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Abstract

v-crystallins constitute the major protein component in the nucleus of the vertebrate eye lens.
Present at very high concentrations, they exhibit extreme solubility and thermodynamic stability to
prevent scattering of light and the formation of cataracts. However, functions beyond this
structural role have remained mostly unclear. Here, we calculate molecular refractive index
increments of crystallins. We show that all lens y-crystallins have evolved a significantly elevated
molecular refractive index increment, which is far above those of most proteins, including non-
lens members of the By-crystallin family from different species. The same trait has evolved in
parallel in crystallins of different phyla, including in the S-crystallins of cephalopods. A high
refractive index increment can lower the crystallin concentration required to achieve a suitable
refractive power of the lens, and thereby reduce their propensity to aggregate and form cataract.
To produce a significant increase of the refractive index increment, a substantial global shift in the
amino acid composition is required, which can naturally explain the highly unusual amino acid
composition of y-crystallins and their functional homologues. This function provides a new
perspective for interpreting their molecular structure.
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Introduction

Crystallins are the major protein component in the cytoplasm of fiber cells in the lens, a
tissue where biochemical, thermodynamic, and optical properties of its constituent proteins
closely intertwine 13, In order to refract and focus light onto the retina, crystallins need to
be soluble and present in extremely high concentrations for the lens to have a high tissue
refractive index above those of the aqueous and vitreous humor. The high protein
concentration also serves to provide transparency of the lens due to the suppression of long-
range concentration fluctuations that would be a source of light scattering 4°. In order to
diminish light scattering further, fiber cells also lose their nucleus and organelles 6, and
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consequently there is no protein turn-over and the crystallin molecules have to last the life-
time of the individual organism 1. Light scattering arising from crystallin aggregation,
crystallization, as well as liquid-liquid phase transitions, can cause cataracts 47, which are
seemingly unavoidable in human lenses at higher age, and are the leading cause of blindness
worldwide 8.

This poses extraordinary stability and solubility requirements for crystallins, which have
been well studied 1:3:9-14 A common structural feature within the By-crystallin family is a
pair of domains containing two tightly packed Greek key beta sheet motifs. This fold, with
additional contributions from domain interactions, provides for an unusually high
thermodynamic stability 1°. High solubility is thought to be governed by weak inter-particle
interactions conferred by surface properties of the proteins 11:16.17_ However, crystallin
functions beyond these structural aspects, as well as the purpose of their unusual amino acid
compositions, have remained largely unclear.

Information about possible crystallin functions has been gathered from their molecular
evolution, which has been of high interest also in the context of the evolution of the

eye 18-21 Most crystallins appear to have been co-opted from proteins originally serving
functions unrelated to eyes 12122, The major crystallin families in vertebrates, the
ubiquitous a-, B-, and y-crystallins, have been linked to stress-related proteins 12. a-crystallin
is a member of the small heat-shock protein superfamily and can function as a

chaperone 2325 B-, and y-crystallins belong to a superfamily characterized structurally by
the Greek key motif 26, which is also found, for example, in a spore coat protein S from
Myxococcus xanthus 27, and in an encystment-specific protein spherulin 3A from Physarum
polycephalum 28,

In addition to the ubiquitous crystallins, many vertebrate species have developed taxon-
specific crystallins 1. These show a remarkable similarity or are even identical to metabolic
enzymes, and often continue to be expressed to lesser extent in other tissues 2230, In some
cases, these enzyme crystallins are derived by gene sharing, with continued expression of
the same protein in other tissues without loss of the enzymatic function, while in other cases
gene duplication took place 1. Examples include 3-crystallin in duck and chicken, derived
from argininosuccinate lyase 31, e-crystallin in birds and crocodiles derived from lactate
dehydrogenase B 32, v-crystallin in platypus derived from lactate dehydrogenase A 33, and
A-crystallin in rabbit derived from L-gulonate 3-dehydrogenase 34,

Through parallel evolution, many invertebrates have developed camera-like eyes with
structures superficially very similar to those of vertebrates, which also exhibit different
classes of crystallins 35. For example, the main protein component in the lenses of squid and
octopus is S-crystallin. Cephalopod S-crystallins form a large and diverse family of proteins,
and their evolution has also been studied in detail 36. Remarkably, the same strategy of
recruitment of metabolic enzymes as lens proteins has been used in cephalopods: S-
crystallins have a high similarity to squid glutathione-S-transferase (GST), from which they
emerged by gene duplication and now have little or no enzymatic activity 37.

This naturally poses again the question which property qualifies certain proteins to be
recruited to serve as lens crystallins, and — if gene sharing is followed by gene duplication —
which further adaptation to a lens specific function takes place that conflicts with the
original function 33:38.39_ For example, it was recently shown how a chromophore binding
protein CRBP was recruited to serve as a taxon-specific crystallin (i-crystallin) in the gecko,
and adapted to bind a suitable chromophore to help cope with intense UV exposure of this
species 40, A similar function has been proposed for some other taxon-specific crystallins 41,
Unfortunately, such specific crystallin functions, beyond their purely structural properties
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governing thermodynamic stability and solubility, are largely unclear for most crystallins,
notably including the ubiquitous vertebrate py-crystallins 2:3:42,

Motivated by the consideration that the refraction of light is the most fundamental function
of the lens tissue, we have recently embarked on a study of a possible molecular refractive
function of crystallins. As a first stage providing biophysical methodology, we have recently
developed a computational tool to predict the molecular refractive index increments of
proteins, abbreviated dn/dc, from their amino acid composition 43, based on the method by
McMeekin 4445, Previously, we have applied this to the entire set of predicted proteins of
different species, and found that they are normally distributed and fall in a remarkably
narrow range 43, but with exception of a few protein classes including crystallins. Second,
with a biophysical model of macromolecular crowding in the lens tissue, we have explored
the possible relevance of variations of molecular refractive indices 46. Specifically, we have
analyzed the thermodynamic consequences of small reductions in protein concentration that
become possible from elevated crystallin refractive index increments. We found that, in the
most dense lens tissues, even only 5 — 10% higher dn/dc values can, in a non-linear fashion,
translate into very significant reductions in the osmotic pressure and in the propensity for
aggregation 6. We hypothesized that this can provide a driving force for the evolution of
high refractive index increment crystallins.

The present communication is focused on the detailed structure and function of y crystallins
and their homologues from the perspective of their refractive index increment dn/dc. To this
end, we examined the known sequences and evolutionary relationships between members of
the different crystallin families. Our results show that the molecular refractive index is
consistently and significantly elevated in all those crystallins prevalent in the highest density
lens tissues, but not for non-lens crystallins, suggesting the molecular refractive index
increment to be a tissue-specific crystallin function. To test this idea, we examined the
refractive index properties of unrelated crystallins from other phyla. The results from the
available sequence data on S-crystallins indicate that they have continuously evolved
towards a high dn/dc. Studying this protein function in more detail, we found that no single
amino acids and no single class of amino acids can be held responsible for the elevated dn/
dc, which instead is generated by a global shift in amino acid composition. We show in the
present paper how these findings can naturally explain the previously noted highly unusual
amino acid compositions of crystallins, as well as newly identified anomalies in their
composition. Finally, we discuss the implications of this dn/dc function for our
understanding of the protein structure of y crystallins, and the role of the Greek key motif to
accommodate a variety of different amino acids.

Refractive index increments of vertebrate crystallins

For light in the visible frequency range, the protein refractive index depends essentially only
on its atomic composition and local chemical groups, and it is well-known to be independent
of long-range structural details 4748. Accordingly, it is possible to estimate the protein
refractive index increment dn/dc from the amino acid composition, using known amino acid
refractivities 43-4, We applied this method to the protein sequences of the ubiquitous
vertebrate crystallins, as shown in Table 1. Figure 1 shows as vertical bars the dn/dc values
computed for the human a-crystallin (blue), B-crystallin (green), and ycrystallin genes (red),
superimposed to the dn/dc distribution previously calculated for all predicted human
proteins (UCSC genome browser Feb. 2009 (GRCh37/hg19) assembly) 43. (Not shown are
the dn/dc values determined for different bovine y-crystallin genes, which range from 0.199
to 0.202 ml/g, in good agreement with the human values and the experimental value of
0.203 measured by Pierscionek et al. 49.)
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While values of a-crystallin are close to average, p-crystallins have elevated dn/dc, and
those of ycrystallin are very high. Since the distribution of dn/dc for all predicted proteins —
most of which will not have a refractive index function — is close to a Gaussian with an
average value of 0.1899 ml/g and a small standard deviation of £0.0030 ml/g (with nearly
identical distributions obtained from several other species) 43, we can calculate a probability
that a given dn/dc value will be achieved or exceeded if this were a just random variable.
For y-crystallin, these probabilities all are within the range from P = 0.01 to P = 0.0004. The
dn/dc values computed for various yM-crystallins from different aquatic vertebrates are still
higher (horizontal orange bar), ranging from 0.199 to 0.209 ml/g, corresponding to
probabilities P < 102 for them to be achieved by chance. An extended list including known
y-crystallins from frog, newt, lizard, and several fish species can be found in Supplementary
Table 1, consistently showing dn/dc values three standard deviations above the average.

This significantly elevated dn/dc values of all lens p— and y—crystallins poses the question to
what extent the high refractive index increment is an attribute that already existed in the
ancient precursor to the By—crystallin family and predisposed it to serve as major lens
protein, and/or to what extent this trait has evolved as specialization in the lens. In order to
address this, next, we have examined sequences of current non-lens members of the By—
crystallin family (Table 1). We found that all non-lens py—crystallins had low dn/dc with an
average of 0.1901, nearly exactly identical to the average of all proteins. For example,
Myxococcus xanthus protein S has a value of 0.187 ml/g. An exception is the recently
discovered archaeal M-crystallin %0, which exhibited a moderately high value of 0.1961 ml/g
(P = 0.02). Of special interest is the protein likely most closely related to vertebrate By—
crystallin, the urochordate Ci-By-crystallin ®1, for which we computed a value of 0.1918 ml/
g that is well within the spread of dn/dc of average proteins (P = 0.26) (see below). This
suggests that the high refractive index increment is a trait that likely did not pre-exist but
was specifically acquired in conjunction with expression in the lens, to fulfill a specific
function.

Among the different crystallins, the ranking of the crystallin dn/dc mimics conspicuously the
ranking of the tissue refractive indices where these crystallin molecules are found: A
common feature of eye lenses is a radial refractive index gradient that minimizes spherical
aberration 52. A higher refractive index is found in the lens nucleus near the optical axis and
lower refractive index in the cortex. This gradient is achieved by a variation of protein
concentration and crystallin species °3-55. In human and bovine lenses, a and p crystallins
are located mostly in the cortex with lower refractive index and lower protein concentration
(200 — 300 mg/ml 96:57) and a crystallin was found to be excluded from the lens nucleus 8.
As shown in Figure 1 and Table 1, o and B crystallins also have the lowest dn/dc values in
the group of ubiquitous crystallins. In contrast, y crystallins, which exhibit the highest dn/dc
values, are most abundant in the center with highest lens refractive index and highest protein
concentration (440 — 500 mg/ml and higher 56:59.60) n the innermost regions of bovine and
toad lenses, it was even found to provide nearly all of the soluble protein 61.62_ Generally, y
crystallins are also particularly prevalent in hard, high refractive index-lenses which are
more closely packed, and relatively dehydrated 3.64, In particular, this is true for fish eyes,
which lack the refractive power of the cornea provided by the interface with air, and have
hard lenses with the highest known protein concentration of any tissue (estimated in excess
of 1,000 mg/ml 12). Correspondingly, as shown in Figure 1 and Table 1, we found that yM
crystallins of aquatic vertebrates exhibit the highest dn/dc of all.

We also computed the refractive index increments for taxon-specific crystallins (Table 2). In
contrast to the lens vy crystallins, their refractive index increment, as well as those of their
related enzymes, are only average (Table 2). Thus, enzymes seem not to have been recruited
for an amino acid composition generating unusually high dn/dc. One explanation for this
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could be that enzyme crystallins continue to be expressed to a lesser extent in other

tissue 2930, and that, therefore, constraints from non-lens functions may have prevented an
adaptation to develop a high molecular refractive index increment. On the other hand, many
taxon-specific crystallins do not constitute major fractions of the total protein content
comparable to those of the highly conserved ubiquitous crystallins 62, and therefore the
impact of their refractive index increment on the local tissue refractive index would be
minimal. A notable exception is 3-crystallin which replaces y-crystallin in the soft lenses of
birds 41, Interestingly, the comparatively low protein content in these lenses, which might be
only between 200 — 300 mg/ml %6, in conjunction with the low refractive index increment of
these &-crystallins fits well to the observed correlation between molecular and tissue
refractive index.

Refractive index increments of invertebrate crystallins

In lieu of an experimental test of the hypothesis that the crystallin molecular refractive index
increment has specifically evolved towards higher than average values in high density lens
tissue, we next studied crystallins from other phyla, which have evolved independently.
Through parallel evolution, some invertebrates have developed camera-like eyes with
structures superficially very similar to those of vertebrates 52 but with very different
crystallins. Amino acid compositions of invertebrate crystallins are known for squid,
octopus, jellyfish, and scallop species.

S-crystallins represent the major component of the hard lenses of cephalopods. From the
refractive index in the core of the cephalopod eye lens of 1.485, we can estimate the protein
concentration to be ~760 mg/ml 67, which is comparable to the total protein concentration in
lenses of fish 1. S-crystallins are also thought to have lens (and cornea) specific expression,
where they provide 70-90% of all soluble protein 41. Like yM -crystallins, S-crystallins have
acquired extremely high methionine and tyrosine content (see below), and similar to y-
crystallins the specific functions of S-crystallin other than their stability at high
concentrations are unknown. S-crystallins form a large and diverse family of proteins, and
their evolution has been studied in detail 36. Thus, they provide an excellent model system
for the present purpose of testing our refractive index hypothesis. The calculated refractive
index increments of different S-crystallins and their relatives are shown in Table 3.

In the squid Loligo opalescens, there are 24 isoforms of S-crystallins with known sequences
(termed Lops) that are 46 —99 % identical to each other, and exhibit 36 — 44% sequence
identity to squid glutathione-S-transferase (GST), from which they emerged by gene
duplication, but now lack enzymatic activity 36. We found that the ancestral enzyme, squid
GST, has a predicted dn/dc of 0.191 ml/g, similar to those of GST proteins from other
organisms (0.192 + 0.002) ml/g. In contrast, the known sequences of S-crystallins from
Loligo opalescens have an average value of (0.199 + 0.002) ml/g. Lops12 has been
identified a species of major abundance, does not exhibit GST activity 36, and has a dn/dc
value of 0.198 ml/g. The S-crystallin species thought to be closest to GST is termed Lops4,
exhibits similar enzymatic activity as GST, and has the lowest dn/dc value of 0.195 ml/g.

In order to investigate the relationships between the different Lops molecules and their
refractive properties, a phylogenetic tree was constructed with the neighbor-joining method
(Figure 2 Top). (The resulting tree is very similar to the Bayesian tree reported by Sweeney
et al. 68)) It can be discerned that both Lops4 and Lops20 are closest to 1GSQ, with
relatively low but elevated dn/dc. Then, the tree branches off into an upper cluster with
relatively high dn/dc values that contains the most abundant Lops12 (Lops102 — Lops13),
and a lower cluster (Lops16 and below) that exhibits the highest dn/dc values. In order to
more directly visualize the relationship between dn/dc and the sequence distance from

1GSQ (which we assume is closet of all to the ancestral precursor enzyme), we plotted dn/dc
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versus the sequence distance as extracted from the distance matrix in the software PHYLIP
(Figure 2 Bottom). A strong correlation between sequence distance and dn/dc can be
discerned. Indicated in black are the isoforms in the lower cluster of the tree (Lops16 and
below), which have the largest sequence distance. This is consistent with the notion that the
advantages from optimizing the refractive index were at least one of the driving forces in the
evolution of Lops.

A consistent pattern was found in other squid and octopus species, for which less detail is
known (Table 3): For S-crystallins of the squid Nototodarus gouldi 69, high refractive
increments (0.198 ml/g) were obtained, although no sequences from intermediates are
known. In the squid Ommastrephes sloani, there are four known members of S-crystallins
that exhibit 42-44% sequence identity to squid glutathione-S-transferase (GST) 37. Their
average dn/dc is (0.196 = 0.002) ml/g. Mirroring the findings from Loligo opalescens, in
Ommastrephes sloani the most abundant and putatively most recent member, SL20 (exhibits
80% sequence identity to Lops12) has no enzymatic activity and exhibits a value of 0.199
ml/g. One difference between GST and most S-crystallins are repeats of an insert of up to
193 residues with several repeats of RGDGGY XVQG/S 37, a sequence with relatively high
value of 0.196 ml/g. The S-crystallin species thought to be closest to GST and orthologous
to Lops4 is termed SL11, and has similarly high enzymatic activity. It does not have an
insert, and is thought to be an evolutionary intermediate between GST and the fully
developed SL20 36, We found it to have the lowest dn/dc value at 0.195 ml/g, close to the
value of squid GST. The correlation between decrease of enzyme activity and increase in dn/
dc implies that the lens-specific S-crystallins in the two types of cephalopods have
undergone the adaption into structural proteins from their ancestor to provide high
refractivity in eye.

S-crystallin sequences have also been determined for two octopus species 7071, Like in
squid, they are related to GST (20-25% sequence similarity /), and exhibit a 48-58%
sequence similarity with squid SL20 and 42-80% similarity between the octopus species /1.
We calculated a high dn/dc, with values of ~0.197 ml/g (Table 3). In addition, octopus has
taxon-specific crystallins in low abundance that show only slightly elevated dn/dc values
(Table S3), including Q-crystallin related to aldehyde dehydrogenase (~10% of lens
proteins) 7972 as well as an O-crystallin (3%-5% of lens proteins) 3. An orthologue of Q-
crystallin is also found in the soft lens of scallop 74, but with an only average dn/dc of 0.190
ml/g. Although it is the sole crystallin in the scallop, it is also found in significant amounts
in non-ocular tissue 74,

In a different phylum, box jellyfish also have sophisticated eyes with relatively high
refractive index lenses 7. Their crystallins are J-crystallins, which may also serve some
non-lens function 39, They have a 43-50% sequence similarity to saposins /6 (which have a
predicted dn/dc of 0.188 ml/g), and 36% identity to the ADP-ribosylation enzyme SelJ 7
(with 0.192 ml/g). The average dn/dc of the known J-crystallins was calculated to be 0.195
ml/g.

In summary, our results show that the development of a high dn/dc trait of the vertebrate y-
crystallins from low dn/dc non-lens precursors seems to be repeated independently in
different evolutionary lineages. This signifies a functional role of the molecular refractive
index in lens crystallins.

Amino acid compaosition

It is interesting to study the protein amino acid composition and structure from this
perspective. As mentioned above, the overall distribution of protein dn/dc values is very
narrow with a standard deviation of 0.003 ml/g. This is due to the fact that the amino acid
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refractivities are little correlated with their chemical properties 43. Amino acids with high
polarizability and refractive index increment are those containing aromatic rings, sulfur, or
double-bonds in the R-group, the highest ones being tryptophan, phenylalanine, tyrosine,
histidine, cysteine, arginine, and methionine. However, for achieving a high refractive index
increment through amino acid substitution, the most drastic single amino acid change
possible (a substitution of a proline to a tryptophan) would change the y-crystallin dn/dc
only by 0.0009 ml/g, and most single substitutions would change it much less (for example,
a single lysine to arginine substitution would change dn/dc by only 0.0002 ml/g). This is
small compared to the difference in refractive index of y-crystallins to average proteins,
which can be achieved only by a major overall change towards highly unusual composition.

The amino acid compaosition from the perspective of its impact on dn/dc is illustrated in
Figure 3 Top Panel for several vertebrate y-crystallins in comparison with the putative
ancient non-lens relative M. Xanthus protein S. In the abscissa of Figure 3 are shown all
amino acids, ranked by their refractivity. The ordinate shows the relative abundance of each
amino acid (in %) as a difference to the normally expected percentage of each amino acid,
the latter determined from the set of all predicted human proteins (UCSC Feb. 2009
(GRCh37/hg19) assembly). In order to visualize how unusual a certain deviation from the
average abundance is, their full frequency distribution of % content for each amino acid is
shown as a color contour plot in the background. It highlights in red to white the extremely
rare percentages for each amino acid (frequencies of lower than 0.05 and higher than 0.95 of
the cumulative frequency distribution, as shown in the color bar). Examples of the full
frequency distribution of % abundance and the observed percentages for individual amino
acids are shown in the insets.

In this representation, we can discern several aspects of the origin of the high dn/dc of
vertebrate y-crystallins. First, the fact that the predominant population of the symbols are in
the lower left and upper right quadrant of this plot shows that there is not just one or two
specific amino acids that are in high abundance and serve to alter the dn/dc, but rather there
is an overall shift in amino acid composition. Second, the elevation of the relative
abundance of highest dn/dc residues, such as aromatic amino acids, cysteine, arginine, and
methionine, is accompanied by the elimination of amino acids with low refractivity, such as
alanine, valine, threonine, and leucine. Third, the comparison with the natural distribution of
these amino acids’ abundance in human proteins indicates that several of the deviations are
very significant. For example, for human yB-crystallin highlighted by the red line, this can
be discerned from the data points being located in the red to white bands. In contrast, the
putative ancient relative M. Xanthus protein S (magenta line), even though it does not have a
perfectly average content of all amino acids, exhibits examples for both high contents of
some low dn/dc amino acids as well as low content of high dn/dc amino acids.

This pattern is exacerbated in fish, which has the highest density lenses and the highest dn/
dc crystallins. For example, highlighted in Figure 3 Top Panel by the green line are the data
from lip shark yM2. In fact, several fish y-crystallins are very extreme in that they contain
no alanine, lysine, and/or threonine at all, but unusually high fractions of phenylalanine,
tyrosine, arginine, and methionine. The most extreme example is the Mexican tetra, which
has very few low dn/dc residues — a single alanine, a single leucine, no lysine and no
threonine, but extremely high numbers of dn/dc ones with 4.2 % tryptophan, 10.2% tyrosine,
10.8% arginine, and 12.6% methionine. In a similar presentation, Figure 3 Bottom Panel
shows the deviation from average amino acid composition for the different human vy-
crystallins (blue symbols) in comparison with their closest known ancient relative, the
urochordate Ci-By-crystallin (magenta) which has a dn/dc value of 0.1918 ml/g. In this plot,
vS is highlighted (blue line), which was found to be expressed in the cortex /8 and has a dn/
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dc value of 0.1983 ml/g, as well as yD (green line), which is a major component of the lens
nucleus with a dn/dc value of 0.1992 ml/g.

For Lops proteins, a pattern emerges similar to that of vertebrate y-crystallins (Figure 4).
While squid GST shows relatively evenly distributed values, Lops crystallins have
systematically lower fractions of low dn/dc residues, especially serine and leucine,
accompanied by high fractions of high dn/dc residues, such as asparagines, methionine,
tyrosine, and phenylalanine. Further, one can discern that the evolution from the most GST-
like Lops4 to the currently Lops12 has caused, with few exceptions, the systematic
exacerbation of this pattern.

It is interesting to look more quantitatively at the contributions of the abundances of each
amino acid in the crystallin sequence towards the cumulative elevation of the crystallin dn/
dc above that of average proteins. As outlined in the Methods section Egs. 1 — 3, dn/dc is not
simply additive. Nevertheless, we can calculate the change in dn/dc for a hypothetical
sequence where, separately for each amino acid, their relative abundance in crystallin is
adjusted to match that of average proteins. This will quantify how important the contribution
of that amino acid is towards maintaining the elevated crystallin dn/dc. The results are listed
in Table 4, normalized by the total difference in dn/dc between the crystallin and the average
protein. The values in parenthesis quantify how, from a background of an average protein,
the average dn/dc will increase if a particular amino acid abundance is adjusted to the level
occurring in the crystallin. Both viewpoints provide slightly different numbers, especially
for those amino acids with dn/dc in between those of the average protein and crystallin
(which could potentially play a role an evolutionary path).

From either perspective, the data highlight that a global shift in amino acid composition is
required for achieving the high molecular refractive index increment of lens crystallins.
Although the tyrosine residues make the biggest contribution, they provide little more than a
third of the refractive index elevation of human yB, and substantially less in the other
species examined. In contrast, the cumulative contribution from the relative lack of low dn/
dc residues is larger than the effect from tyrosine or any other high dn/dc residues. For
example, in the yM from Mexican tetra the extremely low leucine content alone has almost
the same effect on dn/dc as the elevated tyrosine content.

Refractive index increments and protein structures

Even though the refractive properties are independent of the three-dimensional structure, it
is of interest to inspect the location of the amino acids that are particularly enriched in lens
crystallins. To this end, Figure 5 shows a structural comparison of human yB-crystallin and
the homologous spore coat protein from M. Xanthus protein S 7°, highlighting the high dn/dc
amino acids Met, Arg, Cys, Tyr, and Trp, which are significantly more abundant in the lens
protein than in its ancient relative. It is well possible that the increased fraction of at least
some of these high dn/dc residues could additionally support other essential functions. In
particular, their surface accessibility is significant, as the surface characteristics of
yerystallin will govern inter-particle interactions and solubility. (For simplicity, in Figure 5,
we do not show the low dn/dc residues that are more abundant in protein S, the lack of
which would be difficult to attribute an alternative function in yB-crystallin; see below).

In human yB-crystallin, there are 19 arginines compared to 6 in Protein S (Figure 5,
magenta). They are indeed preferentially located at the surface (which may be discerned
from the fact that they are ~11% of total amino acids providing ~21% of the total protein
surface area), and therefore could fulfill dual roles in contributing both to surface
characteristics and dn/dc. However, it appears that the high dn/dc residues overall are rather
evenly distributed between surface and interior, contributing to the solvent accessible area
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approximately in proportion of their relative abundance, representing 35% of the total amino
acids and providing 38% of solvent accessible area in human yB-crystallin. In particular, the
four tryptophan residues of human yB-crystallin are nearly entirely buried 19, and most of
the 15 tyrosine residues are largely solvent inaccessible, and are therefore difficult to
imagine contributing significantly to solubility and interaction properties.

A high abundance of methionine in y-crystallin of aquatic vertebrates has been proposed to
fulfill a role in mediating intermolecular interactions that aid in dense packing €. Similarly,
there are many surface accessible arginine and methionine residues in the S-crystallins of
cephalopods. However, a homology model of OctS3 81 shows methionine contributing
approximately 10% of the total amino acids while also providing ~10% of the surface area
(see Supplemental Figure 1), the even distribution suggesting that they may at least not have
an exclusive role in mediating surface properties, consistent with their role in aiding the
molecular refractive index, a function for which pragmatically the location of the residues
within the three-dimensional protein structure is not relevant.

A more detailed structural comparison of the amino acid replacements from lens and non-
lens crystallin is possible from a structure-based sequence alignment of human yB-crystallin
(2JDF) and its closest known ancient relative, the By-crystallin from C. intestinalis

(2BV2) 1. The high degree of sequence similarity (49%) and structural similarity 51 makes
it possible to ask where individual amino acid substitutions occurred that led to the increase
from low dn/dc of 0.1918 ml/g in C. intestinalis to the high value of 0.1988 ml/g. To this
end, Figure 6 shows a structural alignment and a structure-based sequence alignment (yB-
crystallin in yellow, C. intestinalis By-crystallin in grey). It is interesting here that the set of
identical residues alone (marked blue in the yB-crystallin sequence and structure) are of a
composition with predicted dn/dc value of 0.201 ml/g. Elevation of the dn/dc of the
complete protein for the lens crystallin is accomplished by substitution of the majority of
remaining residues replacing low with high dn/dc residues (marked in red). In our view,
these substitutions are not systematically coincident with structural features.

Discussion

Our data show that, independently in different phyla, lens crystallins from the highest
density tissues have specifically evolved a significantly elevated molecular refractive index.
The observation of an elevated protein refractive index may be unexpected considering the
wide-spread assumption that dn/dc of all proteins can be considered in good approximation
to be identical, with values expected to be between 0.18 — 0.19 ml/g 82-84_ However, this
conventional wisdom has been questioned previously by Pierscionek et al., who have
measured an unusually high value for bovine y-crystallin of 0.203 ml/g 4°. Consistent with
this, a detailed bioinformatics analysis of the distribution of refractive index increments of
predicted proteins from different species generally confirmed the narrow spread of values
for most proteins, but with distinct exceptions, including the py-crystallin family 43. Another
class of proteins with highly elevated dn/dc are reflectins 43, which were identified in
reflector platelets of squid light organ reflector tissues that serve to provide thin film
interference 8°:86,

Since the increased crystallin refractive index could only be achieved by virtue of a
substantial, global shift in amino acid composition, and yet, the relative increase over
average protein generally amounts to 10% or less, one can suspect that a high dn/dc must
confer a substantial evolutionary advantage. The question arises in which way such a
molecular refractive index function would be helpful. We believe the answer to this can be
found in the correlation of high dn/dc with the intracellular protein concentration in the lens
tissue, and in the observation that with crystallin molecules of higher refractive index
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increment, the same lens refractive index can be achieved with a proportionally lower
concentration of crystallins.

In a related work we have explored this question from a theoretical perspective 46. We have
shown with a model of macromolecular crowding of non-interacting hard spheres, that in the
extreme environment of fiber cells (which in the center of high density lenses may have total
protein concentrations 500 mg/ml and above) even a small reduction of protein
concentration afforded by the higher macromolecular dn/dc can have profound
thermodynamic consequences. With average free distances between crystallins only being
approximately half their radius, the cytosol is highly thermodynamically non-ideal. Further
increasing the protein concentration is associated with a steeply increasing osmotic pressure
and steeply increasing chemical activity and energetic cost to keep the proteins soluble.
Using scaled particle theory to capture the effect of volume exclusion in this solution, we
have calculated the saving in osmotic pressure from lower protein concentrations that
become possible with a 6.5% higher dn/dc crystallin (at the same tissue refractive index).
This relative reduction in osmotic pressure is shown in Figure 7 Top as a function of total
protein lenticular protein concentration. In the highest density lenses, it can amount to 20 —
25%. Similarly, we have calculated the reduction in the chemical activity (Figure 7 Bottom
Inset), and — in a thermodynamic model originally introduced in the context of hemoglobin
sickling 87:88 — the increase in the stability of crystallin to be soluble relative to it being in a
polymer or crystallin phase (Figure 7, Bottom). In lenses of greater than 500 mg/ml total
protein, this can amount to more than 1 kcal/mol. Although the thermodynamic
consequences of volume exclusion are obligatory and will qualitatively affect all species,
interactions between different protein species (which were not accounted for in our model46)
can further modulate their stability in the crowded environment 17.

The salient aspect of these calculations is that, because at higher concentrations it becomes
increasingly more difficult to find sufficient space for accommodating more proteins, small
changes in the actual protein concentration can be strongly non-linearly amplified into very
significant changes in thermodynamic parameters governing reactivity and aggregation.
Since the formation of crystalline or polymer phases leads to light scattering and cataract, as
shown by many forms of cataract caused by point mutants of y crystallin that cause reduced
solubility and/or crystallization 8995, the improved thermodynamic stability of the soluble
state afforded by molecules with higher dn/dc (and at correspondingly lower concentration)
could well explain the evolutionary driving force for the adaptation to high dn/dc of
crystallins prevalent in the highest density lenses. This hypothesis can explain the
correlation between molecular refractive index increment and the tissue density of the
ubiquitous vertebrate crystallins, as well as the distribution of different crystallins between
lens cortex and lens nucleus observed in several vertebrate species. Further, it is consistent
with the absence of adaptation to high dn/dc of taxon-specific crystallins in low density lens
tissues (as in the lenses of birds as well as in the cortex of human lenses) 6Footnote 1

Footnote 1oy for squid proteins, at first sight our hypothesis appears to be in conflict with the report by Sweeney et al. 68, who have
measured the radial concentration distribution of ‘long loop S-crystallins’ (which are those molecules in lower branch in our tree
Figure 2 Top, indicated by black dots in Figure 2 Bottom), and reported them to be located preferentially in the periphery with lower
concentrations and to be ‘nearly absent in the centre’. According to our data, these are the isoforms with highest molecular refractive
index increment (Figure 2 Bottom) (not to be confused with the tissue refractive index discussed by 68). We cannot resolve this
problem, since, unfortunately, no absolute values for the protein concentration measured by Sweeney et al. were reported in the
paper 68 0n the other hand, no real conflict may exist: In our reading, the MALDI-TOF data shown in the Supplement of 68 do not
allow a clear localization of the molecules; contrary to the conclusions proposed by Sweeney and co-workers, they seem to show
tryptic digest peptides stemming from many of the high dn/dc isoforms being present also in the innermost lens regions (including
Lops5, Lops7, Lops23, Lops18, Lops10, Lops25, Lops16, and Lops8), even with most of these being present in the SDS gel band
increasing in density towards the center of the lens (including Lops5, Lops7, Lops23, Lops18, and Lops16).
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From our data it is evident that substitution of a single or a few amino acid residues is
insufficient to generate significant increase in dn/dc, but requires an overall shift, replacing
many low dn/dc residues with many residues of above-average dn/dc. (This is evident,
similarly, in the amino acid composition of reflectins, which are highly enriched in sulfur-
containing and aromatic amino acids and contain no alanine, isoleucine, leucine, and

lysine 8.) This provides a natural explanation for the puzzle of an unusual amino acid
composition in y-crystallins and cephalopod S-crystallins that have been noted previously by
several groups: Vertebrate y-crystallins exhibit an unusually high tyrosine content,
conserved in most vertebrate y-crystallins 41, and an unusually high number of cysteine
residues 89. Similarly, an unusually high fraction of arginine relative to lysine in human y-
crystallins 41 would be naturally explained by the higher refractive index increment of the
former (0.206 ml/g) compared to that of the latter (0.181 ml/g). The present work led to the
identification of another strong anomaly in crystallins, which is the relative lack of alanine,
threonine, valine, and leucine.

A prominently noted anomaly in the amino acid composition of y-crystallin is an extremely
high content of methionine residues in yM -crystallins of fish (e.g., 15% in catfish) 96:97,
mirrored in S-crystallins of cephalopods 6970, which also have very high fraction of arginine
and methionine residues (11.6% and 10.7%, respectively). The purpose of the high
methionine content in fish y-crystallin is unknown, and was speculated to contribute to
protein stability 97, aid solubility and cold adaptation %8, and to lead to an increased
refractive index increment 5. From the present work, it seems that high methionine content
would be suitable to contribute to an increase dn/dc for most proteins.

On the other hand, it is interesting to consider ‘extreme’ crystallins such as yM-crystallin
from Mexican tetra or Lops22. They have overall refractive index increments similar or in
excess of that of a hypothetical polypeptide of methionine (0.204 ml/g). Therefore, the
methionine residues do actually not appear to be very helpful anymore, or might even be
detrimental, for achieving dn/dc-values in excess of 0.204 ml/g. This points to the fact that
more crucial for extremely high dn/dc proteins is the balance between the aromatic amino
acids and the elimination of low dn/dc residues (compare Table 4). However, at some point
it seems certain that other requirements for y-crystallins, such as high thermal stability and
solubility and low hydration, would be conflicting with such optimization. In this regard,
reflectins are noteworthy in that they have a dn/dc substantially higher than crystallins, but
exhibit strong self-assembly 86 that would be most detrimental for a crystallin. The fact that
even single amino acid replacements have been identified as the cause of altered phase
transition leading to the formation of cataracts 91:93.99 highlights the delicate balance of
forces for maintaining solubility.

The most effective residues for increasing dn/dc appear to be tryptophan and tyrosine. The
highly elevated tyrosine content does currently not seem well justified by their UV
absorption property, considering that most of the UV-B radiation at wavelengths < 300 nm
is filtered out already in the cornea and anterior chamber 190, and that at wavelengths > 295
nm the tyrosine residues do not absorb much. Tryptophan absorption extends to higher
wavelengths, and it has been shown that the y-crystallin structure allows for a very efficient
quenching by charge transfer, likely as a protection from photodamage 192:192, One could
speculate that this would make the acquisition of additional tryptophan residues for the
purpose of elevating dn/dc structurally complicated. Generally, photodamage might
represent less of a constraint for most aquatic species.

Structurally, the shift in amino acid composition from an ancient precursor protein necessary
to produce high dn/dc y-crystallins poses the problem of accommodating many
replacements, the location of which is irrelevant for the refractive index property, but
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without compromising the extraordinarily high thermal stability of the Greek key

domains 12, This is highlighted, for example, in Figure 6. Already Blundell and colleagues 2
have remarked on the surprisingly high degree of variability how side chains in the
hydrophobic core of these domains can pack while maintaining close three-dimensional
homology. Such sequence variability is mirrored also by non-lens members of the By-
crystallin family 193, Thus, one could speculate that this flexibility of the Greek key motif to
accommodate different residues lends itself well as a stable scaffold for a lens protein,
providing the opportunity of replacing residues of low dn/dc with high ones. In fact, this
property has recently been exploited to engineer new proteins 104105 sych as affilins from
combinatorial libraries randomizing eight solvent-exposed amino acid residues of yB-
crystallins.

In summary, the most compelling explanation for the unusual amino acid composition of
crystallin molecules, specifically from the highest refractive index tissue, is a molecular
refractive index function. The same trait has evolved in parallel across different phyla,
consistent with the notion of universal physical constraints arising in protein solutions at
extremely high concentrations, which make solubility easier to maintain at slightly lower
concentrations afforded by higher refractive index molecules. Such molecules have evolved
by directed amino acid substitutions without altering the three dimensional structure. This
shows for the first time that a protein refractive index may be more than a coincidental
property, and that the refractive function of the eye lens is manifest on a molecular level.

Sequence-based analysis of the protein refractive index increment

The experimental measurement of a protein dn/dc requires tens of mg of highly pure and
soluble material 43, which would pose formidable difficulties for a systematic study of many
crystallins using either bacterial over-expression or purification from biological samples.
Therefore, the computational prediction of the protein refractive index increment from the
amino acid sequence was adopted in the present work, following the method of

McMeekin 4445, as recently described 43. In brief, the refractivity per gram of protein, Ry, is
calculated from its amino acid composition as the weight average

Rp=> RuMu/ Y M,

(Eq. 1)

of the contributions of the amino acid refractivities R,, experimentally measured and
tabulated for 589 nm and 25 °C in 4° and reproduced in #3. The data are supported by ab
initio calculations of mean residue polarizabilities 106-108 M, is the residue molecular
weight. Analogously, the protein partial specific volume vy, is predicted as a weight-average
from composition, using the tables from Cohn & Edsall 10%. The Lorentz-Lorenz formula
then predicts the protein refractive index as

1/2

ll],=(2R,,+F,,)/(FP - Rp) ) (Eq_ 2)

, and the refractive index increment was obtained with the Wiener equation for dilute
solutions as
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(dn/dc),=1.5vpno(n,” —no”)/(n,"+2np") (Eq. 3)

110 (with solvent refractive index nq taken as 1.3340, corresponding to water at 25 °C with
150 mM sodium chloride).

This calculation assumes unconjugated polypeptides, without any preferential hydration.
Appropriate corrections could in principle be applied for contributions from preferential
solvation, post-translational modifications, temperature effects, and solution refractive
index 111-114 The validity of the computational method was verified experimentally by
refractometry and dry weight measurement of common proteins 444° and peptides
specifically constructed to span a large refractive index range 43.

Sequence alignment and phylogenetic analysis of Lops proteins

An initial global sequence alignment was performed with CLUSTAL W2 115 on all known
sequences of GST from O. pacificus as well as the S-crystallins and GST from L. opalescens
found in the NCBI protein database. The BLOSUM model was chosen for the sequence
alignment option. Next, a distance matrix was calculated using the protdist program of the
PHYLIP package version 3.57c (kindly provided by Dr. J. Felsenstein), using the Jones-
Taylor-Thornton substitution matrix 116, The NEIGHBOR program of PHYLIP was then
used to construct a neighbor-joining tree 117, A bootstrap analysis with 500 replicates was
performed to determine the levels of support for the interior nodes, and a consensus tree was
constructed.

Protein structure analysis

For the crystal structure analysis, the solvent accessibility was calculated with the program
AREAIMOL in the CCP4 Suite 118, Graphics of protein structures were created with the
software PyMOL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Refractive index increment of human crystallin genes (vertical bars): human a-crystallin
(blue), B-crystallin (green), yN-crystallin (magenta), and y-crystallin (red). They are drawn
superimposed to the dn/dc distribution of all human proteins (histogram for the predicted
proteins from the UCSC human genome browser for the human Feb. 2009 (GRCh37/hg19)
assembly) 43. The best-fit Gaussian to the distribution of all proteins is indicated as black
solid line, with mean of 0.1899 ml/g and standard deviation of 0.0031 ml/g. Also shown is
the range of values computed for different fish yM-crystallins (orange horizontal bar), as

listed in Table 1.
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Page 21

Relationship between the 24 known S-crystallins from Loligo opalescens and glutathione-S-
transferase, in conjunction with their refractive properties. Top: Consensus phylogenetic tree
of S-crystallins and squid glutathione-S-transferase, using 1GSQ from Ommastrephes sloani
as a reference, from a 500-replicate bootstrap analysis of the neighbor-joining tree. The edge
lengths represent the value resolved from bootstrap analysis. The scale bar represents a

bootstrap value of 80%. The values in parentheses are the calculated refractive index

increment (dn/dc) values. Bottom: Correlation of dn/dc with the distance between each
protein to 1GSQ. The distances were calculated by the program protdist in PHYLIP. The
identity of the molecules corresponding to each data point is indicated by the associated
number. The black circles represent the cluster Lops16 and below in the tree above, all other

isoforms are in grey.
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Top Panel: Amino acid composition of y-crystallins (crosses and triangles) and M. xanthus
protein S (magenta line with small circles), plotted as difference of their percent % content
from the average content observed in human proteins. Each amino acid is represented in one
vertical column. In the background of each column, the color patches indicate the spread of
the distribution of fractional amino acid content in all human proteins (Feb. 2009 (GRCh37/
hg19) assembly), using the color temperature scale on the right. For example, the range
between the red shaded areas (from yellow to blue to yellow) encompasses the content of the

amino acid found in approximately the central 80 percent of all proteins, whereas dark red

shade fading to white indicates unusually high and low amino acid content among the lowest
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5 or highest 95 percentile of all proteins. The insets for A and Y highlight the relationship
between the observed amino acid content in crystallins (bars) and the histogram of the
frequency distribution of that amino acid content in all proteins (in absolute %). The
abscissa shows all amino acids ranked by increasing dn/dc. We can discern that in y-
crystallins the content of low dn/dc residues is mostly lower than average, whereas their
content of high dn/dc residues is mostly higher than average. For example, human yB-
crystallin (red circles and solid red line) shows values predominantly in the lower left and
upper right quadrant. This behavior is particularly evident for A, V, L, Tand M, R, Y
residues in y-crystallins of fish (green crosses, showing data from carp, teleostean fish, lip
shark, Mexican tetra, and zebra fish), which have contents far outside the normal
distribution. Highlighted by the green solid line are the data for (green solid line) and lip
shark y-M2 (green dotted line), which have the highest and second highest values,
respectively. In contrast, while Protein S (magenta line and small circles) exhibits unusual
content of N and H, it shows values scattered more evenly for both high and low dn/dc
residues. Bottom Panel: In the same comparison with the average abundances of the amino
acids, shown are the data for different human y-crystallins (blue symbols, yS is highlighted
by a blue line and yD highlighted by a green line) and its closest known ancestor, the
urochordate Ci-By-crystallin (magenta).
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(symbols) and of 1GSQ (red solid line), plotted as difference of their percent % content from
the average content observed in human proteins, in the same presentation as in Figure 4.
Highlighted are the most ancient S-crystallin (Lops4, magenta dashed line), and the most
abundant and more recent S-crystallin (Lops12, green solid line). With the exception of F
and D, all high dn/dc residues in the more recent molecule Lops12 are higher, and with the
exception of G and E all low dn/dc residues in the more recent molecule are lower than in
the most ancient Lops4. This results in the increase of refractive index in the order from

GSQ to Lops4 to Lopsi2.
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Figure 5.

Top: Ribbon representation of the N-terminal domain of human yB-crystallin (2JDF) and M.
xanthus protein S (1PRR). Highlighted residues are in high relative abundance in yB-
crystallin with high refractive index increment: methionine (green), arginine (magenta),
cysteine (yellow), tryptophan (red), and tyrosine (blue). Middle and Bottom: Surface
representation of the whole molecules containing two domains, viewed from two opposite
angles.
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Figure 6.

Sequence and structure comparison of N-terminal domain of human yB crystallin (2JDF)
and By-crystallin from C. intestinalis (2BV2). (A) Sequence alignment of the two
polypeptides. The identical residues are in blue, and the residues with higher dn/dc in human
vB crystallin are highlighted in red. (B) Structural overlay of the two constructs. The N-
terminal domain of human yB crystalline is in yellow and By-crystallin from C. intestinalis is
in gray. The residues highlighted in blue are the identical ones. The residues in human yB
crystalline which have higher dn/dc values compared to those at the same positions in By-
crystallin C. intestinalis are highlighted in red.
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Figure 7.

Thermodynamic effect of a crystallin refractive index 6.5% above that of average proteins,
corresponding to the value of bovine y-crystallin. Results are based on a non-interacting
hard sphere model of crystallin calculating the excluded volume by scaled particle

theory 126, as described in detail in 46, and presented as a function of total protein
concentration c. In order to reach the same tissue refractive index as high dn/dc molecules at
concentration ¢, molecules with average dn/dc would have to be present at a higher
concentration c*, in the present case ¢* = 1.065 c. Top Panel: The ratio of the osmotic
pressure IT (c)/TI(c*), corresponding to the reduction in osmotic pressure arising from the
high dn/dc. Bottom: The difference in the free energy of transfer of a crystallin molecule
from the soluble phase into a polymer phase, AGgg(C), to the same free energy at a higher
crystallin concentration, AGgg(c*), with AAGS°!(c) = AGg(c) - AGg(c*). The calculations
are based on a ‘crystal approximation’ 87:88, The positive sign of AAGS®! means that at the
lower concentration afforded by the increase in dn/dc makes the transition into the polymer
phase less favorable. The insert shows the ratio of the chemical activity (i.e. ratio of
‘effective’ concentrations) arising from a 6.5% lower actual protein concentration.
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Table 1

Refractive index increment of members of the By-crystallin family

protein accession # dn/dc (ml/g) p&
human alpha-A-crystallin CAG28619 0.1938 0.097
human alpha-B-crystallin NP_001876 0.1922 0.22
human beta-A1/A3 crystallin NP_005199 0.1979 0.0038
human beta-A2-crystallin NP_476435 0.1956 0.029
human beta-A4-crystallin NP_001877 0.1986 0.0019
human beta-B1-crystallin NP_001878 0.1940 0.086
human beta-B2-crystallin AAB39700 0.1940 0.086
human beta-B3-crystallin NP_004067 0.1963 0.016
human gamma-A-crystallin NP_055432 0.2000 3.8E-4
human gamma-B-crystallin NP_005201 0.1988 0.0015
human gamma-C-crystallin NP_066269 0.1975 0.0056
human gamma-D-crystallin NP_008822 0.1992 9.7E-4
human gamma-S-crystallin NP_060011 0.1983 0.0026
human gamma-N-crystallin NP_653328 0.1969 0.0098
gamma-crystallin M1 (carp) P10043 0.2037 2.1E-6
gamma-crystallin M1-2 (teleostean fish) AAA50960 0.2017 4.2E-5
gamma-crystallin M2-2 (teleostean fish) AAA50961 0.2041 1.1E-6
gamma-crystallin M2-3 (teleostean fish) AAA50962 0.1995 6.9E-4
gamma-crystallin M1 (lip shark) P48648 0.2030 7.3E-6
gamma-crystallin M2 (lip shark) P48649 0.2050 2.4E-7
gamma-crystallin 1 (bamboo shark) CAA55810 0.2031 6.3E-6
gamma-crystallin M (Mexican tetra) AAF07205 0.2091 1.2E-9
gamma-crystallin MX (zebra fish) NP_001013280 0.2003 2.6E-4
gamma-crystallin S1 (zebra fish) NP_001013294 0.1991 0.0011
gamma-crystallin N1 (zebra fish) Q5XTN8 0.2001 3.4E-4
gamma-crystallin N2 (zebra fish) Q6DGY7 0.2014 6.3E-5
EDSP of the amphibious newt 119 BAA01991 0.1901 0.47
By-component of the protein complex By-CAT in toad skin 120 ABV56830 0.1882 071
AlM1 121 AAB53792 0.1822 0.995
protein S of Myxococcus xanthus 27 AAA25407 0.1874 0.80
spherulin 3A of Physarum polycephalum 28 1AG4_A 0.1911 0.34
Yersina crystallin Yersina pestis CO92 122 YP_002347819 0.1917 0.27
By-crystallin Geodia cydonium 123 CAAT70024 0.1923 0.21
archaeal M-crystallin 5 AAMO05909 0.1961 0.020
the urochordate By-crystallin 5 2BV2_B 0.1918 0.26

Page 28

P is the probability for obtaining just by chance a dn/dc value as large or larger, if it was a normally distributed random variable as shown in the

solid line of Figure 1.
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Table 2

Refractive index increment of taxon-specific crystallins

species related protein/enzyme dn/dc (ml/g) crystallin  dn/dc (ml/g)
lampreys, fish, reptiles, birds 24 ;_enolase® 0.189 T 0.189
duck 32 lactate dehydrogenase Bb 0.187 € 0.187
duck/chicken 3t argininosuccinate lyase¢ 0.185 8 0.185-0.187
rabbit 3¢ L-gulonate 3-dehydrogenased 0.188 A 0.188
elephant shrew 25 aldehyde dehydrogenase® 0.190 n 0.189
gecko 40 retinol binding protein I 0.195 t 0.195
platypus 3 lactate dehydrogynase Al 0.189 v 0.188
octopus 7 aldehyde dehydrogenasef 0.190 Q 0.193
scallop ¥ aldehyde dehydrogenase’ 0.190 Q 0.192
octopus ™ Lipid-binding protein PEBPY 0.191 Y 0.194

Prediction based on sequences from accession number:
a

AAA49218
b

AAA49221
°NP_001025885
dP14755.3
e

AAC48588
fAAF73122
gP13696.2 Gl:1352725

"\P_036865

Jpo0340
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Table 3

Cephalopod S-crystallins and glutathione-S-transferases

protein accession number  dn/dc (ml/g) P
S-crystallin (SL4) AAA91343 0.1954 0.033
S-crystallin (SL11) AAA29403 0.1940 0.086
S-crystallin (SL18) AAA29404 0.1965 0.014
S-crystallin (SL20) AAA29402 0.1987 0.0017
Lopsl AAA97541 0.1900 0.49
Lops4 AAA97540 0.1951 0.042
Lops5 AAA97542 0.2015 5.5E-05
Lops6 AAA97543 0.1995 6.9E-04
Lops7 AAA97544 0.2011 9.4E-05
Lops8 AAA97547 0.2010 1.1E-04
Lops9 AAA97545 0.1988 0.0015
Lops10 AAA97546 0.2003 0.00030
Lops12 AAA97548 0.1985 0.0021
Lops13 AAA97549 0.1984 0.0023
Lops16 AAA97550 0.1991 1.1E-03
Lops18 AAB01053 0.2019 3.2E-05
Lops19 AAB01054 0.1984 0.0023
Lops20 AAB01055 0.1984 0.0023
Lops21 AABO01056 0.2021 2.4E-05
Lops22 AAB01057 0.2029 7.3E-06
Lops23 AAB01058 0.2015 5.5E-05
Lops25 AABO01059 0.1998 4.8E-04
Lops102 AAA97551 0.2002 3.0E-04
OctS1 p27013 0.1969 0.0098
OctS2 P27014 0.1975 0.0056
OctS3 Q25626 0.1975 0.0056
OoL1 P27009 0.1967 0.012
oL2 P27010 0.1963 0.016
oL3 P27011 0.1977 0.0047
OoL4 P27012 0.1968 0.011
S 1 (squid Nototodarus gouldi) N/A™ 0.1964 0.015
S 11 (squid Nototodarus gouldi) N/A® 0.1982 0.0028
S 111 (squid Nototodarus gouldi) N/A™ 0.1994 7.7E-04
glutathione-S-transferases

1GSQ [Ommastrephes sloani pacificus (squid)] 1GSQ_A 0.1906 0.41
1GNE [Schistosoma Japonicum] 1GNE 0.1942 0.076
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protein accession number  dn/dc (ml/g) P

1GUH [human] 1GUH_A 0.1899 0.50
6GST [Rattus rattus (black rat)] 6GST_A 0.1955 0.031
2GSR [Sus scrofa (pig)] 2GSR_A 0.1911 0.34

P is the probability for obtaining just by chance a dn/dc value as large or larger, if it was a normally distributed random variable as shown in the
solid line of Figure 1.

*
determined from the amino acid composition reported in 69,
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Table 4

Contribution of different amino acids to the elevation of crystallin refractive indices

normalized dn/dc contribution of each amino acid (%)(2)

amino acid  (dn/dc), (mi/g)() yBG ™ @) Lops22 (®)
Pro 0.166 3.6 (2.9) 6.5 (2.0) 53(2.2)
Ala 0.167 9.5 (7.7) 8.2 (2.9) 43(13)
Ser 0.170 1.3 (L.0) ~3.6 (-4.2) 5.6 (2.2)
Thr 0.172 5.8 (4.3) 8.3(2.5) 52(17)
Val 0.172 8.5 (6.5) 6.6 (1.4) 7.0 (2.9)
Leu 0.173 48(3.5) 15.9 (7.4) 14.0 (7.9)
Gly 0.175 -0.7 (-0.5) ~1.5 (-3.0) 05 (-1.5)
lle 0.179 ~1.2 (-0.8) 3.5 (-0.8) 3.9(0.3)
Lys 0.181 8.5 (5.0) 8.1(0.8) 1.6 (-1.0)
Glu 0.183 1.1(06) 5.8 (~0.5) 43(0.0)
Gln 0.186 -0.9 (-0.2) 2.1(-2.0) 46(-07)
Asn 0.192 -0.4 (0.1) -3.6 (-1.8) 3.7 (-1.1)
Asp 0.197 - 0.4 (1.2) -1.1 (-1.7) —0.8 (=0.9)
Met 0.204 113.1) -3.2 (6.0) 15 (12.6)
Arg 0.206 5.5 (11.7) ~1.2 (3.0) 0.6 (1.9)
Cys 0.206 1127 -0.5 (<0.1) 0.3(0.2)
His 0.219 -1.5 (-2.2) 1.0 (0.9) -1.8 (-5.4)
Tyr 0.240 38.2 (42.4) 182 (2.2) 25.7 (30.1)
Phe 0.244 -3.5 (~4.5) 5.3 (6.4) 8.7 (10.1)
Trp 0.278 15.7 (18.1) 16.7 (19.3) 7.9 (8.0)

(3]

Calculated for a hypothetical poly-peptide of that amino acid.

(Z)Difference between the dn/dc calculated from the protein sequence (dn/dc)p and a sequence where the relative abundance of amino acid X is
changed to that of average proteins (dn/dc)PXavg, normalized by the total difference (dn/dc)p — 0.190 ml/g. The values in parenthesis are the
difference between (dn/dc)avgXpP of an average protein with relative abundance of X set to that in crystallin minus 0.190, normalized by the total
difference (dn/dc)p —0.190 ml/g.

(3)human vB crystalline (NP_005201).
4
(5)squid S-crystallin (AAB01057). The solid horizontal line separates amino acids with lower than average from those with higher than the dn/dc

of average proteins. The horizontal lines in the columns of the individual proteins similarly separates the amino acids lower and higher relative to
the dn/dc of that crystallin.

Mexican tetra yM-crystallin (AAF07205).
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