins is quite different; yS1
has a T,, of 68.5 + 0.1°C, while vS2 had a T,, of 58.0 + 0.1°C. For comparison, human
vS-crystallin has a T,, of 72.0 £ 0.1°C under the same conditions [47]. The relationship
between thermal stability, hydrophobicity, and aliphatic index is not immediately clear for
these proteins; vS2, the most hydrophobic crystallin studied, has the lowest T,, while yS1,

the least hydrophobic, does not have the highest T,, value. The highest T,, belongs to hvyS,
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which has a hydrophobic content in between those of vS1 and «S2. The explanation for
this surprising observation may be a result of selection for high dn/dc. 4S1, but not S2,
is enriched in Arg, which is known for increasing stability in thermophilic proteins, due to
the ability of the guanidinium group to form stabilizing salt bridges. Although increased
arginine content should stabilize the protein with respect to thermal denaturation, as seen
for hvS and 7S1, chemical denaturation by urea should affect these salt bridges the same
way as any other polar interaction, meaning that other factors such as hydrophobicity come

into play in S2.

Aggregation under thermal stress was also measured as a function of temperature using dy-
namic light scattering (DLS) for both toothfish yS-crystallins to ascertain their aggregation
propensity. Aggregation propensity is not always directly correlated with thermal stability
[47]. At even moderately high concentrations, protein aggregates can form well below the
thermal denaturation temperature as a result of interactions between transiently exposed
groups in conformationally mobile protein monomers. The measurements were made in
10 mM phosphate buffer with no additional reducing agents to avoid interfering with any at-
tractive intermolecular forces that may be responsible for aggregation. For each data point,
taken in triplicate, the sample was allowed to equilibrate for 2 minutes prior to measurement
at a given temperature. Three scans of % abundance by number were averaged at each
temperature and then fit to a Gaussian function using nonlinear regression. The average
apparent particle size is plotted as a function of temperature in Fig. 1.7. vS1 remains mo-
nomeric until 35.0°C where intermediate aggregates that range 30-100 nm begin to form
before quickly transitioning into larger aggregates up to 1200 nm in size at 47.5°C. ~S2
follows a similar trend, but intermediate sized aggregates begin forming at 34.0°C and large
aggregates at 42.0°C. In comparison, intermediate aggregates of hyS do not begin forming
until around 49.0°C while larger aggregates appear at 58.5°C [47]. Both vS1 and vS2 are

less thermally stable and more aggregation prone than h~vyS.
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In summary, the biophysical characterization of ¥S1 and vS2 showed that while both proteins
have the primarily S-sheet secondary structures characteristic of y-crystallins, they appear
to have slightly less overall [-sheet character than their human homolog. ~S1 and 7S2
also appear to have greater structural flexibility as observed in the red shifted tryptophan
fluorescence spectra indicating that the structurally conserved tryptophans in the core of
both proteins are more accessible to water. Of the two crystallins, the less structurally rigid
~vS2 has the lowest thermal stability as determined by thermal denaturation despite having a
higher AG,,. Nevertheless, both toothfish crystallins have lower thermal stabilities than h~yS
and begin forming high molecular weight aggregates at lower temperatures. Many organisms
only have one vS-crystallin while the toothfish eye lens contain two of these crystallins with
varying thermal stabilities,, possibly because of the conflicting demands of this structural
proteins two distinct roles in providing a high refractive index and maintaining the low-
temperature solubility of crystallin mixtures in the lens. The biophysical characterization of
~vS1 and 52 demonstrates an unusual set of protein homologs in which thermal stability does
not directly correlate with AG®°, and provides a useful model system for future structural
and mutagenesis studies pinpointing the molecular determinants of protein solubility, thermal

stability, and denaturation resistance.
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Figure 1.5: A. Chemical denaturation curves of hyS, D. mawsoni vS1 and vS2 with varying
amounts of urea, measured by fluorescence spectroscopy and plotted as fraction unfolded.
All three proteins exhibit two-state equilibrium unfolding behavior by urea denaturation.
Data points designated with open circles represent samples of hyS, vS1 and yS2 that were
first unfolded with 7 M urea and then diluted to 2 M urea to indicate that urea denaturation
is reversible. B. AG vs denaturant concentration for the transition regions of the chemical
unfolding curves used to extrapolate values for AG(H20). S1 is more susceptible to un-
folding by urea at lower concentrations where AG(H50) is 13.35 kJ/mol and 18.74 kJ/mol,
for vS1 and 7S2, respectively.
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Figure 1.6: Thermal unfolding curves of vS1 and yS2 measured by monitoring the circular
dichroism signal at 218 nm, with best-fit unfolding curves. T,, values for yS1 and 7S2
are 68.5°C and 58.0 °C, respectively. Both proteins exhibit two-state equilibrium unfolding

behavior.
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Figure 1.7: DLS measurements of thermally induced aggregation of vS1 and ~S2. ~SI is
monomeric until 35.0°C where it begins to form intermediate aggregates and then finally
forming large aggregates around 48.0°C. +S2 behaves similarly but because it is not as
thermally stable, it forms intermediate sized aggregates at 34.0°C and large aggregates

42.0°C.
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Chapter 2

Structural determination of
vS-crystallins from an Antarctic

toothfish using solution-state NMR

2.1 Background

The Antarctic toothfish Dissostichus mawsoni lives in the frigid waters of the Southern Ocean
and is adapted to handle freezing cold temperatures. A prominent way this fish, among
other Antarctic species, has adapted is through the presence of antifreeze glycoproteins
which protect it from ice crystal formation. Another noteworthy adaptation to such a cold
environment is the ability to completely resist the phenomenon known as cold cataract,
a phase separation of the lens proteins, whereas the eye lens of many other animals are
susceptible. One feature common to fish eye lenses is the abundance of 7-crystallins as
compared to mammals where the small heat shock proteins known as a-crystallins are the

predominant protein species |24, 30]. The higher prevalence of y-crystallins may be a way
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of modulating the protein interactions within the eye lens to accommodate the need for
higher protein concentrations in aquatic lenses. This higher protein concentration is a way
to increase the refractivity of the lens due to the lack of an air cornea interface providing
additional refractive power [60]. Studying the y-crystallins from Dissostichus mawsoni could
provide valuable insight in comparison to other fish and mammalian crystallins, to explore
adapted features specific to aquatic organisms versus features related to cold adaptation
and the ability resist cold cataract. Such research could also provide valuable insight into

features of protein-protein interaction and solubility in general.

One technique particularly well suited to tackling these questions is solution-state nuclear
magnetic resonance (NMR). Due the ability keep the protein in solution for structural deter-
mination the sample better reflects the functional adaption of these proteins to stay soluble.
Another advantage to NMR, besides structural determination, is the ability to access in-
formation regarding protein dynamics and hydration |61, 62]. To compare the toothfish
crystallins to other fish and mammalian crystallins, yS1- and yS2-crystallin have been sub-
jected to NMR experiments for structural and biophysical determination. The results of
this information will provide clues to functional difference between cold adapted and aquatic

crystallins in regard to how they affect protein interactions and solubility.

2.2 Materials and Methods

2.2.1 Gene construction, expression, and purification

Plasmids containing the cDNA sequences for Dissotichus mawsoni yS1 and vS2 were purcha-
sed from Blue Heron (Bothell, WA). Each gene was flanked by regions containing restriction
sites for Ncol and Xhol. The gene was amplified using oligonucleotide primers purchased

from Intergrated DNA Technologies (Coralville, IA), and the resulting gene products were
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cloned into pET28a(+) vector (Novagen, Darmstadt, Germany). Isotopically N labeled
toothfish crystallins were overexpressed in Rosetta (DE3) Escherichia coli using an optimi-
zed high-cell-density IPTG-induction minimal medium protocol [63] where cells were grown
for 24 hours at 25 °C. Cells were lysed by sonication and cell debris was removed by centrifu-
gation. Untagged vS1 and vS2 were dialyzed in 10 mM Tris, 0.05% sodium azide, pH 8 then
purified by anion exchange on an UNOsphere ) column purchased from Bio-Rad (Hercules,
CA) using a 1 M sodium chloride gradient. The final purification step for both crystallins was
application to a HiLoad 16/600 Superdex 75 PG gel filtration column from GE (Pittsburgh,
PA) using 10 mM sodium phosphate buffer, 100 mM sodium chloride, 0.05% sodium azide
at pH 6.9. Proteins were dialyzed into 10 mM phosphate, 0.05% NaNs, pH 6.9, concentrated
and adjusted to 10 % D20 and 2 mM TMSP at a final concentration of approximately 1
mM.

2.2.2 NMR experiments

Experiments were performed on a Varian Unity INOVA spectrometer (Agilent Technologies,
Santa Clara, CA) operating at 800 MHz and equipped with a 'H-'3C-°N 5 mm tri-axis
PFG triple-resonance probe, using an 18.8 Tesla superconducting electromagnet (Oxford
Instruments). Decoupling of '*N nuclei was performed using the GARP sequence [64]. 'H
chemical shifts were referenced to TMSP, and °N shifts were referenced indirectly to TMSP.

NMR data were processed using NMRPipe [65] and analyzed using CcpNMR Analysis [66].

2.3 Results and Discussion

Solving the structure of vS1 and vS2 would allow for the comparison to both other fish

and mammalian homologs that could give insight into features that are important for being
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adapted to a fish eye lens or in the case of D. mawsoni, cold temperatures. Using solution
state NMR is an excellent method due to the functional adaptation of crystallins to be highly
soluble. To assess how suitable these proteins are for solution state NMR, N isotopically
labeled samples were prepared. As seen in both Fig. 2.1 and Fig. 2.2 both 'H-°N hetero-
nuclear single-quantum correlation (HSQC) experiments display well-dispersed peaks that
represent the N-H pairs in the protein, which in the case of proteins are mostly the backbone
amides. Dispersion of the peaks indicates that the protein is well folded under the conditions
in which the sample was prepared. Additionally, this allows for determination of the signal to
noise which is important for considering further 3D experiments which are needed to assign

the individual resonances.

In addition to being useful for evaluating the chemical shift dispersion, signal sensitivity,
and being used as a reference for resonance assignments, HSQC experiments can provide
additional information about the protein of interest. One such experiment involves taking
HSQC spectra as a function of temperature. As the temperature changes so does the chemical
shift of some of the N-H pairs in the protein even in absence of large structural changes. Often
this is due to the hydrogen bonding which the protein is participating in. For example an
amide that is hydrogen bonded with water in the solvent will experience a change in chemical
shift as the thermal fluctuations of the water increases. However, an amide involved in an
intramolecular hydrogen bond within the protein will not experience as large of a change to its
chemical shift due to the large size of the protein leading to less intense thermal fluctuations
of the protein relative to small water molecules [62]. As seen in Fig. 2.3, 7S2 shows both
small and large changes in the chemical shifts of its N-H pairs. Once the resonances are
fully assigned this information allows the inference of which parts of the protein are buried
as opposed to exposed to solvent. It is noteworthy that the usable spectra are able to be
acquired up to 55 °C, which is remarkable considering that this is only about 5 °C below the
melting temperature of the protein and would be expected to show more perturbation due

to unfolding [67|. By comparing this data between the D. mawsoni crystallins and their fish
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Figure 2.1: 'H-1N HSQC spectrum of yS1-crystallin at 25 °C. The presence of well dispersed
peaks indicates that the protein is well folded and does not participate in higher order
oligomerization.
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and mammalian counterparts a better model of how the hydration of these crystallins differ

and how that relates to their function of remaining soluble can be formed.
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Figure 2.2: 'H-1N HSQC spectrum of yS2-crystallin at 25 °C. The presence of well dispersed
peaks indicates that the protein is well folded and does not participate in higher order
oligomerization.
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Figure 2.3: 'H-1°N HSQC spectrum of yS2-crystallin at variable temperature indicates which
residues are likely involved in solvent vs intramolecular hydrogen bonding as observed by
the large and small changes in chemical shift respectively.
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Chapter 3

Controlling liquid-liquid phase
separation of cold-adapted crystallin

proteins from the Antarctic toothfish

3.1 Background

The coexistence of multiple liquid phases is critical for formation of membraneless organel-
les including stress granules [68], nuage [69], and nucleoli [70]. These concentrated protein
droplets function to localize particular cellular components |[71], increase the local concen-
trations of key reactants [72|, and sequester reactive or aggregation-prone species from the
rest of the cell [73]. LLPS is frequently observed in proteins with low-complexity sequences,
particularly those containing relatively high proportions of aromatic and charged residues.
Some proteins with intrinsically disordered regions (IDRs) form protein-rich droplets as a
precursor to aggregation, as in the case of the tau protein found in neurofibrillary tangles

[74], and the proteins TDP-43 [75]|, FUS [76], and hnRNPA1 [71], all of which aggregate in
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amyotrophic lateral sclerosis (ALS). In some cases, sequence elements such as the recently
discovered low-complexity aromatic-rich kinked segments (LARKS), reversibly assemble into
easily-disrupted protofilaments, allowing dynamic response to stimuli [77]. Much of the re-
cent literature on LLPS has focused on IDRs; however, there are also examples where inte-
ractions between compactly folded domains are critical for producing protein-rich droplets,

as in the dimerization of human Edc3 during P-body formation [78].

Another such case is that of “cold cataract,” a reversible opacification of vertebrate eye lenses
upon cooling, caused by LLPS of the structural crystallin proteins [3]. LLPS is also observed
in the lenses of cataract-prone mice as a precursor to protein precipitation [79]. For several
isolated lens proteins, LLPS occurs under conditions where the protein is metastable with
respect to crystallization, highlighting its potential importance to understanding protein
solubility more broadly [80, 81]. Many mutations associated with hereditary cataract do
not result in large-scale unfolding or the creation of IDRs, but instead produce only subtle
variation in structure, coupled with altered protein-protein interactions. In the human lens,
this has been observed for the R76S [82] and P23T [83, 84, 85| variants of yD-crystallin and
the G18V [34] variant of human ~S-crystallin. Similarly, cold cataract occurs despite the

compactly-folded, globular structures of the lens crystallins, which typically lack IDRs.

Cold cataract, with its reversible formation of protein-rich droplets, is distinct from cold
denaturation, which is driven by temperature-dependent interactions between water and
the normally buried hydrophobic residues in the protein core [86]. Although assessing the
full protein stability curve requires the observation of cold denaturation, for most globular
proteins the temperature at which this occurs is below the freezing point of water and thus
not readily accessible in the laboratory [87]. One exception is yeast frataxin, which has been
extensively studied at and near its cold denaturation temperature, yielding valuable insights
into the residual secondary structure [88| and unfolding mechanism [89]. For most other

proteins, accessing the cold denatured state in the laboratory requires high pressure [90],
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the addition of denaturants [91], or specialized experimental methods such as encapsulation
in reverse micelles [92, 93]. Cold cataract has been studied for decades, with initial work
focused on determining the scattering elements of intact lenses and characterizing the phase
separation behavior of individual crystallins (94, 95]. More recent studies have progressed
toward better understanding of crystallin mixtures [53, 96, 97]. In all cases reported so
far, the opacity observed at low temperature is reversible and is not consistent with cold

denaturation.

Here we investigate cold cataract via the cold-adapted eye lens crystallins of the Antarctic
toothfish (Dissostichus mawsoni). This large, long-lived fish is adapted to the cold waters of
the Southern Ocean, where the year-round temperature is -1.9°C, near or at the freezing point
of seawater. As in many other vertebrate eye lenses, the major protein components of the
D. mawsoni lens belong to two conserved superfamilies, the chaperone-like a-crystallins and
the structural fy-crystallins [6]. In addition to the vS- and yN-crystallins shared with mam-
mals, the eye lenses of fish contain a unique class of y-crystallins known as yM-crystallins,
named for their elevated content of the highly refractive amino acid methionine. These YM-
crystallins are the most abundant proteins in fish lenses, comprising over 50% by mass [98|.
In contrast to the eyes of terrestrial animals, where incident light refraction mostly occurs
at the air/cornea interface, in aquatic animals the combined refraction and focusing is ac-
complished by the lens alone. Therefore, fish lens crystallins are present in concentrations
up to 1 g/mL, and are strongly selected for high refractive index increments [99]. Despite
this extremely high protein density, the D. mawsoni eye lens is completely transparent at
-1.9°C and retains clarity down to at least -12°C [24]. The eye lens crystallins of D. mawsoni
are subject to competing selection pressures for cold adaptation and high refractive index

increment, leading to unusual biophysical properties.

Despite the complete resistance of Antarctic toothfish lenses to cold cataract, not all of its

component proteins are equally cold-tolerant. Here we probe the cold tolerance of the indi-

31



vidual yM-crystallins from cold-vulnerable sub-fractions of the D. mawsoni eye lens. Our
results show that the critical temperatures (T,; the temperature at which a protein solution
undergoes LLPS, where both phases contain equal proportions of protein) of all the recom-
binant crystallins are below -1.9°C, however substantial variation in T. is observed. We
tested several alternative hypotheses about which properties of the yM-crystallins underly
their differential resistance to cold cataract: 1. Selection for cold tolerance leads to reduced
thermal or chemical stability; 2. Resistance to cold cataract is negatively correlated with
affinity to bovine a-crystallin in a cross-species chaperone assay; 3. Cold-cataract resistance
is determined by surface properties mediated by non-conserved residues; and 4. The key pro-
perty is the number and strength of the potential intermolecular interactions formed. These
hypotheses were tested using a variety of biophysical techniques as well as site-directed muta-
genesis. Our results indicate that resistance to cold cataract does not correlate with thermal
or chemical stability, chaperone affinity, or generalized surface properties, but instead de-
pends, in part, on the type of positively charged residues exposed at the surface, even in
the absence of a change in overall surface charge. Substitution of arginine residues to lysine
at surface-exposed positions allowed tuning of the T,, enabling us to turn vYM8b, one of the
most cold-susceptible of the toothfish yM-crystallins, into most cold-resistant of the proteins
tested. Conversely, mutation of three lysine residues to arginine (K18, K85, K172) increased
the T, of YM8b by an equivalent amount. The altered cold resistance produced by a small
number of targeted mutations provides a unique opportunity to investigate the evolution of
protein solubility and stability within highly crowded, protein-dense environments. Further-
more, it suggests mechanisms for using protein structural and surface properties to control
liquid-liquid phase separations, which are used in biological systems to produce subcellu-
lar compartments of locally elevated protein concentration, e.g. in membraneless organelles

100, 101].
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3.2 DMaterials and Methods

3.2.1 Lens collection and fractionation

Lenses of the giant Antarctic toothfish (Dissostichus mawsoni) were collected from live
specimens caught in McMurdo Sound, Antarctica and processed as described previously [24].
Size exclusion chromatography (SEC) using Sephacryl 200 High Resolution (S200HR) resin
(Sigma, St Louis, MO) was performed to fractionate the soluble lens protein components
of D. mawsoni. Fresh or frozen lenses were first solubilised by stirring overnight at 8°C in
three volumes of solubilisation buffer (10 mM potassium phosphate, 100 mM KCI, 0.05%
NaNj, pH 7.6). Solubilised lens homogenate was centrifuged at 20,198g for 20 minutes
set at 4°C to sediment the insoluble components. Between 0.5 g to 1.0 g of soluble lens
proteins (supernatant) were loaded (maximum volume 5 mL) on a S200HR column (2.5
cm ID x 116 c¢cm L) equilibrated with the solubilisation buffer, and protein elution was
carried out with the same buffer at room temperature with a flow rate of 36 mL per hour.
The heterogeneous toothfish ~-crystallin fraction was pooled and partially resolved into its
component crystallins by low-pressure cation exchange chromatography. Low-pressure ion-
exchange chromatography was performed at 8°C using a strong cation SP-Sepharose FF resin
(Amersham Biosciences, Piscataway, NJ) in a (40 cm L X 1.5 cm ID) column. Toothfish +-
crystallins were dialysed from the SEC buffer (10 mM Potassium phosphate, 100 mM KCI,
0.05% NaNj, pH 7.6) in SpectraPor4 MWCO 12,000 14,000 membrane tubing (Spectrum
Medical Supplies, Inc., Los Angeles, CA) against the starting buffer (25 mM Sodium acetate,
0.05% Sodium azide, pH 5.0). After dialysis, the protein solution was centrifuged at 20,198g
at 4°C to sediment any aggregated protein. The sample was further filtered through a 0.2
micrometer polycarbonate Nucleopore filter (Nucleopore Corp., Pleasanton, CA, USA). The
A280 was read prior to loading between 100 to 150 mg (60 to 70 mLs) onto the column.

Elution flow rate was maintained using a Gilson Minipuls2 (Gilson Inc., Middleton, WT)

33



generating a constant flow rate of 36 mL per hour. One column volume of starting buffer
was applied to wash unbound protein before elution of the toothfish 7-crystallins with a

linear salt gradient of 0.0 to 0.2 M NaCl followed by a 2M NaCl wash.

3.2.2 Gene construction, expression, and purification

Plasmids containing the cDNA sequences of the D. mawsoni yYM1- (GenBank, DQ143973),
vM4- (GenBank, DQ143976), yM7- (GenBank, DQ143979), yYM8b- (GenBank, DQ143981),
YM8c- (GenBank DQ143982), and yM8d-crystallin (GenBank, DQ143983) genes were pur-
chased from Blue Heron Biotech, LLC. (Bothell, WA). Each gene was flanked by regions
containing restriction sites for Ncol and Xhol. vM4, vM8b, vyM8c, and vM8d contained
an N-terminal 6x His tag, and a TEV cleavage sequence (ENLYFQG) with the N-terminal
methionine replaced by the final glycine in the cleavage sequence. vM1 and YMT7 lack the
N-terminal extensions found in the other toothfish yM-crystallins, making TEV protease
cleavage of the His tag ineffective for these proteins. Therefore, these proteins were cloned
without an N-terminal His tag and purified using ion exchange chromatography as described
below. The toothfish crystallin genes were amplified using oligonucleotide primers purcha-
sed from Intergrated DNA Technologies (San Diego, CA), and the resulting gene products
were individually cloned into pET28a(+) vectors (Novagen, Darmstadt, Germany). Vari-
ants of YM8b were created using standard site directed mutageneis PCR. yM1, yM4, yM7,
vM8b, yM8¢, and yM8d were overexpressed in Rosetta (DE3) Escherichia coli using stan-
dard autoinduction protocols [102] at 25°C. Cells were allowed to grow for 24 hours, lysed
via sonication, and cell debris was removed by centrifugation. His-TEV-yM4, His-TEV-
~vM8b, His-TEV-yM8c, and His-TEV-yM8d were purified on a Ni-charged Bio-Scale Mini
Profinity IMAC Cartridges (Bio-Rad, Hercules, CA) and cut with the use of a His-tagged
TEV protease (produced in-house). The TEV protease and His tag were removed by a se-

cond application to a Ni-charged column, and the pure product was collected in the column
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flow-through. M1 and YM7 was purified by dialysis in 10 mM MES, 10 mM succinate,
0.05% NaNs, pH 6.0. The dialyzed lysate was applied to a UNOsphere?™ S cation exchange
column (Bio-Rad, Hercules, CA) and eluted using a 1 M NaCl gradient. The resulting eluate
fractions containing the recombinant protein were pooled. The final purification step for all
proteins consisted of applying the sample to a HiLoad 16/600 Superdex 75 pg gel filtration
column (GE, Pittsburgh, PA) in 10 mM phosphate buffer. Protein purity was analyzed by
SDS-PAGE and electrospray ionization mass spectrometry as seen in Fig. A.15 and A.16.
All proteins were dialyzed into 10 mM phosphate, 0.05% NaNs, pH 6.9, for all experiments

unless otherwise stated.

3.2.3 Isoelectric focusing

Fractions from cation exchange chromatography were desalted by dialysis and lyophilised
until dry and then resuspended in sample buffer (7 M urea, 2 M thio-urea, 4% CHAPS).
Between 10 to 40 micrograms of protein was loaded onto 7 c¢m, non-linear pH 3-10 IPG
strips (Amersham Biosciences) in a re-hydration buffer consisting of 9M urea, 2% CHAPS,
2.5 mg/mL DTT and IPG buffer (Amersham Biosciences). The strips were allowed to re-

hydrate for 12 hours followed by isoelectric focusing for 28,000 V hours.

3.2.4 Mass spectrometery

Mass spectrometry analysis was performed using standard addition regression, as previously
described for quantitation of proteins [103] and peptides [104]. Known aliquots of trypsin-
digested recombinant proteins were added to the digested lens sample (fraction III) in order
to estimate amounts of the proteins expected to be present (yM1, yYM7, yM8b, vyM8c, and
vM8d). Samples were run on a Xevo G2-XS QTof spectrometer (Waters, Milford, MA) in
MS¥? mode, with an in-line ACUITY UPLC BEH C18 Column (Waters, Milford, MA), where
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peptides were eluted with a water, acetonitrile gradient. Peptide precursor and product ions
in the mass spectrum were identified using BiopharmaLynx (Waters, Milford, MA). Each
protein were considered to be present if the regression of detected peptide intensities yielded
a p < 0.05, at least 7 beta and gamma fragments per sample, and a regression intercept
greater than the detection cutoff (2000 counts). Fragments matching other, unexpected,
~v-crystallin sequences were considered to be above the detection limit if at least 5 beta
and gamma fragments were observed in each run, and each ion detection count from three
replicates was greater than 2000 counts.

The unique sequence coverage of each protein was calculated. The total number of unique
amino acids of a protein was determined by cross-referencing the theoretical trypsin digests
of all toothfish a-, 8-, and ~v-crystallins to remove any peptides with a duplicated sequence

Oor Imass.

3.2.5 Circular dichroism

Purified yM1, yM4, yM7, yM8b, yM8c and yM8d were diluted to 0.125 mg/mL with 10 mM
phosphate buffer at pH 6.9 for the collection of full circular dichroism (CD) spectra, at room
temperature, or at 0.25 mg/mL in 10 mM phosphate buffer, 150 mM NaCl, and 1 mM DTT
at pH 6.9 for unfolding experiments. Measurements were taken on a J-810 spectropolarimeter
(JASCO, Easton, MD) equipped with a thermal controller. During unfolding measurements,
the CD signal at 218 nm monitored while the samples were heated at a rate of 2 °C/min.
The data were fit to a two-state equilibrium unfolding model to determine the thermal

denaturation temperature (T,,). All measurements were taken in triplicate.
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3.2.6 Fluorescence spectroscopy

UV fluorescence measurements were made on yM1, yM4, yM7, yM8b, yM8c and vM8d at
a concentration of 0.1 mg/mL in 10 mM phosphate buffer, pH 6.9, at room temperature for
full emission spectra, exciting at 280 nm. Samples for chemical unfolding curves were pre-
pared with increasing concentrations of 10 M urea (Fisher Scientific, Waltham, MA). Urea
stock solutions were prepared as outlined by [31]. Samples were allowed to equilibrate at
room temperature for at least 24 h before emission was measured in triplicate using a Cary
Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, CA). The ratio of baseline-
corrected emission intensities at 360 and 320 nm was used for analysis. To determine the
thermodynamic parameters (AG;, and m values), AGiy,eq Was calculated from the normali-
zed equilibrium unfolding data and a linear least-squares fit was performed in Mathematica
where AGY, is the value of AG at 25 °C, extrapolated to zero concentration of denaturant,
and the slope m is a measure of the dependence of AG on denaturant concentration. All

measurements were taken in triplicate.

3.2.7 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements for aggregation propensity were obtained
with a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.) on yM1, yM4, yM7, vM8b,
vM8c and yM8d at a concentration of 1.0 mg/mL in 10 mM phosphate buffer, pH 6.9. At
each temperature, the sample was allowed to equilibrate for 2 min before measurements were
obtained, after which scattering measurements were performed in triplicate. DLS measu-
rements of phase separation were performed at protein concentrations of 150 mg/mL in 10
mM phosphate buffer pH 6.9. The measurements were taken at decreasing temperatures of
1 °C increments with 2 min equilibration times. The input viscosity for DLS processing was

obtained from the linear fit of viscosity measurements. All measurements were performed in
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triplicate. Apparent size as a function of temperature was plotted using the average diameter

of particles normalized according to particle volume.

3.2.8 Viscosity

Viscosity measurements were taken using the AR-G2 magnetic bearing rheometer (TA In-
struments, New Castle, DE). The rheometer was fit with a 40 mm, 2 degree stainless steel
cone (TA Instruments, New Castle, DE). Protein samples were at a concentration of 150
mg/mL in 10 mM phosphate buffer pH 6.9. Viscosity measurement were taken as a function
of temperature with a ramp rate of -0.2 °C/min and a 30 second averaging time for each
point. Duplicate measurements were collected, and the data were fit to the Ahrrenius equa-

tion [105].

3.2.9 Coexistence curves

Coexistence curves were measured for YM1, yYM4, yM7, yM8b, yM8c and vyM8d at varying
concentrations. Samples were concentrated in an 3,000 NMWL Amicron ultra-15 centrifugal
filter unit (EMD Millipore, Darmstadt, Germany). Sample concentrations were measured in
triplicate by measuring the absorbance at 280 nm using a Nanodrop 2000 spectrophotometer
(ThermoFisher Scientific, Waltham, MA), which has an upper measurement limit of 300 at
1 cm equivalent absorbance units. For the highest concentration solutions a 10 fold dilution
was made for measurements to ensure an absorbance below 200 at 1 cm equivalent. Due
to increasing viscosity with protein concentration, higher concentration solution absorbance
measurements are more error prone. Replicate measurements used did not deviate from each
other by more than 10 %. For LLPS measurements the absorbance at 600 nm was measured
as a function of temperature at a rate of -0.2 °C/min, resulting in a sigmoidal plot. The

halfway point was determined as the cloud point. The data were fit to a binodal function
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to determine the critical temperature and concentration [95]. After each measurement the
same sample was warmed and mixed, then the process was repeated for a total of the three

measurements.

3.2.10 Cross-species chaperone assays

Assays of chaperone protection against heat aggregation were performed in the manner of
previously published methods [5, 106, 24]|. Bovine a-crystallin used for the cross-species
functional assays was separated from [- and ~-crystallins on S200HR resin in the same
manner as the toothfish lens sample and taken from the leading edge of the a-crystallin
peak as previously described [24]. Crystallin composition of the peaks for the cow has
been previously verified by immunoblotting and consists of A and aB at a a ratio of
approximately 3 to 1 [24]. Briefly, recombinant toothfish y-crystallins (final concentration of
1 mg/mL) were incubated at a temperature of 60 °C for one hour with A360 measurements
sampled every five minutes with or without bovine a-crystallin (final concentration of 1

mg/mL) in a total assay volume of 800 pL. All measurements were taken in triplicate.

3.2.11 Comparative models

Comparative models were generated using the Robetta server (http://robetta.bakerlab.org/)
107].
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3.3 Results

3.3.1 The toothfish eye lens has a cold-susceptible fraction that

undergoes LLPS

The complete resistance of the intact Antarctic toothfish eye lens to cold cataract raises the
question of whether the individual proteins and subsets thereof also have the same degree
of cold tolerance. The toothfish has at least fourteen ~-crystallin paralogs, accounting for
>40% of the proteins in the lens [24, 108]. Fish lenses often contain numerous 7-crystallin
paralogs; the abundance of these small proteins is hypothesized to contribute to the dense
packing required to form a functional aquatic lens [18|. In this case, the large number
of yM paralogs may also play a role in maintaining solubility under the cold conditions
of the Antarctic [30]. A phylogram illustrating the amino acid sequence similarity among
D. mawsoni ~y-crystallins and those of selected reference organisms is shown in Fig. 3.1;
the corresponding multiple sequence alignment is shown in Supplementary Fig. A.1. The
sequence identity values for the six yM-crystallins in this study range from 52.1% for the
least similar pair (yYM7 and yM8d) to 92.3% for the most similar (yM8c and yM8d) [30].
With the exception of YM7, all of the toothfish vyM-crystallins cluster together, in a separate
group from the vS- and yN-crystallins from D. mawsoni and other species. These crystallins
were partially purified from the homogenized lens using size-exclusion and cation-exchange

chromatography, yielding eleven fractions enriched in particular y-crystallin paralogs.

One fraction (FIII) was observed to undergo a LLPS at 4 °C, 6 °C higher than the physiolo-
gical norm, in contrast to the behavior of the whole lens, which remains transparent at least
down to -12 °C (Fig. A.2). Isoelectric focusing (IEF) under denaturing conditions reveals
that FIII contains predominantly proteins with isoelectric points (pI) above 6.5 (Fig. A.3).

It is potentially significant that the proteins in the LLPS-prone fraction of the toothfish
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lens have isoelectric points near neutral pH, as higher net surface charge would be likely to
lead to increased intermolecular repulsion in solutions with one protein component. Furt-
her mass spectrometry (MS) was then performed on the cold-susceptible fraction (Fig. A.4,
Table A.1). Unique peptides from yM1, yM4, yM7, yM8b, and yM8d were detected in the
MS experiments, and their expected pl values are consistent with the IEF data (Table A.1).
Quantification for yM1, yM7, yM8b, and YM8d revealed that there was only an approxi-
mately 4-fold difference in the most abundant YM8d and least abundant yM7. Therefore,
these five y-crystallins were chosen for recombinant expression and further characterization,

as was 7YM8c due to its identical isoelectric point and high sequence identity to yYM8&d.
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Figure 3.1: The neighbor-joining phylogram was drawn using the MEGAT: Molecular Evolu-
tionary Genetics Analysis version 7.0 for the amino acid sequences of the D. mawsoni (Dm)
v lens crystallins as well as selected sequences from Homo sapiens (Hs), Gallus gallus (Gg),
Danio rerio (Zf), Xenopus laevis (X1). The phylogram was drawn based on the alignment
shown in Fig. A.1. Proteins identified as belonging to the LLPS-forming lens fraction and
chosen for experimental characterization are highlighted.
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3.3.2 The unusual amino acid compositions of the toothfish crystal-

lins hint at their functional adaptations

Having determined that a subset of the toothfish lens proteins does undergo cold cataract,
we set out to explore the relationship between sequence adaptations that contribute to the
refractive power of the lens and those that are primarily associated with cold tolerance. Both
the sequence relationships described in the previous section and the amino acid compositions
are necessary to put in context the phase behavior of the individual proteins. Lens proteins
are generally enriched in residues with a high refractive index increment (dn/dc) and exiguous
in aliphatic residues that do not enhance refractive power [10, 11]. The Antarctic toothfish
crystallins are no exception, with very low aliphatic indices and much higher than average
proportions of residues with large, polarizable side chains. Their amino acid compositions
are tabulated in Fig. 3.2 (see also Table A.2), which is sorted from highest to lowest average
amino acid abundance in the yMs relative to the average non-membrane protein from non-
mammalian vertebrates [109]. Strikingly, the D. mawsoni yM-crystallins have remarkably
low counts for some of the most common amino acids: for example, the toothfish vM]1-,
YM4- YM8b-, yM8c-, and yM8d-crystallins contain no alanine. Conversely, all six proteins

are much richer in methionine, normally one of the least abundant amino acids.

3.3.3 Toothfish yM-crystallins are variable in their resistance to

cold cataract

To determine the onset temperature of LLPS for individual D. mawsoni yM-crystallins,
we measured the coexistence curves representing the temperature and concentration depen-
dence of LLPS formation for samples of each recombinantly expressed protein (Fig. 3.3).
The measurements were performed by slowly lowering the temperature at a given protein

concentration until a reversible phase transition was observed, known as the cloud point
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Figure 3.2: Bar chart of amino acid composition of an average non-membrane, non-
mammalian, vertebrate protein [109] (black), hyS (dark green), YM1 (red), yM4 (cyan),
M7 (lime green), yM8b (gray), yM8c (orange), and YM8d (purple). Light blue, gray and
red shaded boxes represent dn/dc values above 0.2, between 0.2 and 0.18, and below 0.18
mL/mg, respectively. Most crystallins are exiguous in low-dn/dc aliphatic residues. Highly
refractive amino acids such as methionine, arginine, and tyrosine are substantially enriched
in the yM-crystallins.
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[95]. The maximum of the curve is the critical point, defined by the concentration and
temperature at which the ratio of protein in each liquid phase is equivalent. The T, range
from -12.3 to -4.4 °C for the six proteins and the critical concentrations between 190 and
300 mg/mL, consistent with previous measurements for y-crystallins [95, 53]. The proteins
undergo reversible LLPS, which settles into two phases with time, rather than precipitation
(Fig. A.5). Supplementary Figure A.6 shows the ratio of the intrinsic Trp fluorescence sig-
nals at 360/320 nm. This fluorescence is highly sensitive to the local environment of Trp
residues, and hence serves as an indicator of whether the protein is folded. The observed
Trp fluorescence indicates that all of the toothfish yM-crystallins investigated here remain
folded over the entire temperature range where LLPS was observed. For comparison, the

fluorescence signal was also measured at 80 °C, where all of the proteins are unfolded.

The two most cold cataract-resistant proteins are yM4 and YM8d, while the least resistant are
YM7 and vYM8b. Examining the sequence relationships among the outliers in cold cataract
resistance (Fig. 3.1) shows that yM4 and YMT7 have relatively low sequence identity to the
rest of the yM-crystallins, whereas YM8b and yM8d are closely related to each other. In
order to better understand the physical basis for the differences in LLPS onset temperature,

we characterized the biophysical properties of these proteins.

3.3.4 Toothfish YyM-crystallins are highly stable and aggregation-

resistant

In addition to cold tolerance, the toothfish crystallins have been selected for refractive in-
dex increment, stability and aggregation resistance, as have all lens crystallins [6]. In order
to test the hypothesis that selection for cold tolerance would lead to reduced thermal or
chemical stability, we measured heat denaturation and urea unfolding of the yM-crystallin

paralogs, as well as their thermal aggregation propensities. To provide a baseline for these
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Figure 3.3: Coexistence curves of yM1 (red), yM4 (cyan), yM7 (lime green), YM8b (gray),
yM8c (orange), and yM8d (purple). The data were fit to a binodal function [95]. The
dashed line represents the average toothfish body temperature. The phase separation is
reversible for samples allowing for triplicate measurements. All proteins have similar critical
concentrations of 268, 191, 230, 211, 219, and 220 mg/mL, respectively. The T, are -7.9,
-12.4, -4.4, -4.8, -8.1, and -9.6 °C, respectively. yYM7 and yM8b show the highest T in this
set, yet both T, values are below the average body temperature of D. mawsoni. The other

vMs show an increased resistance to LLPS with vM4 and yM8d being the most resistant.
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measurements, the recombinant vM-crystallins’ secondary structure was characterized by
circular dichroism (CD) spectroscopy. The resulting spectra had minima between 216 and
220 nm, characteristic of the high §-sheet content of the Svy-crystallin fold (Fig. A.7A). The
intrinsic tryptophan fluorescence was measured in order to estimate the degree of tryptop-
han exposure. All of the yM-crystallins show maximal emission between 318 and 322 nm,
indicative of a non-polar environment for the tryptophan side chains, consistent with their
effective burial within the protein (Fig. A.7B). Interestingly, although YM7 has an additional
tryptophan residue compared to the other yM-crystallin paralogs, it has the lowest emission
intensity. This additional yM7 tryptophan is in a position that is conserved in other ver-
tebrate y-crystallins and has been shown to both be quenched and absorb energy from the

other conserved tryptophan in the same domain [48].

All the toothfish yM-crystallins are relatively robust with respect to chemical denaturation:
the concentration of urea needed to halfway unfold the yMs ranges from 4.1 M for yM8&d
to 5.7 M for yM8b, with yM8b surpassing the chemical stability of HyS [47]. With the
exception of yM8b, all the yMs denature at a comparable concentration of urea. Urea
denaturation is reversible for these proteins, as demonstrated by the open circles in Fig.
3.4A, which represent refolding of the protein after initial denaturation in 8 M urea. This
reversibility enables calculation of the AG of unfolding (Fig. 3.4B). Thermal unfolding was
also measured; this process is not reversible and therefore cannot be used to calculate AG
of unfolding. Even though these crystallins come from a cold-adapted organism, they all
exhibit high thermal stability: ¥M7 has the lowest thermal denaturation temperature (T,,)
of 59 °C, whereas YM8b shows the highest thermal stability with a T,, of 71 °C, comparable
to HyS (Fig. 3.4C) [110]. These crystallins also show no sign of cold denaturation down to
-10°C as would be expected for these highly stable, cold adapted proteins (Fig. A.6). yM4
has a T,, of 69.3 °C, only two degrees below vM8b, yet the concentration of urea needed
to halfway denature the protein most closely corresponds to the rest of the yMs with lower

T,.s (Fig. 3.4A and C).
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We investigated the thermal aggregation propensity of the vyMs using dynamic light scatte-
ring (DLS); this experiment measures the size distribution of aggregates formed in solution,
which can begin well below the thermal unfolding temperature. For these crystallins, the
onset of aggregation begins over a moderate temperature range (Fig. 3.4D). With the ex-
ception of YM8b and yM4, the vMs show an inverse trend in their aggregation propensity
compared to their thermal stability. vM1 is the most aggregation-prone, forming aggregates
at 43 °C, while yM8b has the lowest aggregation propensity, resisting aggregation until 56
°C, comparable to HvS. Interestingly, despite vM4’s increased thermal stability compared
to all but yM8b, it is no more aggregation-resistant than the other yM-crystallins. This
is consistent with previous observations that protein aggregation can occur well below the
protein T,,, for example in human yD- [111, 112] and ~S-crystallin [47], as well as in fish

yM-crystallins [20].

3.3.5 Cold tolerance does not correlate with cross-species chape-

rone binding

Protein adaptation to the crowded environment of the eye lens represents a tradeoff between
the need to avoid protein-protein interactions leading to aggregation or LLPS, while maintai-
ning those required to maintain lens transparency [3|. a-crystallins, which are homologous
to small heat shock proteins, act as holdase chaperones in the lens, protecting the structu-
ral fv-crystallins from stress-induced denaturation, aggregation, and the precipitation that
causes cataract [5]. The a-crystallins bind their client proteins by preferentially recognizing
stress-induced unfolded intermediates or aggregation-prone variants over properly folded,
wild-type proteins [34], and at least one cataract-related variant of human yD- crystallin is

aggregation-prone specifically due to increased interaction with alpha-crystallins [113].

We previously found that a-crystallins specifically bind structural f~-crystallins from their
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Figure 3.4: (A) Urea denaturation for yM1 (red), yM4 (cyan), yM7 (lime green), yM8b
(gray), YM8c (orange), and yM8d (purple) as determined by measuring the 360/320 nm
fluorescence emission ratio with a 280 nm excitation. The [ureal; » of each protein was 4.6,
4.6 4.5, 5.7, 4.2, and 4.1 M, respectively. YM8b shows the highest stability with respect to
chemical denaturation. Open circles represent dilution of protein samples in 8 M urea to a
final concentration of 2 M urea. (B) Gibbs free energy plot as a function of urea concentration
with AG?) of 10.1, 6.8, 8.5, 10.4, 6.7, and 4.2 kcal/mol, respectively. Interestingly, the
Gibbs free energies for unfolding vary among the yM8s despite similar half-unfolded urea
concentrations. This disparity could be due to small differences in the interactions keeping
each protein folded or may be an indication that the unfolding under urea denaturation does
not strictly follow a two-state model. (C) Thermal denaturation curves were determined
by measuring the absorbance of circularly polarized light at 218 nm, which corresponds
to the beta sheet minima, as a function of temperature. Thermal unfolding temperatures
(T,,) of 64.3, 69.3, 59, 71.3, 62.6, and 61.7 °C, respectively, were observed. yM8b shows an
unexpectedly high T,,. (D) Thermal aggregation as determined by particle size using DLS.
All five yM crystallins show a very sharp transition from monomers to larger aggregates.
~vM8b exhibits a much lower thermal aggregation propensity than the other yM-crystallins,
consistent with its high T,, value, but YM4 does not.
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own species under thermal stress, suggesting a co-evolutionary relationship based on physi-
ological, and in the case of stenothermal fishes, environmental conditions [24]. Here we have
employed cross-species chaperone assays as a functional, rather than a purely sequence- or
structure-based measure, of evolutionary relatedness. We have previously reported that fish
crystallins that are more closely related to their mammalian counterparts were better pro-
tected against thermal aggregation by bovine a-crystallin than the more distantly related
paralogs [24]. The results of the cross-species assays for recombinant toothfish crystallins

incubated with bovine eye lens a-crystallin fraction are shown in Fig. 3.5.
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Figure 3.5: This assay measures the extent to which recombinant yM-crystallins from the
Antarctic toothfish are protected by bovine a-crystallin from thermally-induced aggregation.
(A) All the YMs aggregate when incubated at 60 °C, with YM8b (gray) and yM4 (cyan)
displaying significantly more aggregation resistance than the other yMs. (B) yM8b and yM4
are completely protected by bovine a-crystallin under the experimental conditions tested,
whereas YM1, yM8c and yM8d are only partially protected. In contrast, yYM7 shows almost
no protection from aggregation by bovine a-crystallin.
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~vM8b and yM4 display elevated aggregation resistance relative to the other yMs (Fig. 3.5A),
and both are well protected by bovine a-crystallin, with thermal aggregation being comple-
tely suppressed (Fig. 3.5B). The aggregation of the other four yMs (yM1, yM7, yM8c and
vM8d) are only partially retarded, with more protection seen for yM8c and yM8d than
either YM1 or yM7. Based on these data, the ability to be protected from heat-induced
aggregation by bovine a-crystallin does not correlate with resistance to cold cataract; yYM4
and YMS8b represent the most resistant and one of the two most susceptible to cold cataract,
respectively, yet these are the two most well-protected proteins. These results indicate that
the surface residues responsible for making the yM-yM interactions leading to LLPS are

distinct from those recognized by a-crystallins.

3.3.6 Mutational analysis of YM8b

Given that the onset temperature of LLPS does not correlate straightforwardly with amino
acid composition, thermal or chemical stability, aggregation propensity, or binding affinity to
bovine a-crystallin (Table A.3), we turned to more specific hypotheses about the molecular
origin of LLPS. The pair of proteins with the largest difference in the onset temperature of
LLPS is yM4 and yM7, which have only 55% sequence identity (see Fig. A.8), making it
difficult to pinpoint critical sequence positions for mutational studies. Therefore, we chose to
examine YM8b and yYM8d, which exhibit a dramatic difference in resistance to cold cataract
despite their much greater (83.6%) sequence identity. Taking yM8b as a starting point, we
set out to change this relatively cold-cataract susceptible yM-crystallin paralog into a more

resistant one using a small number of mutations.

The sequence alignment shown in Supplementary Fig. A.8A reveals relatively few positions
where three or more of the proteins do not share the same residue (colored red). Many of

these positions lie in loop regions or at the N- and C-termini, while the core associated with

50



the Greek key motifs is more highly conserved. In many cases where there are sequence
differences, chemical functionality is conserved, such as substitution of a residue with the
same charge or that of one hydrophobic side chain for another. The sequence conservation
is mapped on a molecular model of YM8b in Fig. 3.6A and 3.7A. The highlighted residues
are those chosen for mutagenesis based on their predicted ability to mediate intermolecular
interactions leading to LLPS. Inspired by previous findings that low-T, and high-T, -
crystallins are often highly similar, with differences in only a few key positions [95], we
mutated surface residues to investigate their effects on T.. Based on the premise that
the propensity of a protein to undergo LLPS in concentrated solutions is due to specific
intermolecular interactions that may be abolished by changing the chemical properties of
a key site, two hypotheses are proposed. The first — the surface properties hypothesis — is
that the residues responsible for the difference in cold-cataract resistance between YM8b and
vM&8d can be found by following the sequence variation and focusing on residues that are
well-conserved overall, but exhibit a significant difference in size or chemical functionality
between the two proteins of interest. The second — the interaction strength hypothesis — is
that the fundamental principle is the strength and number of the potential intermolecular

interactions formed, rather than the chemical properties of the residues themselves.

In order to test the surface properties hypothesis, we examined the sequence alignments and
models for surface residues that were highly conserved among the toothfish yM-crystallins,
focusing on residues that were conserved in at least four of the six sequences examined here,
but differing between yYM8b and yM8d. Sequence conservation is mapped onto a comparative
model of yYM8b made using the Robetta server [107]| in Fig. 3.6A. Positions where a lack of
consensus suggests that variation is well tolerated from a functional standpoint were excluded
from consideration, as were those within two residues of non-consensus sites, and those that
are not surface-exposed based on the structural model. This analysis led to the choice of
Q122 and S128 (yM8b numbering). In yM8d, the corresponding residues are Met and Asn,

respectively, resulting in the yM8b variants Q122M and S128N (highlighted in orange in
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Fig. 3.6A and Fig. A.8). Both of these mutations make chemically significant changes to
the side chain, potentially disrupting intermolecular interactions and affecting the onset of
LLPS. Substitution of Ser for Asn represents a change in the size of the side chain in this
surface-exposed position, while substitution of Met for Gln places a hydrophobic residue on
the surface instead of hydrophilic one. We hypothesized that one or both of the Q122M and
S128N mutations would lower the T, of YM8b to a value similar to its next closest paralogs

(vyM8c and yM8d, with T, of -8.1 °C and -9.6 °C respectively).
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Figure 3.6: (A) Structural model of yYM8b colored according to sequence conservation among
the toothfish yM-crystallins (see alignment in Fig. A.8A). Conservation was determined from
the sequence alignment of the six yMs in this study where none, one, two, and three or more
sequences that deviate are colored with blue, cyan, green and red respectively. The mutated
residues, Q122 and S128, are colored orange. (B) Coexistence curves of yM8b (gray) and its
variants Q122M (blue), and S128N (magenta). The dashed purple line is the binodal curve
of yM8d, while the dashed black line represent the average toothfish body temperature.
The region between vYM8b and vM8d is shaded light purple. The three vM8b variants show
similar critical concentrations at 211, 220, and 232 mg/mL respectively. The Q122M and
S128N variants have T. of -5.3, and -4.1 °C, respectively, similar to wild-type (-4.5 °C).
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As expected, biophysical characterization of the variants, performed in the same manner
as for the wild-type proteins (heat, urea), indicated only negligible changes in stability
relative to wild-type YM8b (Fig. A.9, A.10). However, the change in LLPS onset temperature
for these variants was very small and shifted in opposite directions for Q122M and S128N
(Fig. 3.6B). For Q122M the T. dropped by 0.5 °C, while for S128N it increased by 0.7 °C. The
latter observation was particularly unexpected, because all the other lower T, YMs tested
have an Asn in the equivalent position. This disparity indicates that despite their overall
level of conservation, these two residues play only a small role in the LLPS behavior of the

M crystallins.

3.3.7 Targeted mutation of surface residues enables tuning the LLPS

onset temperature

Our initial hypotheses were developed under the assumption that surface charge and polarity
would be the major drivers of LLPS in this system. However the lack of significant differences
in these properties between vYM8b and yMS&d, which have a large difference in the onset
temperature of LLPS led us to look for other factors. Positions where Arg is substituted
for Lys or vice versa between yM8b and yM8d were initially overlooked. Because R and
K are both positively charged, this mutation would be expected to have no effect on the
surface properties and hence LLPS based on charge alone. However, arginine is capable
of making more and stronger electrostatic interactions with the carboxylic acid groups of
aspartic acid and glutamic acid because of the resonance structure of the guanidinium group,
its higher pKa, and its potential for making bifurcated hydrogen bonds [114]. In addition,
the arginine guandinium group has been shown to be weakly hydrated suggesting that it
is likely to be excluded from bulk solvent towards weakly hydrated surfaces releasing water
molecules to the bulk solvent [115]. The release of weakly hydrating water has also been

implicated as a contributing factor in the unusual occurrence of arginine-arginine stacking
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despite their electrostatic repulsion [116]. Based on analysis of structures in the Protein
Data Bank, arginine is also more likely than lysine to be found in cation-7 interactions [117].
Mutations or post-translational modifications of surface-exposed arginine residues are also
known drivers of altered intermolecular interactions between a-crystallins and their client
lens proteins [118]. Therefore, the first mutation sites chosen to test the interaction strength
hypothesis were found by looking for surface-exposed positions where there is an R in yM8b
and a K in yM8c or yYM8d. There are three such sites, Arg 104, 161, and 164, all located
in the C-terminal domain; they are highlighted in black in Fig. 3.7A). The triple variant
R104K/R161K/R164K was made to investigate the effect of highly specific intermolecular
interactions on cold cataract. The mutations did not change the stability of the protein
(Fig. A.9, A.10), however the T, dropped by 8.8 °C from - 4.9 °C in wild type to -13.7 °C
in the triple variant, making it the most cold-resistant of all the proteins tested (Fig. 3.7).
The single variants R104K, R161K, and R164K each change the onset temperature of LLPS
by approximately one third of the difference observed for the triple variant (Fig. A.11),
suggesting that the effect is additive and depends on surface exposure rather than specific

sequence position.

To further establish the role that arginine plays in LLPS, three lysines in predicted loop
regions (Lys 18, 85, and 172) were chosen for mutagenesis, resulting in K18R /K85R /K172R
in YM8b. The variant protein had biophysical characteristics consistent with wild-type, with
a small increase in chemical and thermal stability (Fig. A.9, A.10). However, this mutation
produced a change in T, similar in magnitude to that observed in the triple Arg to Lys
variant, but opposite in direction. The T, of this variant is 3.5 °C, 8.3 °C higher than that of
wild-type yM8b, making it by far the least cold-resistant of all the proteins tested (Fig. 3.7).
This increase in phase transition temperature allowed us to probe the phase separation by
dynamic light scattering (DLS) and optical microscopy. As shown in Fig. 3.7C, as the sample
is cooled, phase separation can be detected beginning at at 4 °C, with an increase in particle

size and size variance as the temperature continues to drop. The droplets are visualized
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Figure 3.7: (A) The positional coloring from the sequence alignment of Fig. A.8A is supe-
rimposed onto a comparative model of YM8b; positions where none, one, two, and three or
more of the six sequences in this set differ are colored with blue, cyan, green and red re-
spectively. The mutated residues, R104, R161, and R164 are colored black while K18, K85,
and K172 are colored pink. (B) Coexistence curves of YM8b (gray) and its triple Arg to
Lys (R104K/R161K/R164K, black) and triple Lys to Arg (K18R/K85R/K172R, pink) va-
riants. The gray shading is the area between YM8b and YM4 coexistence curves. The black
dashed line represents the average body temperature of the toothfish. All proteins show
similar critical concentrations at 211, 235, and 261 mg/mL respectively. The triple Arg to
Lys and triple Lys to Arg variants exhibit dramatic changes in the LLPS onset temperature
of similar magnitude and in opposite directions, with T, of -13.7 and 3.5 °C respectively.
(C) Particle size of a 150 mg/mL solution of triple Lys to Arg yM8b was monitored as the
temperature was reduced in 1 °C increments. The apparent size is the average diameter of
particles normalized according to particle volume. The viscosity correction for analysis of
the DLS data were obtained using the viscosity data shown in Fig. A.12. An increase in
size variance starts at 4 °C, slightly above the phase transition temperature, and increases
for following temperatures with a dramatic increase in particle size occurring around 3 °C.
(D) Micrograph of a 150 mg/mL solution of triple Lys to Arg yM8b cooled to the phase
transition temperature. The image shows the phase transition front where larger droplets
have formed closer to the heat sink (top right corner), while smaller droplets are forming
farther away where the slide is warmer (bottom left corner).
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in Fig. 3.7D; this image shows a sample placed on a slide that is subject to a temperature
gradient. Smaller droplets are observed at the LLPS front, while larger droplets are present
closer to the heat sink, reaching sizes on the order of 10 um. Over time, these droplets

coalesce and settle out into two separate phases as shown in Fig. A.13.

Interestingly, when the 10 mM phosphate was replaced with MOPS buffer at an equivalent
pH, LLPS was unobservable even with the triple Lys to Arg yM8b variant. One possible
explanation for this observation is the difference in ionic strength between the two buffers.
MOPS at pH 6.9 exists in equilibrium between forms with 0 or -1 overall charge in comparable
proportions. In contrast, at this pH the comparable equilibrium for phosphate is between
species with -1 and -2 overall charge, thus giving rise to increased ionic strength. This could
be important when considering that although these proteins are at most 1 pH unit below
their predicted isoelectric points, a net charge that is not sufficiently shielded would lead to

repulsion between individual proteins.

Alternatively, the -2 species of phosphate may be participating in bridging interactions be-
tween positive charges on different protein monomers. To test the latter hypothesis we
increased the phosphate concentration expecting that if phosphate was increased, so too
would the T.. Increasing the phosphate concentration to 50 mM for wild-type yM8b led
to little change, with a negligible decrease of the T, to -5.0 °C, only 0.2 °C lower than the
standard buffer (Fig. 3.8). However, when the triple Lys to Arg variant was also tested the
T, increased 3 °C from 3.5 to 6.5 °C.

To further investigate the effects of the solution composition on intermolecular interactions,
salts with different cations were added to the standard 10 mM phosphate buffer in moderate
concentrations (50 mM)(Fig. 3.8). When guanidinium HCI was added, both the wild-type
~vM8b and the triple Lys to Arg variant displayed a lowering of their T., to -6.8°C and
2.2°C, respectively. However, with the additional of either NaCl or NH,Cl, the trend was

more similar to that seen with increased phosphate in solution. In the case of NaCl the T\,
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Figure 3.8: LLPS coexistence curves were probed after exchanging the buffer from the stan-
dard 10 mM phosphate, pH 6.9. The buffers tested consisted of 50 mM phosphate pH 6.9
(green) and the standard 10 mM phosphate, pH 6.9 buffer plus the addition of either 50
mM NaCl (dark green), NH,Cl (blue), or guanidinium HCI (red-orange). The dashed gray
and pink line represent the coexistence curves of YM8b wt and the triple K to R variant,
respectively, in standard buffer. (A) The coexistence curves of yM8b wt was measured in
the presence of additional buffer components. The presence of NaCl, NH,Cl, or increased
phosphate had little effect on the critical temperature with values of -5.0, -5.3, and -5.0°C,
respectively, compared to the critical temperature of -4.8°C in the standard buffer. The
presence of guanidinium HCI had a more pronounced effect, with a critical temperature of
-6.8°C. (B) The coexistence curves of yYM8b K18R/K85R/K172R variant were also measured
in the presence of additional buffer components. The presence of NaCl, NH,ClI, or increased
phosphate raised the critical temperature to 5.9, 5.1 and 6.5°C respectively compared to a
critical temperature of 3.5°C in the standard buffer. Similar to wt, guanidinium HCI lowered
the triple variant critical temperature to 2.2°C
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were -5.0°C and 5.9°C for wild-type and the triple variant, respectively. For NH,Cl, the T.
were -5.3°C and 5.1°C for wild-type and the triple variant, respectively. The observation
that overall, the larger effect of buffer concentration and added salts on the triple Lys to Arg
variant as compared wild-type, indicate that protein-buffer and protein-salt interactions in

this system are complicated and may depend on the positioning of particular residues.

3.4 Discussion

A major function of the toothfish eye lens crystallins is their ability to resist cold cataract, or
LLPS, at low temperatures [24]. LLPS occurs due to attractive interactions between indivi-
dual proteins, driving coalescence into a separate liquid phase [52, 95|. The observation that
D. mawsont eye lens fraction FIII undergoes LLPS at temperatures above the toothfish’s
body temperature, when this behavior is not observed for either the whole lens or the indi-
vidual recombinant proteins, is unexpected. In other vertebrate crystallins, large variations
in T, have been observed [119], and T, values above body temperature are associated with
cataract-related mutations [79]. Although the T. of these yM-crystallins vary considerably,
even YM7, which has the highest T, at -4.43 °C, remains transparent nearly 2 °C lower than
the average body temperature of the toothfish. This raises the possibility that there may be
a synergistic effect among these proteins that raises the T. of FIII under our experimental
conditions. In the bovine lens, the mixture of paralogs has been shown to affect the T..
Bovine yS-crystallin not only resists LLPS at temperatures as low as -10 °C, it also prevents

LLPS when mixed with more susceptible v-crystallins [53].

On the other hand, demixing of protein solutions can occur in conjunction with phase sepa-
ration if the intermolecular interactions between identical protein molecules are significantly
more favorable than those between different paralogs [96]. Preventing this type of demixing

and its concomitant phase separation may be one reason why the toothfish has so many

58



~v-crystallin paralogs. Another possible explanation for the difference in LLPS temperature
between the susceptible fraction and the individual recombinant proteins is that the coex-
istence curves were measured using freshly prepared recombinant protein, while the lens
fraction came from an adult fish where the protein may have accumulated deleterious post-
translational modifications. Even very low modification levels have been shown to result in
substantial changes in the T. of the bulk solution [120]. Although fragmentation ions for
conclusive identification of post-translational modification were lacking in the mass spectra
of Fraction III, based on studies in human lens crystallins, [121, 122, 123] the most common
modifications are expected to be oxidation and deamidation. Methionine oxidation to a sul-
foxide or deamidation of asparagine or glutamine would lead to the presence of an additional
hydrogen bonding acceptor or negative charge, potentially increasing the interaction poten-
tial between proteins based on the additional interactions (e.g. salt bridges and hydrogen

bonding) available to each side chain.

The many yM-crystallin paralogs in the toothfish lens share the double-Greek key fold com-
mon to vertebrate Svy-crystallins. Despite the ubiquity of this fold, the primary sequences
of vertebrate structural crystallins can vary considerably among and within organisms [20].
For example, human ~S-crystallin (hyS) has 55% identity to its closest human paralog, hyB.
Comparing hvS to its closest orthologs in other vertebrates, we find 71% identity for Danio
rerio yS1, 72% for Gallus gallus S, and 58% for Xenopus laevis yA. These sequence vari-
ations are suspected to underlie functional diversity, given the dual structural and optical
functions of these proteins. From an evolutionary standpoint, the need for higher refractive
index in the lens is addressed both by increasing the protein solubility (and hence the max-
imum concentration), as well as the refractivity of the proteins themselves. It is clear from
the amino acid composition of the toothfish yM-crystallins that this has resulted in an enri-
chment of highly refractive amino acids with a corresponding decrease in low refractive index
amino acids. This necessarily leads to a lower than average composition of aliphatic amino

acids, as they have the lowest refractive index increment values. Methionine, which otherwise
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behaves like an aliphatic residue in terms of chemical properties, has a substantially higher
refractive index (Table A.2). An enriched methionine content serves at least two functions
in the lens; it increases the protein refractive index increment and substantially alters the
hydration properties of the protein surface [98]. It may also be important for mediating
transient protein-protein interactions in the crowded lens environment, due to the flexibility
of the methionine side chain compared to other hydrophobic residues [124]. Proline is also
noticeably exiguous in these psychrophilic crystallins compared to hyS (Fig. 3.2), consistent

with the hypothesis that psychrophilic proteins have evolved to be more flexible [125].

Thermal and chemical denaturation curves were measured for all the toothfish yM-crystallins
in order to measure their stability, heat tolerance, and aggregation propensity. Chemical and
thermal denaturation provide different information: denaturation under reversible conditions
(in this case by adding urea) enables calculation of the AG between the folded and unfolded
states, while the thermal denaturation is often inextricably linked with aggregation and
is characterized by the midpoint temperature of the unfolding curve, 7,,. In general, T,,
does not correlate reliably with AG between the folded and unfolded states [87]. However
it does provide a useful point of comparison with the thermal aggregation temperature,
enabling assessment of whether the onset of aggregation coincides with large-scale unfolding
or if transiently unfolded states begin aggregation below 7, [126]. Despite originating from
a cold-adapted organism, these crystallins still exhibit relatively robust thermal stability:
vMT has the lowest thermal denaturation temperature (T,,) at 59 °C, while yYM8b shows the
highest thermal stability, with a T,, of 71 °C, comparable to HyS (Fig. 3.4C). It is interesting
that yM4 has a T, of 69.3 °C, only two degrees below yM8b, yet the urea concentration
needed to halfway unfold the protein most closely corresponds to the rest of the yMs with
lower T,,s (Fig. 3.4A and C) highlighting our previous findings that homologous proteins

can show differential stabilities depending on the denaturation method [67].

We hypothesize that the increased stability seen in YM8b may be partly due to the N-
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terminal extension, which is only present in the YM8s , making contact with the C-terminal
domain. Judging from the comparative models yYM8b and yMS8c are capable of making polar
contacts between the N-terminal amine and Asp137, potentially forming a stable salt bridge
that could resist the type of initial N-terminal unfolding first observed in D. rerio yMT7-
crystallin and hypothesized to be a general unfolding mode of the Sy-crystallin fold [17].
Additionally, the substitution of Gly5 to Asp in yM8b relative to yM8c lends more helical
character to the predicted secondary structure of the N-terminal extension. As a result, the
N-terminal extension of YM8b packs better along the interdomain linker than that of yMSc.
Taken together, the presumptive salt bridge and the more efficient packing of the N-terminal
extension appears to put the two domains more stably in contact with each other. This
type of cooperative stabilization leading to increased thermal and chemical tolerance has

previously been observed in mammalian S-crystallins [127].

One striking result of this study is that substituting arginine for lysine and vice versa sig-
nificantly affects the T, even though both are positively charged amino acids and therefore
contribute equally to the surface charge of the protein. The importance of charged surface
residues in general is in line with the current view that biological LLPS is driven by complex
coacervation of highly charged biomolecules [128]. The dramatic effect of substituting Arg
for Lys is consistent with the over-representation of Arg at protein-protein interfaces [129].
Furthermore, previous sequence analysis of low- and high-T, ~-crystallins showed that one
salient feature of high-T,. y-crystallins was an Arg in a particular C-terminal domain loop,
while the low-T,. crystallins had a lysine instead [130]. This position coincides with two of
the residues mutated in yYM8b, R161 and R164. Similar effects have been observed in other
proteins that undergo LLPS as well. In the stress granule protein C9orf72, arginine-rich
dipeptide repeats are essential for LLPS and stress granule assembly [131]|. Recent in wvitro
and in vivo studies of FUS have indicated that arginine methylation inhibits phase separa-
tion, [132|, which is specifically modulated by cation-7 interactions [133], and lies along the

pathway toward pathological aggregates.
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We hypothesize that the effect of Arg/Lys substitution on T. results from the differences in
geometry and electronic structure in the side chains of Arg and Lys, which in turn lead to
the formation of different intermolecular interactions. Furthermore, the weaker hydration
of Arg side-chains leads to increased association with weakly hydrated surfaces of other
proteins [115, 116]. All but two of the proteins in this set have positively charged residues
in the positions occupied by the three highly exposed positively charged residues (indicated
in black in Fig. 3.7A) that were mutated. The exceptions are yM8d, which retains only
two of the three, and yM7, which has one of the positive positions offset by two residues,
although based on the comparative model, the side chain still occupies a similar spatial
position, making it equally surface-exposed. YM8b and YM7 contain Arg in all three of their
respective positions, YM4 has two Arg and one Lys, yM1 and yMS8c have one Arg and two
Lys, while yM8d only has two Lys and a Met in the third position. With the exception
of vyM4, this trend is consistent with the T.s seen in these five crystallins, where a greater
number of arginine residues in these surface positions correlates with a higher T.. The
deviation of yM4 from this trend may be explained by the substitutions of Arg to Lys at
positions 50 and 90, which is only observed in vM4. These sequence positions correspond to

flexible coil regions, suggesting that they are also exposed at the surface.

The role of arginine in these crystallins is especially interesting when it is considered that
these six yM-crystallins show an enrichment of Arg with a concomitant depletion of Lys. In
terms of attractive interactions that increase the propensity of phase separation, enriched Arg
content would be undesirable. However, within the full context of a crystallin’s function, Arg
enrichment has the desirable effect of increasing protein refractivity [11, 60]. These two roles
appears to have led to a sort of tension in the selection for Arg enrichment, where increased
arginine content is desirable to increase refractivity, but not so much as to compromise the
lens with the risk of phase separation. Comparing the Arg/Lys content of yM-crystallins of
the toothfish to other, warmer-water fish species reveals that all of these crystallins favor

Arg over Lys (Fig. A.14). However, many of the toothfish yM-crystallins have lower Arg
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and higher Lys content relative to those seen in the other fish species. These results suggest

that the reduced Arg content may have been a feature selected for cold tolerance.

The role that dissolved ions play in the LLPS of the these proteins is another important
consideration. Here, changing the buffer from phosphate to MOPS reduced the T, beyond
what is experimentally accessible. This may be due to the decreased ionic strength being
insufficient to shield charges causing inter-protein repulsion. The alternative hypothesis, that
-2 charged phosphate ions may be able to bridge positive charges between proteins, was not
well supported by the observation of LLPS in the presence of more phosphate. In this case,
wild-type YM8b shows little change in the onset temperature of LLPS, while the triple Lys
to Arg YM8b variant has a 3°C increase in the T.. The addition of NaCl or NH,Cl1 followed
a similar trend, suggesting the effect is not unique to phosphate or ions with a charge of
-2. Addition of guanidinium HCI reduced the T, for both wild-type and the triple variant,
with wild-type type exhibiting a slightly greater reduction in T.. These observations lead us
to hypothesize that, provided the ionic strength of the solution is sufficiently high to shield
repulsive net charge between individual proteins, the kosmotropic and chaotropic nature of
the ions predominate as far as their modulating effect on the LLPS temperature. This also
supports the idea that the increased interaction from arginine is at least in part driven by
hydration forces; as kosmotropic ions would more strongly exclude the arginine side chain
towards weakly hydrated surfaces. Similar observations have also been made in regard to the
phase behavior of hen egg white lysozyme, where different ion species demonstrate varied
effects on the phase transition temperature [134, 135, 136|. Such difference require further
and more extensive study to better understand the interactions at play between proteins and

dissolved ions.

In conclusion, we have characterized the stability and LLPS behavior of six yM-crystallins
from the Antarctic toothfish D. mawsoni and site-directed variants thereof. The LLPS of

these crystallins does not correlate strongly with thermal or chemical stability or ability to
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be recognized by bovine a-crystallin. Instead LLPS formation depends on the presence of
solvent-exposed residues that have a higher propensity to interact with residues of another
individual protein. We also demonstrated that it is possible to tune the LLPS temperature
by adjusting the Lys/Arg composition without varying the overall charge. Mutagenesis of
three exposed Lys to Arg in yM8b leads to a shift in the T, of a similar magnitude but
opposite direction compared to the triple Arg to Lys variant. It is worth noting that in
the triple Arg to Lys variant, the mutations were clustered in two adjacent loops in the C
terminal domain, while the triple Lys to Arg variant has two mutations in the N-terminal
domain and one in the C-terminal domain. The observation that both triple variants have
similar magnitudes of their T, shift and that the single variants R104K, R161K, and R164K
have magnitude shifts approximately one third the triple variant (Fig. A.11) suggest that
the effect is additive and not strongly positionally dependent provided that the residues
are adequately exposed. The results of this study suggest that LLPS can be controlled,
even in well-folded proteins, by manipulating specific interactions between residues on the
protein surface, a direction that bears further investigation given the importance of such
systems in cell biology and the promise of creating tunable membraneless organelles to serve

as microreactors or modulators of solution conditions.
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Chapter 4

Protein refractive index increment is
determined by conformation as well as

composition

4.1 Background

In organisms with camera-type eyes, the transparent, refractive medium that focuses light
on the retina is made up of densely packed crystallin proteins [6]. This specialized tissue is
a crowded molecular environment; the protein concentration ranges from 400 mg/mL in the
human lens to nearly 700 mg/mL in some aquatic species [137, 10, 98]. In terrestrial orga-
nisms, much of the refractive power is provided by the air/water interface at the cornea. In
aquatic animals, the lens alone is responsible for refraction; hence their higher protein con-
centration and, on average, greater refractivity of the proteins themselves. Vertebrates share
two conserved lens protein classes, the a-crystallins, which are small heat shock proteins [5],

and the structural Sv-crystallins, which are primarily S-sheet proteins with a characteristic
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two-domain double Greek key fold [138]. In addition to these crystallin superfamilies, there
are a variety of taxon-specific crystallins. For example, the S-crystallins of cephalopods are
thought to have evolved from the enzyme glutathione S-transferase [139, 140, 141|. The €
crystallin of crocodiles and some birds is identical to lactate dehydrogenase; in the duck
lens, it retains its catalytic activity even at very high concentrations [142]. The box jelly
Tripedalia cystophora has three lens proteins; the J1- and J3-crystallins show similarity to
ADP-ribosylglycohydrolases and vertebrate saposins, respectively, whereas J2-crystallin has
no apparent sequence homologs [143]. All of these proteins have in common their high sta-
bility and solubility, consistent with the necessity for lens proteins to last the lifetime of the
organism. The current model of lens protein evolution is that an abundant, soluble protein
is recruited to the lens, followed by gene duplication and further selection for stability and

aggregation resistance, as well as the refractive index |6, 144].

The refractive index (n) describes how much the path of light is bent when traversing the
boundary between one isotropic medium and another. It is defined as n = £, where c is the
speed of light in vacuum and v is the phase velocity of light in the material of interest. For
molecules in solution, an important quantity is the refractive index increment, dn/dc [145],
in which ¢ refers to solute concentration. dn/dc values are required for data analysis when
performing analytical ultracentrifugation, using a refractometer to detect analytes in size-
exclusion chromatography [146], and characterizing protein oligomerization via multi-angle
light scattering [147]. In many cases, the approximate average value of 0.185 mL/g is used for
all proteins [148]. Depending on the application, this approximation may be sufficient, but
in the crystallins of the eye lens, dn/dc is generally higher than for proteins not selected for
this function. A better approximation is to use the weighted average dn/dc predicted based
on the amino acid composition of the protein of interest. Zhao and coworkers developed a
dn/dc calculator based on the model that protein refractive index is fully explained by the
amino acid composition [10]. Using this model, Mahendiran et al. investigated the effects

of protein structure and primary sequence to refractive index increment. This study found
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that the predicted dn/dc values for v crystallins are much higher than for non-lens proteins
with similar Greek key domain structures, a feature attributed to the higher fraction of
polarizable amino acids such as arginine and methionine in the crystallins relative to other

proteins [149].

Experimental measurements of dn/dc have been performed for well-characterized proteins
such as bovine serum albumin (BSA) [148] and hen egg white lysozyme (HEWL) [150].
Measurements of dn/dc for bovine a-, 3, and 7-crystallins have enabled rationalization of
the refractive index gradient in the mammalian lens [151]. Recent experiments have shown
that protein refractive index also depends on environmental factors such as solvent dielectric,
ionic strength, and temperature [152]. Here we report the measured dn/dc values of several
vertebrate and invertebrate crystallins. Contrary to the prevailing model, we find that for
the lens crystallins the measured dn/dc values are much higher than those predicted using

amino acid composition alone.

4.2 Materials and Methods

4.2.1 Protein sample preparation and dn/dc measurements

Lyophilized lysozyme from hen egg white (Cat. No. 195303) was purchased from MP Bi-
omedicals (Solon, OH). Lysozyme was dissolved 10 mM sodium phosphate buffer, 100 mM
sodium chloride, 0.05% sodium azide at pH 6.9 for a final concentration of 50 mg/mL. Hu-
man yS-crystallin [47] and Ciona intestinalis-~y-crystallin [153] were expressed and purified
as previously described. Plasmids containing the cDNA sequences for Dissotichus mawsoni
vS1, vS2 yM8b-, yM8c-, yYM8d-, and J2-crystallin were purchased from Blue Heron (Bothell,
WA). All but J2-crystallin oligonucleotides were purchased from Integrated DNA Technolo-

gies (Coralville, TA); the J2-crystallin primer was purchased from Sigma-Aldrich (St. Louis,
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MO). The crystallin genes were amplified with primers containing flanking restriction sites
for Ncol and Xhol, an N-terminal 6x His tag, and a TEV cleavage sequence (ENLYFQG)
except vS1 and vS2, which lacked an N-terminal 6x His tag, and a TEV cleavage sequence.
The polymerase chain reaction product was cloned into a pET28a(+) vector, purchased
from Novagen (Darmstadt, Germany). The toothfish crystallins were overexpressed in Ro-
setta (DE3) Escherichia coli using the Studier autoinduction protocol at 25°C for 24 hours.
J2-crystallin was overexpressed in Rosetta (DE3) E. coli using standard IPTG-induced ove-
rexpression protocols at 25 °C for 18 hours. Cells were lysed by sonication and cell debris
was removed by centrifugation. His-tagged crystallins were purified on an Ni-IDA column
purchased from Bio-Rad (Hercules, CA) and cleaved by a His-tagged TEV protease (produ-
ced in-house). The TEV protease and His-tag were removed by a second application to an
Ni-NTA column. Untagged vS1 and vS2 were dialyzed in 10 mM Tris, 0.05% sodium azide,
pH 8 then purified by anion exchange on an UNOsphere Q column purchased from Bio-Rad
(Hercules, CA) using a 1 M sodium chloride gradient. The final purification step for all cry-
stallins was application to a HiLoad 16/600 Superdex 75 PG gel filtration column from GE
(Pittsburgh, PA) using 10 mM sodium phosphate buffer, 100 mM sodium chloride, 0.05%
sodium azide at pH 6.9. Samples for dn/dc measurements were prepared by serial dilution
from a starting concentration of 50 mg/ml, measured using UV absorbance measurements

at 280 nm using the extinction coefficients given in Table 1.

Refractive index increments were measured following the batch-mode technique using an Op-
tilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA) configured with
a 685 nm fiber-optic laser diode source. The instrument measures differential refraction using
a flow cell where the light path first passes through the sample containing the analyte then
through a reference sample. Any difference in refraction between the two solutions results
in beam deflection that is detected by an array of photodiodes. The most common sources
of experimental error in this type of measurement are caused by temperature fluctuations or

inaccuracies in the sample concentration.

68



4.2.2 Refractive index calculations

The method used here to calculate protein refractive index increment (dn/dc) is adapted
from the work of McMeekin and coworkers [154, 155]. This treatment also forms the basis

of the dn/dc calculator published by Zhao and colleagues [10, 11].

Protein refractivity (Rp) per gram is calculated from the weight percentages of each amino
acid (indexed 7) applying the same method used to calculate protein partial specific volume
(vp). Empirical values for refractivity [155] (R;) and specific volume (v;) of the individual

amino acids [156] are summed, as in (4.1) and (4.2), respectively.

Rp =52 (4.1)

- M;v;
vp = —ZZZ i (4.2)

The refractive index of the protein follows from a rearrangement of the Lorentz-Lorenz

equation (4.3), which is itself an expanded Gladstone-Dale expression [157], yielding (4.4).

(4.3)

2Rp +v
== 4.4
np @_RP ( )

Assuming volume additivity, the refractive index of protein (n,) in solution can be cal-

culated from the Wiener equation (from Heller et. al.[158], eq. 7, eq. 17) such that (4.5)
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becomes (4.6) when the sample is sufficiently dilute ngoution — Nsotvent-

o B0 ) T (1, + )
P ot (ngoln + nzolz) - %%(nsolv + np)
(4.5)
d 3 712 - ngo v

de nSOlU? (n2 + 2n? )

Corrections for the wavelength (4.7) and temperature (4.8) were implemented by Zhao et al.

based on work by Perlmann and Longsworth [159].

2
(d_n) _ (d_n) (0.94_'_ 20,000 nm )
de / d¢ / s18nm A

(4.7)

£ () (328 o

In this implementation, an R script was written to compute predictions of protein (dn/dc)
from multiple amino-acid sequence inputs. All calculations were run using n,gpen: = 1.3340,
T = 25°C, and A = 589.3 nm (corresponding to the wavelength used to measure the amino

acid dn/dc values by McMeekin and coworkers).
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4.2.3 Molecular modeling and calculation of solvent accessible sur-

face area

Three-dimensional structural models were obtained for each protein in order investigate
potential sources of the deviation from the additive model of dn/dc. Experimentally de-
termined structures were used where they were available: structural models for hen egg
white lysozyme (PDB ID: 4WG1 and 4WGT) [160], human ~yS-crystallin (PDB ID: 2M3T)
[34], and Cliona intestinalis fry-crystallin (PDB ID: 2BV2 [15]) were downloaded from the
Protein Data Bank (PDB) [161]. For the proteins that lack empirical structures, models
were calculated using the Robetta server [107], which predicts three-dimensional structure
from a primary sequence input. Robetta uses comparative modeling based on solved PDB
structures of similar sequence fragments, followed by all-atom refinement. J2-crystallin was
omitted from the structure calculations because it has no known sequence homologs, re-
ducing our confidence in this type of comparative modeling in its case. Solvent accessible
surface areas (SASA) were computed in UCSF Chimera [162] using the MSMS package with
default settings [163]. This package calculates SASA using a rolling sphere of radius 1.4 A to

approximate a water molecule.

4.2.4 rm-pair refractive index correction

The 3D models described above were also used to generate a correction factor to the dn/dc
calculations accounting for short-range interactions between pairs of highly polarizable re-
sidues, focally tryptophan, phenylalanine, tyrosine, histidine, and arginine. These highly
polarizable residues all contain m-bonding systems, thus we refer to this term as the m-pair
correction. We estimated the polarizability contribution of each residue to be its dn/dc dif-
ference from alanine ((22) 4, = 0.167), as this takes into account only contributions from the

side chain beyond the g-carbon. The refractive index correction factor for a given protein
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(CF) was determined based on the distance (d) between the polarizable side chain centroids

of residues (i, j) as follows.

S ((4m); — 0.167)((42),; — 0.167) 5

CF = —

(4.9)

Upper bound distance cutoffs for m-7 and cation-m interactions were taken as 7 and 6
respectively, where any interaction with arginine considered to be cation-m and all others
treated as m-7. Unscaled correction factors were fit to residuals using a multiple linear re-

gression yielding best fits of §,_, = 0.11 and d.qtion—n = -0.08.

4.3 Results and Discussion

The proteins investigated here include human ~S-crystallin, YM8b-, vM8c-, yM8d-, S1-,
and yS2-crystallins from the Antarctic toothfish (Dissotichus mawsoni), J2-crystallin from
the box jellyfish (Tripedalia cystophora), and fv-crystallin from the tunicate Ciona intesti-
nalis, as well as hen egg white lysozyme (HEWL) as a non-lens control protein. The results
are shown in Fig. 4.1. Comparisons to the calculated dn/dc values are summarized in
Table 4.1 and Fig. 4.2. Fig. 4.2 shows the predicted (open circle) and measured (filled circle)
dn/dc values for each protein in our set. Predictions were performed using the methodo-
logy of Zhao and coworkers as described above [10]. In comparison, predicted dn/dc values

were also calculated for all known proteins in the the human proteome, comprising 70,940
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human proteome sequences gathered from the Uniprot database (organism 9606 and pro-
teome up000005640). The distribution of predicted dn/dc values for the human proteome
is approximated well by a Gaussian with an average dn/dc of 0.1897 mL /g and a standard
deviation of 0.0037 mL/g. This range provides a benchmark against which to compare the

predicted and measured values for the lens proteins.

For lysozyme, which has not been subject to selective pressure for refractivity, the measured
value agrees with that calculated based on its amino acid composition, as well as with a
previously measured literature value [164]. In contrast, all of the eye lens proteins inves-
tigated here have a dn/dc of 0.20 mL/g or higher. This average value is more than 2.5
standard deviations higher than the standard value of 0.185 mL/g often cited as the mean
for all proteins. Furthermore, for all the lens proteins, the measured dn/dc values are much
higher than the predictions (between 1-4 standard deviations), indicating that amino acid

composition alone is not sufficient to explain the high refractivity of lens proteins.

Although all the crystallin proteins exhibit a difference between the predicted and measured
dn/de, the largest discrepancies are observed for the vS1-, vS2-; and yM8b- crystallins from
the Antarctic toothfish, D. mawsoni. The discrepancy for J2-crystallin from the box jelly is
nearly as large, while those for human yS-crystallin and toothfish YM8b- and YM8c-crystallin
are more moderate. The differences among dn/dc values for the toothfish proteins are parti-
cularly interesting in light of the fact that D. mawsoni has at least has thirteen y-crystallin
paralogs [24]. This diversity may be necessary to balance the competing requirements for
lens function in the Antarctic habitat of this fish: maintaining a high refractive index while
also resisting freezing and cold cataract formation at -2 °C . Taken together, these results
raise the question of which other features of lens proteins have evolved to increase refractivity

beyond selection for a large fraction of highly polarizable amino acid residues.

In order to discover the molecular basis for the deviation from the predicted values, it is

necessary to examine the assumptions made in this treatment of refractive index. In parti-
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Figure 4.1: A. HEWL (control), B. yM8b-crystallin, C. yM8c-crystallin, D. yM8d-crystallin,
E. 4S1-crystallin, F. vS2-crystallin, G. J2-crystallin, H. human ~S-crystallin, I. tunicate gv-
crystallin. Hen egg white lysozyme was measured as a control protein that has not been
selected for high refractivity.

cular, the Gladstone-Dale relation assumes straightforward volume additivity and isotropic

polarizability [166]. In this treatment, the refractive volume of one protein molecule in nm

3

is given by R(M,,)/Na, and the refractivity of one protein molecule is given by R = %“N A,

where M, is the molecular mass, N4 is Avogadro’s number and « is the average polariza-

bility. The fact that « is a second-rank tensor is ignored because the sample in question is

an isotropic solution where all orientations of these small globular proteins are assumed to

Table 4.1

Protein Organism Calculated Measured Standard Deviations Extinction

dn/dc dn/dc Between Calculated  coeflicient

(mL/g) (mL/g) and Measured dn/dc  (mL/mg)
lysozyme G. gallus 0.1963 0.1970 £ 0.0010 0.189 2.64
¥S H. sapiens 0.1985 0.2073 + 0.0014 2.38 1.94
By C. intestinalis 0.1917 0.1985 £ 0.0012 1.84 1.54
~vM8b D. mawsoni 0.2003 0.2158 4+ 0.0015 4.19 1.06
vM8c D. mawsoni 0.2003 0.2061 £+ 0.0014 1.57 0.957
vM8&d D. mawsoni 0.1995 0.2041 £ 0.0014 1.24 1.03
~S1 D. mawsoni 0.2020 0.2183 £ 0.0014 4.41 2.15
52 D. mawsoni 0.2002 0.2168 £ 0.0014 4.49 2.31
J2 T. cystophora 0.1920 0.2037 £ 0.0012 3.16 0.283
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Figure 4.2: The dn/dc of HEWL, human ~S-crystallin, toothfish vS1-, vS2-, yM8b-, yM8c-
, and yM8&d-crystallins, box jelly J2-crystallin and tunicate [v-crystallin were measured
and compared to their predicted values, represented by filled and open circles respectively.
The solid line represents the mean dn/dc of the human proteome, with the shaded region
representing one standard deviation from the mean. The dashed lines indicate the literature
dn/dc values for bovine serum albumin [165], and a-, 8, and y-crystallin fractions from
bovine eye lens [151].

be equally represented in the ensemble. The deviation of our measured dn/dc data from the
additive model could be explained if the assumption that the protein partial specific volume
is equal to the sum of that for its component amino acids is incorrect, or if the anisotropic
polarizability of the individual amino acids (or small groups of them) is not negligible in the

context of a folded protein.

Volume additivity could play a major role in principle, as the effective volume of an amino
acid in solution is affected by hydration, and thus in solution the volume of a compactly
folded protein is smaller than that of its component amino acids. However, in practice
volume additivity per se does not appear to be the dominant effect, because the additive
Gladstone-Dale model works well for many typical proteins, including HEWL, the control
protein in this set. This may be because the effect would largely be expected to impact
aliphatic amino acid sidechains, which are generally buried inside the protein interior, but

have low polarizability and thus contribute little to the refractive index. For surface-exposed
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residues, previous experimental studies have found that at room temperature and below,
hydration of charged and non-polar sidechains is similar to that observed in small model
compounds (e.g. isolated amino acids), while significant deviations are observed for the

hydration of polar neutral sidechains [167].

Water molecules bound to the surface of a protein behave differently from those solvating
small polar molecules because each water molecule can form hydrogen bonds with multiple
polar groups on the protein surface, resulting in a network of ordered solvation water that
influences the compressibility more than the specific volume [168, 169, 170, 171]. These hyd-
rogen bond networks line up water molecules, albeit transiently, impacting the electric field
at the protein surface. The water layer around a biomolecule is dynamic and heterogeneous,
and exact degree of ordering and the timescale of “bound” water dynamics remain contro-
versial [172]. However, it is reasonable to expect protein hydration to have a non-negligible
impact on refractive index. Subtle effects of the solution composition have previously been
shown to impact refractivity, for example the measured dn/dc of lysozyme depends on the

buffer compound used [173].

Examination of the structural models for our protein set revealed a positive correlation
between the solvent-exposed surface area (SASA) of hydroxyl groups and the deviation from
predicted dn/dc values (Fig. 4.3). Hydroxyl groups are highly polar and can both donate
and accept hydrogen bonds, contributing to the formation of the water network at the
protein surface. This correlation supports the hypothesis that protein hydration plays a role
in the dn/dec discrepancies we observe in lens proteins and provides a rationale for future
experimental studies of their hydration properties. Prior experiments have suggested that
the hydration shells of eye lens crystallin proteins are particularly robust, highlighting a

possible mechanism of selection for high refractivity as well as enhanced solubility [62].

Another factor that may influence the protein dn/dc is that the polarizabilities of individual

amino acids in the context of a folded protein need not be isotropic; residues may interact
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Figure 4.3: The relationship was fit to a linear regression that follows the form Sp,q =
0.3362 — 0.304 with an R? of 0.906, in which Sj,q and z are the fraction of hydroxyl SASA

and measured to predicted dn/dc ratio respectively.

with their neighbors to produce local (much smaller than the wavelength of light) regions
of larger polarizability. Some of the most polarizable amino acid side chains, e.g. Trp, Phe,
Tyr, His, and Arg, are also highly anisoptropic in shape, raising the possibility of highly
specific interactions held in place by the packing of the protein interior. Surface residues
may also adopt particular conformations via strong interactions such as salt bridges or cation-
7 interactions. These effects are probably not independent, as changes in the compressibility
of the molecule also influence its polarizability [174]. To approximate the effect of polarizable
amino acid interactions, we applied a correction factor to the additive dn/dc model from Zhao
et al. In this correction, applying a small positive and negative weight for 7-7 and cation-7
interactions, respectively, improves prediction accuracy (Fig. 4.4). More experimental data
is needed to develop a more complete theory of protein refractive index in lens proteins.
In particular, this m-pair correction may be refined using the detailed angular information
about the relative orientations of key side chains that is only available from high-resolution
structures, while experimental measurements of the hydration shell mobility will help to

clarify the role of surface hydration.
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the lowest energy structure and empty diamonds for alternate confirmations where they are
available. Two filled diamonds are shown representing the two lysozyme crystal structures,
while no predictions are shown for J2-crystallin, as no previously solved structures were
sufficiently similar for confident structural modeling. Additional unfilled diamonds are shown
for human ~S-crystallin to represent alternate low energy NMR conformations. Regression
lines are shown as visual guides for model comparison.

In summary, the measured refractive index values for all the lens crystallins investigated
here is higher than that predicted using the prevailing model, indicating that factors other
than amino acid composition are involved in producing the high refractivity of lens proteins.
The difference is particularly striking for vS1-, ¥S2-, and yM8b-crystallin from the Antarctic
toothfish. We propose two hypotheses for the origin of this effect, which may work inde-
pendently or in concert. The arrangement of hydroxyl groups on the surface may affect the
protein hydration structure and hence the dipole moment and polarizability. Alternatively,
the effect of short-range interactions between highly polarizable amino acids may cause local
regions of anisotropic polarizability. We propose a correction to the additive model based
on the idea that 7-7 interactions contribute more to the refractive index than the sum of
the amino acid polarizabilities. For the proteins studied here, this m-pair model improves

agreement between predicted and measured values, although further refinement is needed.
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Structure determination efforts for these proteins and experiments probing their hydration
shells are expected to provide further insight into the mechanisms underlying the high re-
fractive indices of eye lens proteins. Other remaining questions include the behavior of these
proteins at higher concentrations, where self-organization becomes important, as well as the

concentration gradient and differential distribution of these proteins in the lens.
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Chapter 5

Characterizing D1 Plant-Specific Insert

5.1 Background

Carnivory has independently evolved in the plant kingdom multiple times as a way of acqui-
ring more nutrients [175]. The hypothesis is that these plants evolved the ability to capture
and digest prey to supplement a nutrient deficiency, such as available soil nitrogen in wet-
land type environments [176]. In most cases, the leaves are, in addition to photosynthesis,
recruited for capturing prey. Often, this change in function results in loss of photosynthetic
capacity of the leaves, in addition to increased energy demands for capturing and digesting
prey. Different plants utilize different methods to capture prey ,such as pitfall traps and
fly paper traps among others [175, 177|. Once prey has been captured, there are several
challenges the plants face for digestion. All of these plants must perform their digestion
without any mechanical breakdown of their prey, such as mastication. In addition, digestion
often occurs in an exposed environment over a prolonged period of time, meaning the dige-
stion is exposed to variable physical conditions from changes in weather. Exposure of the

digestion process also increases the risk of opportunistic microbial growth that compete for
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nutrients from the captured prey and possibly infecting the plant tissue. These challenges
have lead to the evolution of interesting traits in the proteins of carnivorous plants to meet

their environmental demands [178, 179].

For these reasons, carnivorous plants are a potential source of new and interesting digestive
enzymes and antimicrobial proteins. These new proteins could be useful in a variety of
biotechnological application from proteases that more readily breakdown protease resistant
proteins, chitinases that can be repurposed as an insceticide or fungicide, or antimicrobial
proteins to inhibit microbial growth for medical uses. One potentially interesting carnivorous
plant is Drosera capensis, also known as the Cape sundew. This plant is native to the Cape
region of South Africa and is relatively easily cultivated. This plant catches prey in the
sticky mucilage of its leaf tentacles. It then wraps its leaf around the captured prey to
increase contact with the digestive mucilage and enhance nutrient absorption [180]. In order
to explore the potentially interesting proteins that have evolved in this plant, we sequenced
the genome of D. capensis, representing the first carnivorous genome sequenced from the

order Caryophyllales [178].

With a whole genome worth of protein sequences from D. capensis, proteins that could
be involved in digestion were prioritized and discovered by homology. During analysis, as-
partic proteases were discovered that contain what is called a plant specific insert (PSI).
These PSIs are domains of usually 50-100 amino acids found in plant aspartic proteases that
upon maturation are cleaved off and act as independent proteins [178]. PSIs are known as
saposin-like proteins, which consists of a family of proteins that have a conserved tertiary
fold often containing three disulfide bonds, but can vary in sequence identity [181]. Their
overall function involves interacting with lipid membranes in a variety of ways including
membrane localization, increasing the availability of membrane lipids for enzymatic proces-
sing, and permeabilizing the membrane [182]. Permeabilizing the membrane can be used as

an antimicrobial defense to induce cytotoxicity. For example, the well-studied PSI from the
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potato Solanum tuberosum, which has been shown to exhibit antimicrobial activity against
various plant and human pathogens [183]. Similarly, we hypothesize that PSI-containing
aspartic proteases from D. capensis could have been recruited for digestive function for both
its ability to digest prey proteins as well as inhibit microbial growth during digestion. Alter-
natively, a PSI in the digestive mucilage could function to make insect lipids more available
for digestion. Furthermore, PSIs alone could have application in microbial growth inhibition.
To this end, we have biochemically and biophysically studied the properties of the Droserasin
1 PSI (D1-PSI) from D. capensis. Our results have shown that indeed the D1-PSI is capable

of antimicrobial activity and disrupting membranes.

5.2 Materials and Methods

5.2.1 Gene construction, expression, and purification

Plasmids containing the DNA sequence of the D. capensis Droserasin 1 PSI (D1-PSI) genes
were purchased from Intergrated DNA Technologies (San Diego, CA). Each gene was flanked
by regions containing restriction sites for Ncol and Xhol and contained an N-terminal 6x His
tag, and a TEV cleavage sequence (ENLYFQG). The gene was amplified using oligonucleotide
primers purchased from Intergrated DNA Technologies (Coralville, TA), and the resulting
gene product was cloned into pET28a(+) vector (Novagen, Darmstadt, Germany). D1-PSI
was overexpressed in SHuffle T7 Escherichia coli (New England Biolabs, Ipswich, MA) using
autoinduction protocols [102] at 25 °C with the modification of adding 50 uM IPTG [184].
Cells were allowed to grow for at least 24 hours, lysed via sonication, heated at 70 °C for
20 minutes 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) where

bound protein was washed with low imidazole wash buffer followed by washing with 40%
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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, followed by reapplication to Ni-charged Bio-
Scale Mini Profinity IMAC Cartridges (Bio-Rad, Hercules, CA) 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)
in 10 mM phosphate buffer. D1-PSI was dialyzed into 10 mM phosphate, 0.05% NaN3, pH
6.9, for all experiments unless otherwise stated. The mass of the protein was confirmed by
electrospray mass spectrometry (Fig A.1). For ¥C, N labeled protein samples, protein was
expressed using an optimized high-cell-density IPTG-induction minimal media protocol [63].

Purification was performed in the same manner as unlabeled protein.

5.2.2 Circular dichroism

D1-PSI was diluted to 0.125 mg/mL with either 10 mM succinate, acetate, MES, or phosp-
hate buffer at pH 4, 5, 6, and 7, respectively for the collection of full circular dichroism (CD)
spectra between 190 and 260 nm at different temperatures. Spectra were also taken under
the same condition but D1-PSI was reduced in 1 mM DTT before dilution into final buffer.
Measurements were taken on a J-810 spectropolarimeter (JASCO, Easton, MD) equipped

with a thermal controller.

5.2.3 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, exciting at 280 nm. Spectra were taken using a Cary Eclipse

Fluorescence Spectrophotometer (Agilent, Santa Clara, CA)
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5.2.4 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
adjusted to pH 4, 5, 6, or 7, with or without 25 uM D1-PSI. 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) at 600 nm of 0.005 and were allowed to
grow for 48 hours at 30 °C. After growth total cell yield was estimated by measuring the OD

at 600 nm.

5.2.5 Vesicle fusion assay

Lipids used for experiments were extracted from either E. coli or P. pastoris using the Bligh
and Dyer method [185]. The lipids were then dried under steam of nitrogen gas and polar
lipids were extracted using a cold acetone precipitation [186]. 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 an mini extruder equipped
with a 100 nm polycarbonate membrane (Avanti Polar Lipds, Alablaster, AL) to create large
unilamellar veicles (LUV) of approximately 100 nm in diameter. Vesicle size was monitored
over time at the different pH with or without 50 uM D1-PSI using dynamic light scattering

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

5.2.6 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
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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 (Alablaster, AL). A solution of 10 mM sodium acetate pH 4.5 containing 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). 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 [185]. A series of ten fold dilutions were made for each and were run on a
Xevo G2-XS QTof spectrometer (Waters, Milford, MA) in positive mode, with an in-line
ACUITY UPLC BEH C18 Column (Waters, Milford, MA), where lipids were eluted with a
water /isopropanol gradient containing ammonium formate. Only sample concentrations for
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.

5.2.7 Solid-state NMR

Samples were prepared by evaporating away chloroform from 5 mg of POPC and POPA,
respectively under a stream of nitrogen. Lipids were sonicated in 0.5 mL methanol to redis-
solve lipids then 0.5 mL of water was added followed by 2 mg of ¥C, °N labeled D1-PSI
dissolved in water. Protein lipid mixture was briefly sonicated, flash frozen and lyopholized.
Lypholized sample was then hydrated with 10 uL 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) using the 40
mm bore series connected hybrid magnet system, currently the largest field NMR magnet

[187]. Two dimensional *C-'3C cross polarization [188] dipolar assisted rotational resonance
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[189] (CP DARR) spectra were obtained at 36 T, with a 2 mm CPMAS probe tuned to
frequencies of *H, ¥C, °N, with ferroshims, at a temperature of 10 °C, and a spinning speed

of 24.4 kHz [187)].

5.3 Results and Discussion

5.3.1 D. capensis D1-PSI is highly stable

N-terminal C-terminal
o R 2 |
£~ 5
— g

Closed Open
Conformation Conformation

Figure 5.1: Comparative model of mature D1-PSI were predicted using Robetta server [107].
Predictions resulted in models in both the closed and open conformations.

Saposin-like proteins are known to be very stable proteins in part due to the presence of
disulfide bonds that lock the tertiary structure into place. This tertiary structure results in
a fold is that conserved among saposin-like proteins as seen in Fig. 5.1 [190]. It is thought
that saposin-like proteins can exist in two different conformations, the closed and open
conformation. The open conformation is proposed to be responsible for membrane interacting
activity due the exposure of hydrophobic residues compared to the closed conformation
[191]. To gain structural insight and test the stability of D1-PSI, CD spectra were taken

under different pH and temperature conditions. Regardless of the pH, there is very little
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variance in the CD spectra taken at 20, 55, or 90 °C as seen in Fig. 5.2, 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. The degree to which the tertiary
stucture is perturbed under the conditions tested would require data from other experimental

techniques such as structural determination or scattering techniques.
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Figure 5.2: Circular dichroism spectra were taken of D1-PSI at pH 4, 5, 6, and 7. Spectra
was also taken at 20, 55 and 90 °C with or with out DTT. Spectra indicate that the secondary
structure of the protein is highly stable under all condition tested. Reduction of disulfide
bond by DTT seems to result in only a small change in the secondary structure.

To further probe the response of the D1-PSI to pH, temperature, and reducing agent, intrinsic
tryptophan fluorescence spectroscopy was employed. 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. The intrinsic fluorescence was probed under
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Figure 5.3: Intrinsic tryptophan fluorescence spectra was taken of D1-PSI at pH 4, 5, 6, and
7. Spectra were also taken at 20, 55 and 90 °C with or without out DTT. The excitation
wavelength was 280 nm. Under non-reducing conditions the emission maxima are at ap-
proximately 334 nm regardless of pH or temperature. While under reducing conditions the
emission maximum for most spectra shifts 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 reductions of a nearby disulfide bond that was quenching
the tryptophan.
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the same conditions used for CD experiments. Under non-reducing conditions the wavelength
of maximal emission is approximately 334 nm, regardless of temperature or pH, indicating
that the single tryptophan 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 [192]. 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 the tryptophan is next to a disulfide bond that is capable of quenching it, while
once the disulfide is reduced it would release the quenching [193]. This is also supported
by the predicted models of the D1-PSI that shows the tryptophan being next to a disulfide

bond either in the closed conformation or in a dimerized closed conformation.

5.3.2 D1-PSI is capable of inhibiting microbial growth

Based on the work of Munoz et. al. [183] where a potato PSI was shown to display antimi-
crobial activity, we hypothesized the D1-PSI could serve a similar function in D. capensis.
To test this, E. coli was grown with or without 25 uM D1-PSI present at four different pH
conditions. At pH 7 and 6 there was no difference seen between the treated and untreated
final cell yield, while at pH 5 and 4 there was virtually no cell growth in either condition
(data not shown). We then tested the growth of the yeast P. pastoris at different pH with
or without D1-PSI. Again at pH 6 and 7 there was nearly no difference between the treated
and untreated cells, similar to what was observed in FE. coli (Fig. 5.4). However, at pH 5
there was a decrease in cell yield of the treated samples relative to the untreated samples,
indicating that the D1-PSI does indeed display antimicrobial activity with a pH dependence.
The observation that D1-PSI only shows activity at acidic pH further supports the idea that
this protein could be utilized in the digestive mucilage of D. capensis, which typically has

a pH of approximately 5 [178]. Unfortunately, there was not sufficient yeast cell growth at
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pH 4 to further test the pH dependence of the D1-PSI. Testing the antimicrobial activity
against other organisms, especially acid tolerant organisms, is an avenue worth exploring to
further characterize both pH dependence of activity and the generalizability of the D1-PSI

antimicrobial activity against other microbes.
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Figure 5.4: The yeast P. pastoris was grown at either pH 4, 5, 6, or 7 with or without 25
uM D1-PSI. At close to neutral pH of 6 and 7 there was little to no difference between the
treated and untreated cell yield. At the more acidic pH of 5, treated cells showed a reduce
overall cell yield, indicating antimicrobial activity of D1-SI. At pH 4, cells did not grow to a
measurable amount.

5.3.3 D1-PSI enables vesicle fusion at acidic pH

Based on the results from the antimicrobial assay, we hypothesize that the mechanism of
action involves permeablizing the membrane to inhibit cell growth. To test how D1-PSI
interacts with membranes, a vesicle fusion assay was utilized. In this study DLS is used to

monitor increasing vesicle size due to fusion from membrane disruption. First 100 nm LUVs
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Figure 5.5: (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 and size was monitored over time, either
with(bottom) or without(top) D1-PSI, using DLS. LUVs 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 an yeast polar lipid extract. LUVs were made in buffered solutions at
pH 4, 5, 6, and 7 and size was monitored over time, either without(top) or with(bottom)
D1-PSI, using DLS. 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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were prepared using FE. coli polar lipid extract. At all the pH conditions tested, LUVs were
stable in size over time as seen in Fig. 5.5A. Upon addition of D1-PSI the distribution of
LUV size begin to shift to larger sizes, but only at pH 4 and 5, while pH 6 and 7 remain
stable like the control. DLS of the D1-PSI by itself was also recorded at each pH, where there
was only one size peak at about 2 nm that was stable over time(data not shown). When
LUVs were made using yeast polar lipid extract instead, again the LUVs are stable over time
at each pH (Fig. 5.5B). When D1-PSI is added to the LUVs, again only at pH 4 and 5 does
the size distribution increase, just like was seen in with the E. coli polar lipids. These results
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 E. coli polar lipids the rate of vesicle fusion was gradual
while in the case of the yeast polar lipids the change was very rapid at pH 4, suggesting that
the kinetics of this process are accelerated with the yeast polar lipids as compared to the FE.
coli polar lipids. 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.

5.3.4 D1-PSI lacks head group specificity for incorporation into li-

poprotein complex

After showing that D1-PSI is able to interact with membrane lipids from a natural source
that contains a variety of lipid species, we sought to gain insight into the lipid specificiy of
D1-PSI. First, the specificity D1-PSI displays towards different head groups of phospholipids
was tested. Five phospholipid species containing different head groups, but the same acyl

groups of a singly unsaturated 18-carbon acyl chain and saturated 16-carbon acyl chain,
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Figure 5.6: (A)Schematic representation of the experimental procedure. A lipid solution
containing POPC, POPE, POPG, POPS, and POPA was prepared and split into two ali-
quots. One aliquot was treated with His tagged D1-PSI and allowed to mix before purifying
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.
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were tested for their ability to associate with the D1-PSI. A solution containing both the
neutrally-charged POPC and POPE as well as negatively-charged POPG, POPS, and POPA
was made. Part 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, while any unbound lipids could be washed away. The
PSI was eluted and any lipids that associated with it were quantified by MS and compared to
the quantification of the original lipid solution (Fig. 5.6A). As can be seen in Fig. 5.6B there
is no significant difference between the relative lipid composition between the original lipid
solution and the lipids that co-purified with the PSI. This result suggests there is no bias
due to acyl chain composition for lipid interaction in the final stable protein-lipid complex.
However, it is possible the kinetics of association may be different depending on the lipid
composition as hinted with the vesicle fusion assay (Fig. 5.5). During membrane association
the PSI must first interact with the head groups, before interacting with the acyl chains
buried in the membrane. It is not unreasonable to hypothesize that specific head groups
more strongly interact with the PSI which promotes initial association, followed by contact
with the acyl chains at which point PSI-acyl chain interactions predominate. This could be
tested with a vesicle fusion or leakage assay, where vesicles are composed of different lipid

species.

5.3.5 D1-PSI is amenable to structure determination by solid state

NMR

Knowing that D1-PSI interacts with membranes, we next wanted to investigate the change
in protein conformation upon interaction with the membrane lipids. For high-resolution
structural data, X-ray diffraction or NMR are the most common methods utilized. Cry-
stallizing proteins in a membrane system is notoriously challenging and would likely be a

tedious endeavor [194]. Solution-state NMR does not require growing a crystal and instead
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structure determination experiments can be performed under more native-like conditions.
The drawback of solution-state NMR is that proteins must be relatively small (<50 kDa) to
ensure that the protein is tumbling fast enough to average out the chemical shift anisotropy
and dipolar couplings [195]. In the case of D1-PSI this is not a problem with a monomeric
molecular weight of 12 kDa. However, as the goal is to obtain structural information while
interacting with a membrane, the particles in solution would be much larger and become
inaccessible by solution state NMR. One way to overcome this problem for membrane pro-
teins is by using nanodiscs. Nanodiscs are composed of a small section of a membrane that
is encircled by a membrane scaffold protein [196]. While this method has been successfully
employed for some membrane proteins, using this system for the D1-PSI could be potenti-
ally problematic. One of the potential problems is that when the PSI is interacting with the
membrane it unknown whether it oligomerizes as is the case for some pore forming membrane
proteins [197|. This could lead to the nanodicscs becomeing too big or the nanodiscs lacking
enough space to accommodate an oligomerized form of D1-PSI. Another potential problem,
highlighted by the vesicle fusion assay, is that D1-PSI appears to disrupt membranes. If the
PSI disrupts the nanodisc membrane it could potentially lead to nanodiscs interacting with
each other in a way that perturbs the uniform size expected from the nanodisc, putting them

outside the size that is acceptable for solution state-NMR.

An alternate method is using solid-state NMR (ssNMR) to solve the structure of D1-PSI
while interacting with a membrane. Since 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. This allows for the use of vesicles or bicelles as
a membrane system to study membrane proteins [198|. For this reason we have decided to
make use of ssNMR. To do this 13C, N 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 lab to obtain spectra. The ¥C-*C CPDARR spectrum

(Fig. 5.7) shows that there are clearly defined peaks that are reasonably well-dispersed,
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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. These preliminary
spectra indicate that this protein is amenable to structure determination by ssNMR. More
experiments, including 3D experiments, will be needed for 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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Figure 5.7: 3C-13C CPDARR spectrum of D1-PSI in 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.
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Chapter 6

Conclusion

This thesis work covers a diverse array of protein systems to better understand how they
fundamentally function. Studying the eye lens proteins has provided insight into how they
perform their function of remaining stable and soluble while resisting phase transition. This
is especially relevant in the case of the Antarctic toothfish, where phase transitions is a par-
ticularly pressing challenge. Furthermore, by measuring the functionally relevant refractive
indices of individual eye lens proteins, it was shown that refractive index is determined
by more than amino acid composition. Protein conformation also appears to be important
through yet to be explored mechanisms that cause the measured refractivities to deviate from
predictions. Additionally, the D1-PSI from the carnivorous Cape sundew was expressed for
the first time, characterized and shown to be able to interact with membranes and exert
antimicrobial activity. The next step is to solve the solid state NMR structure while the PSI
is interacting with a membrane system to better understand the structural consequences of

membrane interaction.
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Figure A.1: MUSCLE v3.8.425 based alignment of primary sequence of the D. mawsoni (Dm)
7 lens crystallins as well as selected sequences from Homo sapiens (Hs), Gallus gallus (Gg),

Danio rerio (Zf),

Xenopus laevis (X1).

Sequences are background colored per RASMOL

with consensus sequence, conservation graph and sequence logo indicated. MUSCLE clusters

sequences most similar in production of the alignment.
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Figure A.2: Reversible cold sensitivity of toothfish ~-crystallin FIII. Increase in Asgy is
interpreted as an increase in turbidity caused by LLPS upon slow cooling of the sample.
The initial temperature was 25 °C with a cooling rate of approximately 0.6 °C per minute.
The inset shows the full time course, while the regular plot shows zoomed in portion of Azgg
increase. Black arrow indicates the point (3.8 °C) at which there was a rapid increase in
turbidity. Turbidity Asg began to increase at approximately 6 °C (6060sec). There was
a sharp spike in A360 at 7380 seconds (123 minutes) corresponding to 3.8 °C. As cooling
continued, the turbidity reached a maximum corresponding to an Aggy of 1.16 at 2 °C at 7720
seconds (128 minutes) before the turbidity of FIII begins to reverse upon warming. Turbidity
gradually decreased when the FIII sampled was warmed from 2 °C to 4 °C with no rapid

decrease around 4 °C. During warming to =20 °C the turbidity continued to decrease, but
did not completely disappear with a final Asgg of 0.294.
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Table A.1:

protein molecular # -ve  # +ve pl  MS detected standard addition
weight  charged charged predicted above unique concentration
(kD) residues residues pl 6.5 peptides (ug/mL)
yM7 20.7 22 24 8.15 X X 2.60
~M8b 22.4 24 26 8.04 X X 9.53
yM1 21.8 23 25 8.02 X X 3.84
vM8c 22.1 24 26 7.97 X NA
~yM8d 22.1 23 25 7.97 X X 10.7
~vM4 21.5 24 25 7.54 X X NA
vMS8a 22.0 24 25 7.53 X NA
~vM8e 21.3 23 23 7.01 X NA
~YM3 20.1 24 24 6.98 X NA
~YM9 21.2 23 22 6.15 NA
N 21.7 25 20 5.9 NA
~vS1 21.2 24 20 5.61 X NA
vS2 20.4 23 17 5.22 X NA
M5 20.7 25 19 5.16 X NA
Table A.2:

amino  dn/dc frequencyfrequencyfrequencyfrequencyfrequencyfrequencyfrequencyfrequency
acid from ref. average  H~S yM1 yM4 yMT YM8b  yM8c  ~yM&d

type [10] human toothfish toothfish toothfish toothfish toothfish toothfish
(nL/g) (%) (%) (7%0) (%) (%) (%) (%) (%)
Ala (A) 0.167 6.0 3.9 0.0 0.0 1.7 0.0 0.0 0.0
Arg (R) 0.206 5.2 7.3 10.0 10.7 11.9 10.3 9.8 9.2
Asn (N) 0.192 5.1 2.8 6.7 5.1 6.8 6.5 6.6 7.1
Asp (D) 0.197 5.6 5.6 5.0 5.1 7.9 5.4 7.1 6.0
Cys (C) 0.206 2.3 3.9 4.4 4.5 4.5 4.9 6.0 6.0
Gln (Q) 0.186 4.3 5.1 4.4 6.8 4.0 4.3 4.9 4.9
Glu (E) 0.183 6.4 7.9 8.3 7.9 5.1 7.6 6.0 6.5
Gly (G) 0175 5.6 8.4 7.8 7.9 7.9 8.2 7.7 8.7
His (H) 0.219 2.6 2.2 1.7 1.7 2.8 1.6 1.6 1.6
e (I) 0179 5.3 5.6 2.8 3.4 5.1 4.9 3.3 3.3
Leu (L) 0.173 8.7 5.1 5.0 1.7 5.1 1.1 1.1 2.2
Lys (K) 0.181 6.5 0.6 3.9 3.4 1.7 3.8 4.4 4.3
Met (M) 0.204 2.5 2.8 11.7 14.7 5.6 13.6 14.8 14.7
Phe (F) 0.244 3.8 5.1 5.0 6.8 3.4 4.9 4.9 4.3
Pro (P) 0.165 4.9 4.5 3.9 2.3 3.4 1.6 1.6 1.6
Ser (S)  0.170 8.3 6.2 7.8 7.3 10.7 9.8 9.8 8.7
Thr (T) 0.172 6.3 3.9 3.9 1.7 0.6 1.1 1.6 2.2
Trp (W) 0.277 1.1 2.2 0.6 0.6 1.1 0.5 0.5 0.5
Tyr (Y) 0.240 3.1 7.9 5.0 5.6 7.9 7.6 6.6 6.5
Val (V) 0.172 6.6 3.9 2.2 1.7 2.8 2.2 1.6 1.6
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Figure A.5: Images of 150 mg/mL wild-type YM8b. Left image is sample incubated at 20
°C, where it is completely transparent. Middle left image is the sample incubated at -6.2
°C for a few minutes. The solution rapidly becomes turbid once phase separation occurs.
Middle right image is the sample after 4 hours incubation at -6.2 °C. Here, the solution
loses almost all turbidity as the high-density phase settles to the bottom. Right image is the
sample warmed to 20 °C and mixed. The solution becomes transparent again, displaying
the reversibility of the phase transition.

Table A.3: First three rows are calculated from urea denaturation, which is shown to be
reversible. The fourth row is calculated from the thermal denaturation plot. The last two
rows are calculated from the binodal fit to the LLPS data.

HyS ~M1yM4yM7yM8b~yM8cyM8d
[ureal ;s (M) 6.3[67] 4.6 4.6 45 57 42 4.1
AG? (kcal/mol) 6.5 10.1 6.8 8.5 104 6.7 4.2
m (kcal/mol/M) 1.03 2.27 1.48 1.93 1.84 1.60 0.99

T, (°C) 72.0[47]64.3 69.3 59.0 71.3 62.6 61.7
T, (°C) - -79-124-44 48 81 -96
C. (mg/mL) - 268 191 230 211 219 220
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Figure A.6: Intrinsic fluorescence emission (360 nm /320 nm ratio) of YM1 (red), yYM4 (cyan),
M7 (lime green), YM8b (gray), YM8c (orange), and yM8d (purple) taken at different tem-
peratures. The 360/320 emission ratio is considerably higher at high temperatures where
the protein is unfolded and the tryptophans are exposed to solvent. However, from 20°C
down to -10°C each yM retains a stable 360/320 ratio between 0.3 and 0.5 indicating that
the proteins are not undergoing denaturation over the experimentally relevant temperature
range.
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Figure A.7: (A) Circular dichroism spectra of yM1 (red), yM4 (cyan), YM7 (lime green),
vYM8b (gray), yM8c (orange), and YM8d (purple). These spectra contain minima between
216 and 220 nm, indicative of primarily (-sheet secondary structure, which is consistent
with the §v crystallin fold. (B) Intrinsic fluorescence emission spectra were collected with
an excitation wavelength of 280 nm. The emission maxima are 319, 318, 322, 320 318,
and 319 nm, respectively. An emission wavelength closer to 320 than 360 nm indicates
that the tryptophans are buried within a hydrophobic environment. Interestingly, YM7 has
comparable emission to the other YMs despite having an additional Trp relative to the other
~vMs. This is consistent with findings in other y-crystallins, which display quenching of one of
the two tryptophans found in each domain. Furthermore, the quenched tryptophan has been
implicated as an energy transfer acceptor from the other tryptophan in the same domain.
Quenching is hypothesized to result from electron transfer from tryptophan to a backbone
amide [48]. In the case of YM7, the additional Trp is in the same position as the quenched
Trp observed in other vy-crystallins.
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Figure A.8: (A) Amino acid sequence alignments of YM1, yM4 yM7, yM8b, yM8¢, and yM8d
(performed using Clustal Omega [199]). The sequences and models are color-coded as follows:
blue: strictly conserved, cyan: only one sequence deviates, green: two sequences deviate, red:
three or more sequences deviate from the consensus. The residues chosen for mutagenesis
in yM8b are shown highlighted with orange, black and pink. (B) The positional coloring
from the sequence alignment was superimposed onto a comparative model of yM8b [107].
Representation are depicted with the C-terminal domain (CTD) and N-terminal domain
(NTD), as well as the four Greek key motifs (GK 1-4) denoted. The mutated residues, Q122
and S128 are colored orange (C) Same model as seen in B but K18, K85, and K172 are
colored pink and R104, R161, and R164 are colored black.
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Figure A.9: (A) Circular dichroism spectra of wild-type YM8b (gray) and its variants Q122M
(blue), S128N (magenta), triple R to K (black), and triple K to R (pink). The spectra of wt
and the variants have very similar profiles, indicating that the mutations cause very little
perturbation in the secondary structure in all cases. (B) Fluorescence emission spectra of
wild-type vM8b compared to its variants excited at 280 nm. The spectra of the wt and
variant proteins have approximately the same maxima and comparable intensities indicating
that the tryptophan environments are minimally perturbed by the mutations.
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Figure A.10: (A) Urea denaturation of wild-type yM8b (gray) and its variants Q122M (blue),
S128N (magenta), triple R to K (black), and triple K to R (pink). The wt and variants show
similar urea denaturation curves, with [ureal;/, concentrations of 5.7, 6.0, 6.2, 5.5, and 6.0
M, respectively. (B) Gibbs free energy plot as a function of urea concentration with AGS,
10.4, 10.0, 9.9, 9.8, and 18.0 kcal/mol, respectively. (C) Thermal denaturation of yM8b and
its variants. The denaturation temperatures of the wt and variant proteins are 71.3, 72.0,
72.9, 72.7 and 74.8 °C, respectively. (D) Thermal aggregation of yM8b and its variants.
Wild-type and S128N begin to aggregate around 56 °C, while the Q122M and triple R to K
variants aggregate at slightly lower temperatures: 53 and 55 °C respectively.
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Figure A.11: The same coexistence curves as in Fig 7B are shown, with the addition of the
single variants R104K (light purple), R161K (blue) and R164K (light green). All the single
variants have similar critical concentrations: 241, 208, and 248 mg/mL respectively. Their
critical temperatures are -7.6, -7.6 and -8.0 °C respectively; the change in magnitude for
each one is approximately one third of that observed for the triple variant.
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Figure A.12: The natural logarithm of viscosity of a 150 mg/mL solution of yM8b triple K
to R variant plotted as a function of 1/T. The data was fit to the Arrhenius equation [105].
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Figure A.13: Images of 150 mg/mL yMS8b triple Lys to Arg solution. Left image is sample
incubated at 20 °C, where it is completely transparent. Middle image is the sample incubated
at 0 °C for a few minutes. The solution rapidly becomes turbid once phase separation occurs.
Right image is the sample after 4 hours incubation at 0 °C. Here, the solution loses almost
all turbidity as the high-density phase settles to the bottom.
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Figure A.14: Arginine and lysine content of yM-crystallins from 18 fish species were analyzed.
The sequences were were collected from UniProt (https://www.uniprot.org/) with filters for
proteins between 160 and 200 amino acids. The entries were manually assessed to eliminate
incomplete sequences, fragments, “like" proteins, and non-fish yM-crystallins. The coloring
denotes the approximate environmental temperature for each fish species. Crosses represent
so far uncharacterized sequences from D. mawsoni, diamonds represent D. mawsoni proteins
for which LLPS has been measured, and triangles represent proteins from other fish species.
In all cases Arg is more predominant than lysine. Many of the toothfish yM-crystallins show
a shift towards higher lysine content compared to other fish species; however there is not a
strong correlation of Arg/Lys content with environmental temperature.
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Figure A.15: Purified yM-crystallins were run on tris-glycine SDS-PAGE and stained with
Coomassie brilliant blue. All proteins are at the expected size with little other intensity in

the lanes.
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Figure A.16: Purified yM-crystallins were applied to a Xevo G2-XS QTof spectrometer
(Waters, Milford, MA) and run in positive mode. The resulting charge envelopes were
deconvoluted using the maxent1 function of MassLynx software (Waters, Milford, MA). (A)
~vM1 measured mass of 21537.2 Da is in good agreement with the predicted 21538.81 Da. (
vM4 measured mass of 21448.8 Da is in good agreement with the predicted 21450.53 Da. (
M7 measured mass of 20615.2 Da is in good agreement with the predicted 20617.97 Da. (
~vM8b measured mass of 22206.8 Da is in good agreement with the predicted 22208.37 Da.
(E) yYM8c measured mass of 22012.4 Da is in good agreement with the predicted 22014.16 Da.
(F) yM8d measured mass of 21989.6 Da is in good agreement with the predicted 21991.21

Da.
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Appendix B

D. capensis D1-PSI

> 1.2

= ] 11870.0 Da

€ 0.8

% 0.6

Eo04;

021
] '—r T T T | T T T T | T T T lililililf ITI T T T | T T Iilil
11700 11750 11800 11850 11900 11950 12000

mass (Da)

Figure A.1: Purified D1-PSI was applied to a Xevo G2-XS QTof spectrometer (Waters,
Milford, MA) and run in positive mode. The resulting charge envelope was deconvoluted
using the maxentl function of MassLynx software (Waters, Milford, MA). The measured
mass of 11870.0 Da is in good agreement with the predicted mass of 11868.5 Da for the pure
protein containing three disulfide bonds.
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Appendix C

Other D. capensis proteins

C.1 Cysteine protease 0624

C.1.1 Gene Construction, Expression, and Purification

Plasmids containing the DNA sequences for Dissotichus mawsoni cysteine protease 0624 was
purchased from Intergrated DNA Technologies (Coralville, IA). The gene encodes for positi-
ons 29 to 326 of the full length protease sequence to exclude predicted plant signal sequence
which was predicted by SignalP4.1 server [200]. The N-terminal sequence of the gene was
appended with the signal sequence (MKLSTNLILATAAASAVVSA) from P. pastoris protein
EPX1 (GenBank, CCA40103)[201]| and the kozac sequence of P. pastoris AOX1 (GenBank,
CAA26484). The gene also contained flanking N-terminal and C-terminal EcoRI and Xhol
restrictions sites respectively. The gene was amplified using oligonucleotide primers pur-
chased from Intergrated DNA Technologies (Coralville, IA), and the resulting gene product
was cloned into pPICZ A vector (Thermo Fisher Scientific, Waltham, MA). The vector was

transformed into competent DH5-alpha FEscherichia coli (Thermo Fisher Scientific, Walt-
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ham, MA) for vector amplification. Plasmid vector was linearized using Pmel endonuclease
(New England Biolabs, Ipswich, MA) and transformed into electrocompetent Supermans
Pichia pastoris cells (Biogrammatics, Carlsbad, CA) that were prepared according to the
protocol of De Schutter and Callewaert|202]. Electroporation was carried out in a 2 mm
electroporation cuvette at 1.5 kV, 200 w and 25 uF before being suspended 1 mL 1 M sor-
bitol, 1% yeast extract, 2% peptone, and 2% dextrose (YPD) plus 50 pug/mL ampicillin and
then let sit at 30 °C for 30 minutes. The cells were then allowed to recover with shaking
for an additional 5 hours before being plated on YPD plates containing Zeocin. Plasmid
integration was confirmed by colony PCR and high expressing colonies were selected for.
For protein expression cells were grown in 1% yeast extract, 2% peptone, and 2% glycerol
(YPG) at 30 °C until an OD of approximately 1, after which cells were spun down at 1,500
RCF and resuspended in an equivalent volume of BMMY mediaciteWeidner2010, pH 7.5
at a final concentration of 1% methanol. Cells were allowed to grow for 72 hours at 28
°C with feeding of 1% methanol and 1 mM ammonium sulfate every 12 hours. Cells were
then pelleted by centrifugation and the spent media was dialyzed against dry PEG 8000
to concentrate the media. Protein was then precipitated using 70% saturated ammonium
sulfate precipitation. The precipitated protein was then resuspended and dialyzed against
10 mM imidazole, 0.025% NaNs, pH 7.5 followed by anion exchange chromatography on an
UNOsphere Q column purchased from Bio-Rad (Hercules, CA) using a 1 M sodium chloride
gradient. The final purification step was application to a HiL.oad 16/600 Superdex 75 PG gel
filtration column from GE (Pittsburgh, PA) using 10 mM sodium phosphate buffer, 100 mM

sodium chloride, 0.05% sodium azide at pH 6.9.
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C.2 Chitinase 0106

C.2.1 Gene Construction, Expression, and Purification

Plasmids containing the DNA sequences for Dissotichus mawsoni chitinase 0106 was pur-
chased from Intergrated DNA Technologies (Coralville, TA). The gene encodes for positions
26 to 300 of the full length chitinase sequence to exclude predicted plant signal sequence
which was predicted by SignalP4.1 server|200]. The N-terminal sequence of the gene was
appended with the signal sequence (MKLSTNLILATAAASAVVSA) from P. pastoris protein
EPX1 (GenBank, CCA40103)[201] and the kozac sequence of P. pastoris AOX1 (GenBank,
CAA26484). The gene also contained flanking N-terminal and C-terminal EcoRI and Xhol
restrictions sites, respectively. The gene was amplified using oligonucleotide primers pur-
chased from Intergrated DNA Technologies (Coralville, IA), and the resulting gene product
was cloned into pPICZ A vector (Thermo Fisher Scientific, Waltham, MA). The vector was
transformed into competent DH5-alpha FEscherichia coli (Thermo Fisher Scientific, Walt-
ham, MA) for vector amplification. Plasmid vector was linearized using Pmel endonuclease
(New England Biolabs, Ipswich, MA) and transformed into electrocompetent Supermans
Pichia pastoris cells (Biogrammatics, Carlsbad, CA) that were prepared according to the
protocol of De Schutter and Callewaert|202]. Electroporation was carried out in a 2 mm
electroporation cuvette at 1.5 kV, 200 w and 25 uF before being suspended 1 mL 1 M sor-
bitol, 1% yeast extract, 2% peptone, and 2% dextrose (YPD) plus 50 pug/mL ampicillin and
then let sit at 30 °C for 30 minutes. The cells were then allowed to recover with shaking
for an additional 5 hours before being plated on YPD plates containing Zeocin. Plasmid
integration was confirmed by colony PCR and high expressing colonies were selected for.
For protein expression cells were grown in 1% yeast extract, 2% peptone, and 2% glycerol
(YPG) at 30 °C until an OD of approximately 1, after which cells were spun down at 1,500

RCF and resuspended in an equivalent volume of BMMY mediaciteWeidner2010, pH 6 at
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a final concentration of 1% methanol. Cells were allowed to grow for 72 hours at 28 °C
with feeding of 1% methanol and 1 mM ammonium sulfate every 12 hours. Cells were
then pelleted by centrifugation and the spent media was dialyzed against dry PEG 8000
to concentrate the media. Protein was then precipitated using 70% saturated ammonium
sulfate precipitation. The precipitated protein was then resuspended and dialyzed against
10 mM imidazole, 0.025% NaNs, pH 7 followed by anion exchange chromatography on an
UNOsphere Q column purchased from Bio-Rad (Hercules, CA) using a 1 M sodium chloride
gradient. The final purification step was application to a HiLoad 16,/600 Superdex 75 PG gel
filtration column from GE (Pittsburgh, PA) using 10 mM sodium phosphate buffer, 100 mM

sodium chloride, 0.05% sodium azide at pH 6.9.

C.3 Chitinase 4817

C.3.1 Gene Construction, Expression, and Purification

Plasmids containing the DNA sequences for Dissotichus mawsoni chitinase 4819 was pur-
chased from Intergrated DNA Technologies (Coralville, IA). The gene encodes for positions
21 to 325 of the full length chitinase sequence to exclude predicted plant signal sequence
which was predicted by SignalP4.1 server|200]. The N-terminal sequence of the gene was
appended with the signal sequence (MKLSTNLILATAAASAVVSA) from P. pastoris protein
EPX1 (GenBank, CCA40103)[201]| and the kozac sequence of P. pastoris AOX1 (GenBank,
CAA26484). The gene also contained flanking N-terminal and C-terminal EcoRI and Xhol
restrictions sites, respectively. The gene was amplified using oligonucleotide primers pur-
chased from Intergrated DNA Technologies (Coralville, IA), and the resulting gene product
was cloned into pPICZ A vector (Thermo Fisher Scientific, Waltham, MA). The vector was

transformed into competent DH5-alpha FEscherichia coli (Thermo Fisher Scientific, Walt-
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ham, MA) for vector amplification. Plasmid vector was linearized using Pmel endonuclease
(New England Biolabs, Ipswich, MA) and transformed into electrocompetent Supermans
Pichia pastoris cells (Biogrammatics, Carlsbad, CA) that were prepared according to the
protocol of De Schutter and Callewaert|202]. Electroporation was carried out in a 2 mm
electroporation cuvette at 1.5 kV, 200 w and 25 uF before being suspended 1 mL 1 M sor-
bitol, 1% yeast extract, 2% peptone, and 2% dextrose (YPD) plus 50 pug/mL ampicillin and
then let sit at 30 °C for 30 minutes. The cells were then allowed to recover with shaking
for an additional 5 hours before being plated on YPD plates containing Zeocin. Plasmid
integration was confirmed by colony PCR and high expressing colonies were selected for. For
protein expression cells were grown in 1% yeast extract, 2% peptone, and 2% glycerol (YPG)
at 30 °C until an OD of approximately 1, after which cells were spun down at 1,500 RCF and
resuspended in an equivalent volume of BMMY medial203], pH 7 at a final concentration of
1% methanol. Cells were allowed to grow for 72 hours at 28 °C with feeding of 1% methanol
and 1 mM ammonium sulfate every 12 hours. Cells were then pelleted by centrifugation and
the spent media was dialyzed against dry PEG 8000 to concentrate the media followed by
dialysis against 10 mM acetate, 0.025% NaN3, pH 5. The chitinase from the resulting media
was subjected to cation exchange chromatography on an UNOsphere S column purchased
from Bio-Rad (Hercules, CA) using a 1 M sodium chloride gradient. The final purification
step was application to a HiLoad 16/600 Superdex 75 PG gel filtration column from GE
(Pittsburgh, PA) using 10 mM sodium phosphate buffer, 100 mM sodium chloride, 0.05%

sodium azide at pH 6.9.
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