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ABSTRACT: The yS1- and yS2-crystallins, structural eye lens
proteins from the Antarctic toothfish (Dissostichus mawsoni),
are homologues of the human lens protein yS-crystallin.
Although yS1 has the higher thermal stability of the two, it is
more susceptible to chemical denaturation by urea. The lower
thermodynamic stability of both toothfish crystallins relative to
human yS-crystallin is consistent with the current picture of
how proteins from organisms endemic to perennially cold
environments have achieved low-temperature functionality via
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greater structural flexibility. In some respects, the sequences of yS1- and yS2-crystallin are typical of psychrophilic proteins;
however, their amino acid compositions also reflect their selection for a high refractive index increment. Like their counterparts in
the human lens and those of mesophilic fish, both toothfish crystallins are relatively enriched in aromatic residues and methionine
and exiguous in aliphatic residues. The sometimes contradictory requirements of selection for cold tolerance and high refractive
index make the toothfish crystallins an excellent model system for further investigation of the biophysical properties of structural

proteins.

B INTRODUCTION

Proteins require optimized stability and flexibility to perform
their biological roles, including interacting with binding
partners, responding to their environment and resisting
aggregation. 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 function-
ality." Comparisons among homologous proteins from
thermophilic, mesophilic, and psychrophilic organisms have
often shown that these proteins are comparably flexible when
each is considered at its physiologically relevant temperature,
even though in thermodynamic terms adaptation to higher
temperature often correlates with higher stability.”> 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
refractive index necessary for this specialized tissue to focus
light on the retina; the concentration and distribution of the
different crystallins determine the refractive index gradient of
the lens. 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 are therefore more spherically
shaped than those of land animals and have both increased
protein concentrations and greater protein refractivity in
comparison to their terrestrial counterparts.’ While the
crystallin concentrations in mammalian lenses can reach up
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to 450 mg-mL™", lenses belonging to aquatic organisms reach
up to 1000 mg-mL™*°

In vertebrates there are two common types of lens proteins:
the fy-crystallins, which are primarily structural, and the a-
crystallins, which have an additional function of binding
damaged structural proteins and preventing aggregation.®
These two protein families have different evolutionary histories
and distinct structures.” 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.*” The structural crystallins, including
the taxon-specific crystallins found in many organisms, and the
Pr-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."°"'> The fy-crystallin super-
family, 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," as evidenced
by similarity to calcium-binding proteins in sequences from
archaea,'* slime mold,"> and urochordate.'® 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
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it contains two calcium binding sites. Despite this common
evolutionary history, functional mammalian lens proteins lack
calcium-binding activity.'” A study of the structure and
dynamics of zebrafish (Danio rerio) yM7-crystallin by
solution-state NMR has revealed a potentially general unfolding
pathway for all fy-crystallin domains.'® Although this protein
has the same overall fold as the mammalian fy-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 yM-crystallins are the most
common structural proteins in the lens, while f-crystallins are
more common in humans.'” Although yS-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.”®

Crystallins, particularly in fish lenses, are enriched in highly
polarizable amino acids and exiguous in aliphatic amino acids as
a result of their selection for high refractive index.”’ This
selective pressure can potentially work against the selective
pressure for cold tolerance, which favors a relatively high
proportion of hydrophobic residues on the surface. In
comparisons of crystallin proteins from different environments,
two notions of protein stability are relevant.’” The thermody-
namic stability, AG® of unfolding, is the difference in Gibbs free
energy between the folded and unfolded states, measured by
reversible denaturation of the protein.”> The unfolding
temperature T, is measured by (usually irreversible) direct
thermal denaturation.”® 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
can potentially provide 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 a§e—related loss of
solubility and the formation of cold cataract.”> D. mawsoni has
two yS-crystallin paralogs, yS1- and yS2-crystallin (abbreviated
TyS1 and TyS2 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 temper-
ature and high AG® of unfolding. Quantitative thermodynamic
studies of cold-adapted proteins so far have generally found
decreased thermodynamic stability.zs_29 In general, psychro-
philic proteins are characterized by decreased core hydro-
phobicity, exiguous 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 con-
tent, more and longer loops, more glycine residues, fewer and
weaker metal-binding sites, fewer disulfide bonds, fewer
electrostatic interactions, and increased conformational entropy
of the unfolded state.*® Some of these adaptations conflict with

the primary optical function of the y-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."

Here we compare the thermal and chemical stabilities of D.
mawsoni yS1- and yS2-crystallins in light of these competing
functions. Although these proteins have comparable values for
AG® of unfolding, surprisingly, TyS1 is more susceptible to
thermal denaturation while TyS2 is more readily unfolded with
urea. For related proteins, these quantities are typically
positively correlated with each other and with overall
thermodynamic stability. The differential 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.

B EXPERIMENTAL METHODS

Gene Construction, Expression, and Purification.
Plasmids containing the cDNA sequences of the human yS-
crystallin (hyS) and D. mawsoni yS1 (GenBank, DQ143971.1)
and yS2 (GenBank, DQ143972.1) genes31 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, TyS1, and
TyS2 replaced by the final glycine in the cleavage sequence.
The biophysical experiments described below were performed
without removing the N-terminal 6X His tag. 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). hyS, TyS1, and
TyS2 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 h after induction. The cells were lysed by sonication,
and cell debris was removed by centrifugation. His-TEV-hysS,
His-TEV-TyS1, and His-TEV-TyS2 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.

Circular Dichroism. Purified TyS1 and TyS2 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 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,,).

Fluorescence Spectroscopy. UV fluorescence measure-
ments were made on TyS1 and TyS2 at a concentration of
0.07S 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).
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hys. 1 80
TyS1 1 EDRNFQGRSHECDTDCPDMHPHESRCNS /LYEKPNYTGYQYVLTRGEYPDYQR~ 77
TyS2 1 "EDKNFQGRSHECCTDCPDLRSYFGRCNS™ YERPNYTGNQYILSSGEYPDHQQ- 74
DyB EDRNFQGRSFECSLDCPELSSHETRCNS 84
DyS3 EDRNEFQGRSFECSLDCPELSSHETRCNS 89
cLysSl 1 RGEYADYMSMWGWGNNCI T6
cLyS2 1 RGEYPDYMSAWGWGNNCI 76
chyS1 1 FNDCV 75
chyS2 1 pev 75
nys 81 168
TyS1 RSCRTESYTSEGEYRMRIYEREN PGEYRKFSDWGATCA 165

TyS2 75  KSCERSIONVYGKSWKIRFYENK

DyB 85 RSCEMVEN-HTGS

DyS3 90 EBSCRERMVREN-HTGS

CLxSl 77 RSCRMIPM-YKGSY

CLxSZ 77 RSCRMIPM-YRGAY

chyS8l 76 RSCRMLPH-TGRSY
5

0
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hyS 169 AVQSFRRIVE- 178
TySl..166 176
TyS2. 165 175
DyB 172 TVGSIRRIQDF 182
Dy83.. 177 TVGEIRRIQDF 187
cLySl 165 -FMSMRRMVA- 173
cLyS2 164 -FMSMRRIMA- 172
chySl 163 TVGSLRRIME- 172
chyS2 163 TIGSFRRIME- 172

EGQ-AAECVEDCASVYETE
QGQ-TMESSEDWPSLYDE
QGC-TMESSEDWPSLYD;
NGSRQMDVMDDCDS FMDRYHWSNS FMSCNVMDAHT
LGQ-MMEISDDCDS IMDRYRWSGGCHSCHVTGGHY
GGQ-MMEIMDDCPSVYD
76 RSCRVPTH-TQRPYRMRIYERPDFGGQ-MMEFMDVCPSVYDRFRYR-DIHSSHVMGAYWIFYEHPNYRGRLYFMREPGEYRRYSDWGGYSS 162

QR-EVHSCNVLDGAWIFFEHPNY

YR-DIHSCQVMDGY¥

VLYEQPNYCGHQYFLERGEYNNYTDWGATSE 164
LDGAWIFFEHPNYRGRQYLLEKGEYRCFTDWNAMHE 171
RQYLLEKGEYRCFTDWNAMHP 176

WY E" EYRNFRDYGGMR- 164
EYRSFRDFGNTN- 163
DGEYRRYSDWGGYSS 162

Figure 2. Sequence alignment of human yS-crystallin (hyS), D. mawsoni yS1- and yS2-crystallin (TyS1 and TyS2), D. rerio ySB- (DyB) and yS3-
crystallin (DyS3), C. fuscus yS1- and yS2-crystallin (cLyS1 and cLyS2), and C. indicum yS1- and yS2-crystallin (chyS1 and chyS2). D. mawsoni yS1
and yS2 have overall sequence identities of 57% and 53% with yS-crystallin, respectively, and 60% sequence identity to one another. Many residues
are conserved among all the y-crystallins shown. The residues are colored according to their chemical properties as follows: green, hydrophobic
residues (AVFPMILW); blue, acidic residues (DE); magenta, basic residues (RK); black, all other residues (STYHCNGQ).

Urea stock solutions were prepared as outlined by Pace et al.**
Samples were allowed to equilibrate for at least 24 h 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 and 320 nm was used for analysis.
To determine the thermodynamic parameters (AG{ and m
values), AG,., was calculated from the normalized equili-
brium unfolding data and a linear least-squares fit was
performed in Mathematica to the line

AG, = m[urea] (1)

where AGy, 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.

Dynamic Light Scattering. Dynamic light scattering
(DLS) measurements were obtained with a Zetasizer Nano

ZS (Malvern Instruments, Malvern, U.K.) on yS1 and yS2 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~".

Transmittance. Transmittance was obtained using a Cary
4000 UV—vis (Agilent Technologies, Santa Clara, U.S.) on hyS,
TyS1, and TyS2 at a concentration of 10.0 mg-mL™" in 10 mM
phosphate buffer, pH 6.9, from 25 to 5 °C.

B RESULTS AND DISCUSSION

Primary Sequence Analysis Suggests Adaptation for
High Refractivity. The structural py-crystallins share a
common fold consisting of paired homologous double Greek
key domains, each with two sets of four adjacent antiparallel f-
strands linked by short loops. This protein architecture has
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Table 1. Refractive Index Increment by Amino Acid Type

dn/dc frequency,  frequency,
from frequency, frequency, TyS1 TyS2
amino acid ref 11 average  hyShuman  toothfish toothfish
type (mL/g) (%) (%) (%) (%)
Al (A) 0.167 74 39 11 40
Arg (R) 0.206 43 73 9.1 46
Asn (N) 0.192 44 2.8 45 5.7
Asp (D) 0.197 59 5.6 5.1 52
Cys (C) 0.206 33 39 5.1 52
Gl (Q) 0.186 37 5.1 45 52
Glu (E) 0.183 5.8 7.9 85 8.0
Gly (G) 0.175 74 8.4 6.8 75
His (H) 0219 2.9 22 23 2.3
Ile (1) 0.179 38 5.6 34 34
Leu (L) 0.173 7.6 5.1 17 2.9
Lys (K) 0.181 72 5.6 23 52
Met (M) 0204 18 2.8 45 2.3
Phe (F) 0.244 4.0 5.1 6.8 69
Pro (P) 0.165 5.0 45 45 2.9
Ser (S) 0.170 8.1 62 85 8.6
Thr (T) 0.172 62 39 638 34
Trp (W) 0277 13 22 23 2.9
Tyr (Y) 0.240 33 7.9 9.1 7.5
Val (V) 0.172 638 39 2.8 63

frequency,  frequency,
DyB DyS3 frequency, frequency, frequency, frequency,
zebrafish zebrafish chyS1 chyS2 cLyS1 cLyS2
(%) (%) shark (%) shark (%) catfish (%) catfish (%)
22 2.1 0.6 1.2 1.7 1.7
12.1 12.3 12.8 12.8 12.1 12.2
S.S 4.8 2.9 3.5 S.8 4.7
6.0 5.3 7.0 6.4 6.9 5.8
33 32 4.1 3.5 52 5.8
44 43 3.5 2.9 12 1.7
7.1 8.0 5.8 5.8 4.6 4.7
6.6 5.9 8.1 7.6 8.1 9.9
2.7 2.7 2.3 2.9 3.5 2.9
44 S.3 4.7 4.7 12 4.7
5.5 5.9 3.5 2.3 0.6 1.7
22 1.1 12 12 1.7 17
3.8 2.7 5.8 5.2 12.7 9.3
6.6 7.0 4.7 5.8 5.8 5.8
3.8 4.8 4.1 52 1.7 2.9
6.6 7.5 8.1 8.1 8.7 9.3
3.8 4.3 2.3 2.3 1.7 12
2.7 2.7 29 2.9 3.5 3.5
6.6 6.4 11.6 11.0 9.2 8.1
3.8 3.7 4.1 4.7 4.0 2.3

Table 2. Sequence Analysis of Selected yS-Crystallins

GRAVY  aliphatic index no. of —ve charged residues
hyS —0.685 56.97 24
TyS1 —-0.957 29.32 24
TyS2 —0.651 47.01 23
DyB —0.855 51.92 24
DyS3 -0.779 56.79 25
chyS1 —0.858 44.13 22
chyS2  —0.867 41.86 21
cLyS1 —0.857 20.23 20
cLyS2 -0.717 3343 18

no. of +ve charged residues

predicted dn/dc (ref 11) predicted pI ~ charge, neutral pH

23 0.1983 6.4 -0.9
20 0.2020 5.6 —4.0
17 0.2002 52 —6.0
26 0.2013 8.3 22
25 0.2006 7.1 0.2
24 0.2044 8.2 2.1
24 0.2046 8.5 32
24 0.2071 8.6 4.1
24 0.2053 8.8 6.0

been identified as contributing to the very high stability of the
Pr-crystallins,® particularly the tight interdomain interface that
contains several critical hydrophobic interactions.** Homology
models for Tyl and TyS2 based on the solution structure of
hyS (PDB code 2M3T)> were constructed using SwissMo-
del.*® and are shown in Figure 1.

The primary sequence of yS-crystallin is highly conserved
across diverse species including fish, mammals, and birds.3”~*
A sequence alignment for hyS, TyS1, TyS2, and a selection of
their orthologs from other fish species is shown in Figure 2.
Both TyS1 and TyS2 have moderate sequence identity to hyS
(57% and S3%, respectively). Conserved residues include the
four tryptophans, several glycines in loops, and other
structurally important residues. A BLAST search*' reveals
many other homologues from mesophilic fish species; here we
examine some examples from classes Chondrichthyes (cartila-
ginous fish, such as sharks and rays) and Osteichthyes (teleost
fish, which includes D. mawsoni, and the well-known model
organism Danio rerio). Although other putative sequences
identified from DNA open reading frames were more closely
related in some cases, our analysis is limited to a selection of
sequences confirmed from mRNA transcripts. The sequences
whose properties are summarized in Table 1 include the
zebrafish (Danio rerio) yB-crystallin (DyB)** and yS3-crystallin

13547

(DyS3),” the Chinese catfish (Clarias fuscus) yS1- and yS2-
crystallins (cLyS1 and cLyS2),* and the slender bamboo shark
(Chiloscyllium indicum) yS1- and yS2-crystallin (chyS1 and
chyS2).*

In general, the amino acid composition of proteins is
relatively constant, as it primarily depends on factors such as
the codon redundancy and mutation tolerance,**” such that
deviation from the average amino acid frequency is often
indicative of selection for a particular function or environmental
adaptation. For example, thermophilic proteins are often
enriched in arginine because of its importance in forming
stabilizing salt bridges.*® Many psychrophilic proteins are
exiguous in proline content.>*** 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 exiguous in aliphatic residues.'?
The amino acid frequencies for hyS, TyS1, TyS2, and the other
fish y-crystallins described above are given in Table 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 2
summarizes the sequence characteristics of hyS, TyS1, TyS2,
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and several homologous proteins from mesophilic fish, as
calculated from the ExPASy ProtParam tool.>" The aliphatic
index measures the relative volume occupied by aliphatic side
chains (nonpolar, hydrophobic) including alanine, valine,
isoleucine, and leucine.> All of the y-crystallins investigated
here are moderately hydrophilic, with small negative GRAVY
values. TyS2 is the most hydrophobic of the proteins studied,
yet it has a lower aliphatic index than hyS, reflecting its
enhanced content of aromatic residues. hyS has the next most
positive GRAVY value and the highest aliphatic character, along
with both zebrafish proteins. The toothfish yS1 and both catfish
proteins have the least aliphatic character. Thus, in terms of
GRAVY index and aliphatic character, the toothfish crystallins
are within the range of variance established by the comparison
group of mesophilic fish sequences. 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. A large proteomic analysis of the
amino acid composition of psychrophilic and mesophilic
proteins found that psychrophilic proteins have a larger
number of hydrophobic residues in loops and a smaller
number in helices, relative to their mesophilic counterparts.54
This was consistent with the well-known idea that aliphatic
amino acids in the core of the protein contribute to stability via
the hydrophobic effect.”®

Some sequence commonalities can be observed among all
the fish yS-crystallins investigated here, due to their both their
common ancestry and the selective pressures on lens proteins.
In general, alanine, valine, isoleucine, and leucine are expected
to be selected against in lens proteins because these amino
acids have low refractive index increments. As expected based
on the requirement for higher refractivity in the lenses of
aquatic organisms, all of the fish crystallins have higher
predicted dn/dc values than hyS. Consistent with this idea,
TyS1 has the lowest aliphatic index, as well as a higher
predicted dn/dc than hyS. Selection for increased refractive
index leads to reduced fraction of aliphatic residues in favor of
those with more polarizable side chains.""'> This would lead to
the expectation that the yS-crystallins would have an unusually
high proportion of the aromatic amino acids Phe, Tyr, and Trp
to compensate, which is the case for all of the proteins listed in
Table 1. For example, toothfish yS1, which has the highest
predicted dn/dc, has 9.1% Tyr, almost 3 times the average
value, and is also enriched in Phe (6.8% vs the average of 4.0%).

Other highly polarizable residues that would be expected to
be enriched in lens proteins include Arg, Met, Cys, and His.
Methionine in particular has been cited as being particularly
important in providing the high refractivity required for fish
crystallins, as it is greatly enriched in the abundant yM-crystallin
of the zebrafish lens."® Although all the proteins have a Met
content greater than its average value of 1.8%, the level of
enrichment varies greatly: the catfish proteins cLyS1 and cLyS2
have the highest Met content (12.7% and 9.3%, respectively),
while the other crystallins have more moderate levels of
enrichment ranging from 2.3% to 5.8%, with TyS1 and Ty2
falling within this range. The situation for His and Cys is
comparable; all of the crystallins studied have His contents
close to the average value, while Cys levels are slightly elevated
for the toothfish crystallins but also for the catfish proteins. The
major difference between the toothfish crystallins and their
mesophilic homologues is in their Arg content. Arg is often
exiguous in cold-adapted proteins because of its role in the

formation of stabilizing salt bridges. In this case, all the y-
crystallins investigated are significantly enriched in Arg except
for TyS2, which has approximately the average value. The next
lowest Arg content values are found in hyS and TyS1. The
relative amounts of Arg in the two D. mawsoni crystallins may
provide insight into their denaturation behavior, which is
described in the next section. 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 (pI)
values with respect to hyS, meaning 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 homologous mesophilic or
thermophilic proteins, possibly because negatively charged
residues are important for mediating interactions with the
solvent and hence maintaining flexibility in cold environ-
ments.”® Alternatively, in this case it may simply reflect the
reduction in positive charge due to the decreased arginine
content of TyS1 and TyS2 relative to the yS-crystallins from
mesophilic fish.

TyS1 and TyS2 Are Both Folded, with Primarily g-
Sheet Secondary Structure. By use of PsiPred, a secondary
structure prediction software,**” the sequences for both TyS1
and TyS2 were predicted to have primarily f-sheet secondary
structures. The prediction results are shown in Figure 3.

A
AA: GSSKITFYEDRNFQGRSHECDTDCPDMHPHFSRCNSIKVESGCWVLYEKPNYTGYQYVLT
10 20 k) 4 % B

Pred: ] — — -

AA: RGEYPDYQRWMGFNDTIRSCRTFSYTSEGPYRMRIYERPNFQGQMMEFSEDCESVQENFC
1 1 ! 1 1 1
70 80 90 100 110 120
Pred

AA: SHDIYSCNVV}IIEGYWTLYEQPNYRGRQYFMRPGEYRKFSD\{VGATCATTGSFRR\TEF

130 140 150 160 170
Pred: ] — —
B
AA: GKIAFFEDKNFQGRSHECCTDCPDLRSYFGRCNSVKVESGCWVLYERPNYTGNQYILSSG
10 20 30 4o 50 60

Pred: e — — —

AA: EYPDHQQWMGFNDSIKSCRSIQNVYGKSWKIRFYENKDFEGQAAECVEDCASVYETFKFQ
1 1 U 1 1 1
70 80 90 100 110 120
Pred!

AA: EVHSSVVMDGAWVLYEQPNYCGHQYFLERGEYNNYTDWGATSPAVGSFRMITKF
! 1 1 | 1
130 140 150 160 170

Pred: ] — —

Legend:

- B strand

@ - random coil

Figure 3. Predicted secondary structures of D. mawsoni (A) yS1 and
(B) yS2.

Circular dichroism (CD) spectra were collected for both
TyS1 and TyS2 to assess the overall general secondary
structures of the proteins (Figure 4). A comparison of the
circular dichroism spectra of TyS1 and TyS2 at 25 °C indicates
that both proteins have primarily f-sheet secondary structures.
The negative ellipticities of TyS1 and TyS2 occur at 216 and
217 nm, respectively. These values are in the range that is
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Figure 4. (A) Circular dichroism spectra of D. mawsoni yS1- and yS2-
crystallins. yS1 displays a negative ellipticity at 216 nm, while yS2
displays a negative ellipticity at 217 nm. Both of these values are
indicative of primarily f-sheet secondary structures. (B) Tryptophan
fluorescence emission spectra of TySl and TyS2. TyS1 has an
emission maximum at 331 nm, and the emission maximum for TyS2 is

336 nm.

typical of -sheet proteins and is consistent with the predicted
secondarZ structure results and with the experimental results
for hyS.?

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 TyS1 and TyS2 share these conserved tryptophans;
TyS2 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.>® Their
conservation in this aquatic species may be due to their
contributions to the dn/dc, hydrophobic packing, or both. UV
fluorescence spectra for D. mawsoni yS1 and yS2 are shown in
Figure 4. The emission maxima in the fluorescence spectra for
excitation at 280 nm are 331 and 336 nm for TyS1 and TyS2,
respectively. TyS2 has increased fluorescence intensity in
comparison to TyS1 due to the presence of the additional
tryptophan in its sequence. The reported 4, for tryptophan
fluorescence of hyS is 326 nm.>® Typically, tryptophan
fluorescence emission maxima are in the range of 300—350
nm. Tryptophans that are exposed to water have emission
maxima between 340 and 350 nm, whereas completely buried
tryptophans have maxima around 330 nm. The slight red shifts
of both TyS1 and TyS2 with respect to hyS indicate that the
tryptophans in both toothfish proteins are more exposed to
water, suggesting that TyS1 and TyS2 are less compactly folded
and more structurally flexible than hyS, as expected.

Cold denaturation, protein unfolding due to the decreased
energetic cost of exposing hydrophobic resides 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,60 encapsulation in reverse mi-
celles,”" or limiting the sample volume to small capillaries®* 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 above its freezing point of —12 °C, in
contrast to mammalian lenses, which form them at much higher
temperatures (~20 OC).25 7S-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® and its presence in
concentrated solutions of other y-crystallins results in a lowered
phase separation temperature.64 Transmission measurements at
600 nm were taken as a function of temperature in order to
establish that solutions of our in vitro generated protein
constructs are transparent over the experimentally relevant
temperature range (i.e.,, cold cataract does not occur). These
results, summarized in Table 3, indicate that hyS, yS1, and yS2

Table 3. Transmittance of hyS, TyS1, and TyS2 from 25 to 5§
°C

transmittance (4 = 600 nm)

temp (°C) hyS TyS1 TyS2
25 0.93 0.98 0.97

20 0.95 0.93 0.97

15 0.95 091 0.97

10 0.94 0.88 0.97

S 0.93 0.87 0.97

all remain transparent at 5 °C, consistent with previous
measurements of yS-crystallins. Although solutions of each of
the y-crystallins studied here remain transparent at S °C, further
investigations will be needed to assess their ability to stabilize
mixtures of other crystallins as a function of temperature.
Enhanced low-temperature stability has been previously
observed in cold-adapted teleost 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.*®

7S1 and yS2 Have Different Relative Stabilities under
Chemical and Thermal Denaturation. The overall
thermodynamic stability of the yS-crystallin fold is highly
relevant to the biological 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.3'O Factors affecting
overall protein stability include hydrophobic interactions,
hydrogen bonds, and conformational entropy.

TyS1 and TyS2 were subjected to chemical denaturation with
increasing concentrations of urea, while fluorescence spectros-
copy was used to monitor unfolding. Each sample was allowed
to equilibrate for at least 24 h before fluorescence measure-
ments were collected. The excitation wavelength was 280 nm,
and emission spectra were collected between 300 and 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
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(Figure SA). The data points indicated with open circles in
Figure SA represent dilution of the samples to 2 M urea after

Al-O, et e e

d
o

S ¢
=)

o hyS *

o

)

.
.

fraction unfolde
(=)
~

oo
.

o
=3

S =
o
e

S}

~

=N

oo

AG (kJlI/mol) @
S5 88 8

(=)

|
o

4 6
urea (M)

Figure 5. (A) Chemical denaturation curves of hyS, D. mawsoni yS1
and yS2 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 hysS,
TyS1, and TyS2 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(H,0).
7SI is more susceptible to unfolding by urea at lower concentrations
where AG(H,0) is 13.35 and 18.74 kJ-mol™" for yS1 and yS2,
respectively.

full unfolding at 7 M urea, demonstrating the reversibility of
this transition. Figure 5B is a plot of AG vs denaturant
concentration for the transition regions of the unfolding curves
used to extrapolate values for AGy, the AG at 25 °C in the
absence of any denaturant.** TyS1 is more susceptible to
unfolding by urea; the [urea],,, of yS1 is equal to 3.8 and 5.6 M
for TyS2. AGS is 13.35 and 18.74 k] mol™" for TyS1 and TyS2,
respectively. The thermodynamic parameters calculated from
these denaturation curves are summarized in Table 4. Urea

Table 4. Thermodynamic Parameters from Chemical
Denaturation of TyS1 and TyS2

TyS1 TyS2 hyS
[urea],/, (M) 3.8 5.6 6.3
AGS (IJ-mol™") 13.35 18.74 27.12
m (J-mol™' M) 3.51 3.35 433
T, (°C) 68.5 + 0.1 58.0 + 0.1 72.0 + 0.1%°

unfolding is thought to be driven by a combination of indirect
and direct mechanisms.®® 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.67_69 More urea may be needed to unfold TyS2 because
it has nearly twice as many aliphatic residues as TyS1 and fewer

hydrophilic amino acid residues.The slope, m, describing the

dependence of AG on denaturant concentration, is very similar
for both TyS1 and TyS2.

Thermal denaturation provides complementary information
regarding protein stability and aggregation propensity. For
some proteins, e.g., lysozyme,”® 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 problem-
atic; however, the midpoint of the unfolding transition (T,,) is
itself a useful measure of protein stability. The thermal
denaturation of TyS1 and TyS2 was monitored by circular
dichroism at 218 nm (Figure 6) and fit to a two-state

0- 0 '::‘-:, P ) ; I I
) 50 60 70 80
temperature (°C)

Figure 6. Thermal unfolding curves of TyS1 and TyS2 measured by
monitoring the circular dichroism signal at 218 nm, with best-fit
unfolding curves. Ty, values for TyS1 and TyS2 are 68.5 and 58.0 °C,
respectively. Both proteins exhibit two-state equilibrium unfolding
behavior.

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; TyS1 has a T, of 68.5 + 0.1 °C,
while TyS2 had a T, of 58.0 + 0.1 °C. For comparison, human
yS-crystallin has a T, of 72.0 = 0.1 °C under the same
conditions.>® The relationship between thermal stability,
hydrophobicity, and aliphatic index is not immediately clear
for these proteins; TyS2, 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
hyS, which has a hydrophobic content between those of TyS1
and TyS2. The explanation for this surprising observation may
be a result of selection for high dn/dc. TyS1, but not TyS2, 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 hyS and TyS1, 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 TyS2.

Aggregation under thermal stress was also measured as a
function of temperature using dynamic light scattering (DLS)
for both toothfish yS-crystallins to ascertain their aggregation
propensity. Aggregation propensity is not always directly
correlated with thermal stability.*® 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 attractive intermolecular forces that may be
responsible for aggregation. For each data point, taken in
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triplicate, the sample was allowed to equilibrate for 2 min 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 Figure 7. TyS1 remains monomeric until 35.0

10%

10%

-
o
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>
N

30 35 40 45 50
temperature (°C)

Figure 7. DLS measurements of thermally induced aggregation of
TyS1 and TyS2. TyS1 is monomeric until 35.0 °C where it begins to
form intermediate aggregates and then finally to form large aggregates
around 48.0 °C. TyS2 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.

°C where intermediate aggregates in the range 30—100 nm
begin to form before quickly transitioning into larger aggregates
up to 1200 nm in size at 47.5 °C. TyS2 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.>* Both TySI1 and
TyS2 are less thermally stable and more aggregation prone than
hyS.

In summary, the biophysical characterization of TyS1 and
TyS2 showed that while both proteins have the primarily -
sheet secondary structures characteristic of y-crystallins, they
appear to have slightly less overall f-sheet character than their
human homologue. TyS1 and TyS2 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 TyS2 has
the lowest thermal stability as determined by thermal
denaturation despite having a higher AG,,. Nevertheless, both
toothfish crystallins have lower thermal stabilities than hyS and
begin forming high molecular weight aggregates at lower
temperatures. The biophysical characterization of the D.
mawsoni yS1- and yS2-crystallins demonstrates an unusual set
of protein homologues 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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