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Abstract

The refractive index gradient of the eye lens is controlled by the concentration and distribution of
its component crystallin proteins, which are highly enriched in polarizable amino acids. The
current understanding of the refractive index increment (an/dc) of proteins is described using an
additive model wherein the refractivity and specific volume of each amino acid type contributes
according to abundance in the primary sequence. Here we present experimental measurements of
an/dc for crystallins from the human lens and those of aquatic animals under uniform solvent
conditions. In all cases, the measured values are much higher than those predicted from primary
sequence alone, suggesting that structural factors also contribute to protein refractive index.

1. Introduction

In organisms with camera-type eyes, the transparent, refractive medium that focuses light on
the retina is made up of densely packed crystallin proteins [1]. This specialized tissue is a
crowded molecular environment; the protein concentration ranges from 400 mg-mL™1 in the
human lens to nearly 700 mg-mL~1 in some aquatic species [2, 3, 4]. In terrestrial
organisms, much of the refractive power is provided by the air/water interface at the cornea.
In aquatic animals, the lens alone is responsible for refraction; hence their higher protein
concentration and, on average, greater refractivity of the proteins themselves. Vertebrates
share two conserved lens protein classes, the a-crystallins, which are small heat shock
proteins [5], and the structural By-crystallins, which are primarily S-sheet proteins with a
characteristic two-domain double Greek key fold [6]. In addition to these crystallin
superfamilies, there are a variety of taxon-specific crystallins. For example, the S-crystallins
of cephalopods are thought to have evolved from the enzyme glutathione S-transferase [7, 8,
9]. The ecrystallin of crocodiles and some birds is identical to lactate dehydrogenase; in the
duck lens, it retains its catalytic activity even at very high concentrations [10]. The box jelly
Tripedalia cystophora has three lens proteins; the J1- and J3-crystallins show similarity to
ADP-ribosylglycohydrolases and vertebrate saposins, respectively, whereas J2-crystallin has
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no apparent sequence homologs [11]. All of these proteins have in common their high
stability and solubility, consistent with the necessity for lens proteins to last the lifetime of
the organism. The current model of lens protein evolution is that an abundant, soluble
protein is recruited to the lens, followed by gene duplication and further selection for
stability and aggregation resistance, as well as the refractive index [1, 12].

The refractive index () describes how much the path of light is bent when traversing the
boundary between one isotropic medium and another. It is defined as n = % where cis the

speed of light in vacuum and v is the phase velocity of light in the material of interest. For
molecules in solution, an important quantity is the refractive index increment, dn/dc[13], in
which crefers to solute concentration. dn/dc values are required for data analysis when
performing analytical ultracentrifugation, using a refractometer to detect analytes in size-
exclusion chromatography [14], and characterizing protein oligomerization via multi-angle
light scattering [15]. In many cases, the approximate average value of 0.185 mL-g™1 is used
for all proteins [16]. Depending on the application, this approximation may be sufficient, but
in the crystallins of the eye lens, dn/dc is generally higher than for proteins not selected for
this function. A better approximation is to use the weighted average an/dc predicted based
on the amino acid composition of the protein of interest. Zhao and coworkers developed a
an/dce calculator based on the model that protein refractive index is fully explained by the
amino acid composition [3]. Using this model, Mahendiran et al. investigated the effects of
protein structure and primary sequence to refractive index increment. This study found that
the predicted dn/dc values for By crystallins are much higher than for non-lens proteins with
similar Greek key domain structures, a feature attributed to the higher fraction of polarizable
amino acids such as arginine and methionine in the crystallins relative to other proteins [17].

Experimental measurements of dn/dc have been performed for well-characterized proteins
such as bovine serum albumin (BSA) [16] and hen egg white lysozyme (HEWL) [18].
Measurements of dn/dc for bovine a-, B, and y-crystallins have enabled rationalization of
the refractive index gradient in the mammalian lens [19]. Recent experiments have shown
that protein refractive index also depends on environmental factors such as solvent dielectric,
ionic strength, and temperature [20]. Here we report the measured an/dc values of several
vertebrate and invertebrate crystallins. Contrary to the prevailing model, we find that for the
lens crystallins the measured adn/dc values are much higher than those predicted using amino
acid composition alone.

2. Methods

Protein sample preparation and dn/dc measurements

Lyophilized lysozyme from hen egg egg white (Cat. No. 195303) was purchased from MP
Biomedicals (Solon, OH). Lysozyme was dissolved 10 mM sodium phosphate buffer, 100
mM sodium chloride, 0.05% sodium azide at pH 6.9 for a final concentration of 50 mg-mL
~1, Human yS-crystallin [21] and Ciona intestinalis-By-crystallin [22] were expressed and
purified as previously described. Plasmids containing the cDNA sequences fo6r Dissotichus
mawsoni yS1, yS2 yM8b-, yM8c-, »M8d-, and J2-crystallin were purchased from Blue
Heron (Bothell, WA). All but J2-crystallin oligonucleotides were purchased from Integrated
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DNA Technologies (Coralville, 1A); the J2-crystallin primer was purchased from Sigma-
Aldrich (St. Louis, MO). The crystallin genes were amplified with primers containing
flanking restriction sites for Ncol and Xhol, an N-terminal 6x His tag, and a TEV cleavage
sequence (ENLYFQG) except #S1 and 3S2, which lacked an N-terminal 6x His tag, and a
TEV cleavage sequence. The polymerase chain reaction product was cloned into a
pET28a(+) vector, purchased from Novagen (Darmstadt, Germany). The toothfish crystallins
were overexpressed in Rosetta (DE3) Escherichia coli using the Studier autoinduction
protocol at 25°C for 24 hours. J2-crystallin was overexpressed in Rosetta (DE3) E. coli
using standard IPTG-induced overexpression protocols at 25 °C for 18 hours. Cells were
lysed by sonication and cell debris was removed by centrifugation. His-tagged crystallins
were purified on an Ni-IDA column purchased from Bio-Rad (Hercules, CA) and cleaved by
a His-tagged TEV protease (produced in-house). The TEV protease and His-tag were
removed by a second application to an Ni-NTA column. Untagged #S1 and »S2 were
dialyzed in 10 mM Tris, 0.05% sodium azide, pH 8 then purified by anion exchange on an
UNOsphere Q column purchased from Bio-Rad (Hercules, CA) using a 1 M sodium
chloride gradient. The final purification step for all crystallins was application to a HiLoad
16/600 Superdex 75 PG gel filtration column from GE (Pittsburgh, PA) using 10 mM
sodium phosphate buffer, 100 mM sodium chloride, 0.05% sodium azide at pH 6.9. Samples
for dn/dc measurements were prepared by serial dilution from a starting concentration of 50
mg-mL~1, measured using UV absorbance measurements at 280 nm using the extinction
coefficients given in Table 1.

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

Refractive index calculations

The method used here to calculate protein refractive index increment (an/dc) is adapted from
the work of McMeekin and coworkers [23, 24]. This treatment also forms the basis of the
an/de calculator published by Zhao and colleagues [3, 25].

Protein refractivity (Rp) per gram is calculated from the weight percentages of each amino
acid (indexed /) applying the same method used to calculate protein partial specific volume
(7). Empirical values for refractivity [24] (R,) and specific volume (7)) of the individual

amino acids [26] are summed, as in (1) and (2), respectively.

M R.
Rp = Zz‘i - @
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The refractive index of the protein follows from a rearrangement of the Lorentz-Lorenz
equation (3), which is itself an expanded Gladstone-Dale expression [27], yielding (4).

ni—l @)
R,=v
P 2

np+2

2R, + v
n, == 4)

V—Rp

Assuming volume additivity, the refractive index of protein (n,) in solution can be calculated
from the Wiener equation (from Heller et. al.[28], eq. 7, eq. 17) such that (5) becomes (6)
when the sample is sufficiently dilute nso/tion—Nsotvent

2dn 2 2
) Eﬁ(nsolv + nsoln) + (nsoln + nsolv) 5
np = soly 2 2 1dn ( )
(nsoln + nsolv) - sﬁ(nsolv + np)
2 2
@ —n ﬁ (np - nsolv) 6)
dc_solvz(z 2 )
n, + 21,

Corrections for the wavelength (7) and temperature (8) were implemented by Zhao et al.
based on work by Perlmann and Longsworth [29].

dn

a’n) ( ) 20, 000nm>
L) =58 0.94 4 £ (7
(dC ) \dc 578nm( 2 S

% - (%)(1 + (25— T)(%)) 8)

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

Molecular Modeling and Calculation of Solvent Accessible Surface Area

Three-dimensional structural models were obtained for each protein in order investigate
potential sources of the deviation from the additive model of dn/dc. Experimentally
determined structures were used where they were available: structural models for hen egg
white lysozyme (PDB ID: 4WG1 and 4WG7) [30], human yS-crystallin (PDB 1D: 2M3T)
[31], and Ciona intestinalis By-crystallin (PDB ID: 2BV2 [32]) were downloaded from the
Protein Data Bank (PDB) [33]. For the proteins that lack empirical structures, models were
calculated using the Robetta server [34], which predicts three-dimensional structure from a
primary sequence input. Robetta uses comparative modeling based on solved PDB structures
of similar sequence fragments, followed by all-atom refinement. J2-crystallin was omitted
from the structure calculations because it has no known sequence homologs, reducing our
confidence in this type of comparative modeling in its case. Solvent accessible surface areas
(SASA) were computed in UCSF Chimera [35] using the MSMS package with default
settings [36]. This package calculates SASA using a rolling sphere of radius 1.4 A to
approximate a water molecule.

n-Pair Refractive Index Correction

The 3D models described above were also used to generate a correction factor to the dn/dc
calculations accounting for short-range interactions between pairs of highly polarizable

residues, focally tryptophan, phenylalanine, tyrosine, histidine, and arginine. These highly
polarizable residues all contain z-bonding systems, thus we refer to this term as the r-pair

correction. We estimated the polarizability contribution of each residue to be its dn/dc

difference from alanine ((%)Al = 0.167), as this takes into account only contributions from
a

the side chain beyond the B-carbon. The refractive index correction factor for a given protein
(CF) was determined based on the distance (d) between the polarizable side chain centroids
of residues (i, j) as follows.

%24, 0.167)((%)j - 0.167)

CF = 7

5 (9

Upper bound distance cuto s for 7z-z and cation- interactions were taken as 7 A and 6 A
respectively, where any interaction with arginine considered to be cation-s and all others
treated as rz- z. Unscaled correction factors were fit to residuals using a multiple linear
regression yielding best fits of &,-, = 0.11 and &¢44ipn-» = —0.08.

Results and Discussion

The proteins investigated here include human »S-crystallin, M8b-, M8c-, »M8d-, »S1-,
and yS2-crystallins from the Antarctic toothfish (Dissotichus mawsoni), J2-crystallin from
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the box jellyfish ( 7ripedalia cystophora), and By-crystallin from the tunicate Ciona
intestinalis, as well as hen egg white lysozyme (HEWL) as a non-lens control protein. The
results are shown in Figure 1. Comparisons to the calculated dn/dc values are summarized in
Table 1 and Figure 2. Figure 2 shows the predicted (open circle) and measured (filled circle)
an/dc values for each protein in our set. Predictions were performed using the methodology
of Zhao and coworkers as described above [3]. In comparison, predicted dn/dc values were
also calculated for all known proteins in the the human proteome, comprising 70,940 human
proteome sequences gathered from the Uniprot database (organism 9606 and proteome
up000005640). The distribution of predicted adn/dc values for the human proteome is
approximated well by a Gaussian with an average an/acof 0.1897 mL.g ~1 and a standard
deviation of 0.0037 mL-g~L. This range provides a benchmark against which to compare the
predicted and measured values for the lens proteins.

For lysozyme, which has not been subject to selective pressure for refractivity, the measured
value agrees with that calculated based on its amino acid composition, as well as with a
previously measured literature value [37]. In contrast, all of the eye lens proteins
investigated here have a an/dc of 0.20 mL-g~2 or higher. This average value is more than 2.5
standard deviations higher than the standard value of 0.185 mL-g™1 often cited as the mean
for all proteins. Furthermore, for all the lens proteins, the measured dn/dc values are much
higher than the predictions (between 1-4 standard deviations), indicating that amino acid
composition alone is not sufficient to explain the high refractivity of lens proteins.

Although all the crystallin proteins exhibit a difference between the predicted and measured
dn/dc, the largest discrepancies are observed for the »S1-, %S2-, and yM8bhcrystallins from
the Antarctic toothfish, D. mawsoni. The discrepancy for J2-crystallin from the box jelly is
nearly as large, while those for human S-crystallin and toothfish »M8b- and »M8c-
crystallin are more moderate. The differences among dn/dc values for the toothfish proteins
are particularly interesting in light of the fact that D. mawsoni has at least has thirteen -
crystallin paralogs [38]. This diversity may be necessary to balance the competing
requirements for lens function in the Antarctic habitat of this fish: maintaining a high
refractive index while also resisting freezing and cold cataract formation at -2 °C. Taken
together, these results raise the question of which other features of lens proteins have
evolved to increase refractivity beyond selection for a large fraction of highly polarizable
amino acid residues.

In order to discover the molecular basis for the deviation from the predicted values, it is
necessary to examine the assumptions made in this treatment of refractive index. In
particular, the Gladstone-Dale relation assumes straightforward volume additivity and
isotropic polarizability [40]. In this treatment, the refractive volume of one protein molecule
in nm? is given by R(M,,)/N4, and the refractivity of one protein molecule is given by

R= %”NAa, where M, is the molecular mass, N4 is Avogadro’s number and a is the
average polarizability. The fact that a is a second-rank tensor is ignored because the sample
in question is an isotropic solution where all orientations of these small globular proteins are

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

Volume additivity could play a major role in principle, as the effective volume of an amino
acid in solution is affected by hydration, and thus in solution the volume of a compactly
folded protein is smaller than that of its component amino acids. However, in practice
volume additivity per se does not appear to be the dominant effect, because the additive
Gladstone-Dale model works well for many typical proteins, including HEWL, the control
protein in this set. This may be because the effect would largely be expected to impact
aliphatic amino acid sidechains, which are generally buried inside the protein interior, but
have low polarizability and thus contribute little to the refractive index. For surface-exposed
residues, previous experimental studies have found that at room temperature and below,
hydration of charged and non-polar sidechains is similar to that observed in small model
compounds (e.g. isolated amino acids), while significant deviations are observed for the
hydration of polar neutral sidechains [41].

Water molecules bound to the surface of a protein behave differently from those solvating
small polar molecules because each water molecule can form hydrogen bonds with multiple
polar groups on the protein surface, resulting in a network of ordered solvation water that
influences the compressibility more than the specific volume [42, 43, 44, 45]. These
hydrogen bond networks line up water molecules, albeit transiently, impacting the electric
field at the protein surface. The water layer around a biomolecule is dynamic and
heterogeneous, and exact degree of ordering and the timescale of “bound” water dynamics
remain controversial [46]. However, it is reasonable to expect protein hydration to have a
non-negligible impact on refractive index. Subtle effects of the solution composition have
previously been shown to impact refractivity, for example the measured an/dc of lysozyme
depends on the buffer compound used [47].

Examination of the structural models for our protein set revealed a positive correlation
between the solvent-exposed surface area (SASA) of hydroxyl groups and the deviation
from predicted adn/ac values (Figure 3). Hydroxyl groups are highly polar and can both
donate and accept hydrogen bonds, contributing to the formation of the water network at the
protein surface. This correlation supports the hypothesis that protein hydration plays a role
in the dn/dc discrepancies we observe in lens proteins and provides a rationale for future
experimental studies of their hydration properties. Prior experiments have suggested that the
hydration shells of eye lens crystallin proteins are particularly robust, highlighting a possible
mechanism of selection for high refractivity as well as enhanced solubility [48].

Another factor that may influence the protein dn/dc is that the polarizabilities of individual
amino acids in the context of a folded protein need not be isotropic; residues may interact
with their neighbors to produce local (much smaller than the wavelength of light) regions of
larger polarizability. Some of the most polarizable amino acid side chains, e.g. Trp, Phe, Tyr,
His, and Arg, are also highly anisoptropic in shape, raising the possibility of highly specific
interactions held in place by the packing of the protein interior. Surface residues may also
adopt particular conformations via strong interactions such as salt bridges or cation-r
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interactions. These effects are probably not independent, as changes in the compressibility of
the molecule also influence its polarizability [49]. To approximate the effect of polarizable
amino acid interactions, we applied a correction factor to the additive drn/dc model from
Zhao et al. In this correction, applying a small positive and negative weight for - and
cation- st interactions, respectively, improves prediction accuracy (Figure 4). More
experimental data is needed to develop a more complete theory of protein refractive index in
lens proteins. In particular, this s-pair correction may be refined using the detailed angular
information about the relative orientations of key side chains that is only available from
high-resolution structures, while experimental measurements of the hydration shell mobility
will help to clarify the role of surface hydration.

Conclusion

In summary, the measured refractive index values for all the lens crystallins investigated here
is higher than that predicted using the prevailing model, indicating that factors other than
amino acid composition are involved in producing the high refractivity of lens proteins. The
difference is particularly striking for »S1-, »S2-, and yM8b-crystallin from the Antarctic
toothfish. We propose two hypotheses for the origin of this effect, which may work
independently or in concert. The arrangement of hydroxyl groups on the surface may affect
the protein hydration structure and hence the dipole moment and polarizability.
Alternatively, the effect of short-range interactions between highly polarizable amino acids
may cause local regions of anisotropic polarizability. We propose a correction to the additive
model based on the idea that 7z- z interactions contribute more to the refractive index than
the sum of the amino acid polarizabilities. For the proteins studied here, this rz-pair model
improves agreement between predicted and measured values, although further refinement is
needed. Structure determination efforts for these proteins and experiments probing their
hydration shells are expected to provide further insight into the mechanisms underlying the
high refractive indices of eye lens proteins. Other remaining questions include the behavior
of these proteins at higher concentrations, where self-organization becomes important, as
well as the concentration gradient and differential distribution of these proteins in the lens.
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Figure 1.

Experimentally determined an/dc values for lens proteins from different organisms. A.
HEWL (control), B. M8b-crystallin, C. yM8c-crystallin, D. yM8dcrystallin, E. S1-
crystallin, F. »S2-crystallin, G. J2-crystallin, H. human »S-crystallin, 1. tunicate By~
crystallin. Hen egg white lysozyme was measured as a control protein that has not been
selected for high refractivity.
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Figure 2.
Measured dn/dc values compared to predicted. The dn/de of HEWL, human »S-crystallin,

toothfish »S1-, »S2-, yM8b-, »M8c-, and yM8d-crystallins, box jelly J2-crystallin and
tunicate By-crystallin were measured and compared to their predicted values, represented by
filled and open circles respectively. The solid line represents the mean an/dc of the human
proteome, with the shaded region representing one standard deviation from the mean. The
dashed lines indicate the literature dn/dc values for bovine serum albumin [39], and a-, S,
and y-crystallin fractions from bovine eye lens [19].
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Figure 3.
Relative hydroxyl SASA correlates with the measured to predicted an/dc ratio. The

relationship was fit to a linear regression that follows the form Sp,s= 0.336x - 0.304 with
an R2 of 0.906, in which Shyaand xare the fraction of hydroxyl SASA and measured to
predicted dn/dc ratio respectively.
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Figure 4.

Experimental dn/dc values (green), values predicted from the additive model of Zhao et al
(red) and additive model values plus the r-pair correction (blue) are plotted as a function of
the experimental an/dc. Corrected predictions are shown as filled diamonds for the lowest
energy structure and empty diamonds for alternate confirmations where they are available.
Two filled diamonds are shown representing the two lysozyme crystal structures, while no
predictions are shown for J2-crystallin, as no previously solved structures were sufficiently
similar for confident structural modeling. Additional unfilled diamonds are shown for
human »S-crystallin to represent alternate low energy NMR conformations. Regression lines
are shown as visual guides for model comparison.
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Calculated vs. measured drn/dc values

Table 1.

Page 16

Protein Organism Calculated dn/dc  Measured dn/dc Standard Deviations Between Calculated Extinction coefficient
(mL-g7}) (mL-g™}) and Measured dn/dc (mL-g™)
lysozyme G. gallus 0.1963 0.1970 £ 0.0010 0.189 2.64
7S H. sapiens 0.1985 0.2073 £ 0.0014 2.38 1.94
By C. intestinalis 0.1917 0.1985 + 0.0012 1.84 1.54
¥M8b D. mawsoni 0.2003 0.2158 + 0.0015 4.19 1.06
yM8c D. mawsoni 0.2003 0.2061 + 0.0014 157 0.957
yM8d D. mawsoni 0.1995 0.2041 + 0.0014 1.24 1.03
¥S1 D. mawsoni 0.2020 0.2183 + 0.0014 441 2.15
¥S2 D. mawsoni 0.2002 0.2168 + 0.0014 4.49 231
J2 T. cystophora 0.1920 0.2037 £ 0.0012 3.16 0.283

J Phys Condens Matter. Author manuscript; available in PMC 2019 October 31.



	Abstract
	Introduction
	Methods
	Protein sample preparation and dn/dc measurements
	Refractive index calculations
	Molecular Modeling and Calculation of Solvent Accessible Surface Area
	π-Pair Refractive Index Correction

	Results and Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

