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Crystallins comprise the protein-rich tissue of the eye lens. Of the three most common
vertebrate subtypes, B-crystallins exhibit the widest degree of polydispersity due to
their complex multimerization properties in situ. While polydispersity enables precise
packing densities across the concentration gradient of the lens for vision, it is unclear
why there is such a high degree of structural complexity within the p-crystallin subtype
and what the role of this feature is in the lens. To investigate this, we first character-
ized P-crystallin polydispersity and then established a method to dynamically disrupt
it in a process that is dependent on isoform composition and the presence of divalent
cationic salts (CaCl, or MgCl,). We used size-exclusion chromatography together with
dynamic light scattering and mass spectrometry to show how high concentrations of
divalent cations dissociate B-crystallin oligomers, reduce polydispersity, and shift the
overall protein surface charge—properties that can be reversed when salts are removed.
While the direct, physiological relevance of these divalent cations in the lens is still
under investigation, our results support that specific isoforms of f-crystallin modulate
polydispersity through multiple chemical equilibria and that this native state is disrupted
by cation binding. This dynamic process may be essential to facilitating the molecular

packing and optical function of the lens.
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Located in the center of the eye, the vertebrate lens has two primary functions—optical
transparency and light refraction. These functions are enabled through a unique cell life
cycle that concentrates proteins in a concentric pattern throughout the tissue prior to
organelle degradation (1-3). Because of this, there is little protein turnover in the lens,
necessitating life-long stability of the proteins to maintain a paracrystalline network (4).
At a molecular level, the cytosol of the vertebrate lens largely consists of three proteins:
a, B, and y-crystallin. The subtype a-crystallin is made of two subunits, ®A and aB, and
has been characterized as a small heat-shock protein (sHsp) to function as a nonspecific
chaperone in the lens. The Py-crystallins are part of a structural superfamily with seven
B-crystallins (six genes, with one isoform pair resulting from alternative splicing) and six
y-crystallin variants in the human lens. While y-crystallin remains monomeric in the lens,
B-crystallin assembles into three commonly denoted subpopulations: By, By, and Py,.
Like the other two crystallin subtypes, B-crystallins have prescribed optical (5-9) and
protective (10-12) functions. However, it is unclear why multiple oligomers persist within
the p-crystallin subtype and what their specific roles are in the lens.

One proposed function for - and y-crystallins is calcium buffering (13-17). Calcium
homeostasis in the vertebrate lens is regulated primarily by the epithelial layer; signaling is
facilitated by cellular gap junctions and connexin proteins (13, 18-20). Although present in
the lens, 99% of intracellular calcium is in a bound state (13, 21, 22), where either an increase
or decrease in free calcium will result in lens opacities and cataracts (23, 24). On the other
hand, aging and cataract progression change calcium distribution, its basal levels, and signaling
across the lens (19, 21, 25, 26). This also leads to an increase in proteolytic activity from
calpains I and II, which is linked to further protein aggregation (27, 28). Therefore, calcium
buffering is vital to maintenance of lens transparency and cataract prevention. Other cations
like magnesium and copper have also been implicated in tissue transparency, suggesting a
broader role for cations (29). While the exact mechanism for calcium buffering remains
unknown, it is clear that cation regulation is important for healthy lens function.

Another aspect of lens transparency is the short-range interactions between the crystallins
(7, 30, 31), where protein polydispersity enables dense yet fluid packing without crystal-
lization. For instance, in the squid lens, polydispersity is observed within the loop regions
of a single S-crystallin subtype to achieve this function (32). Earlier work by Schurtenberger
and Augusteyn confirmed that vertebrate a-crystallins also exhibited polydispersity, which
is expected to serve a similar purpose. In the vertebrate lens, there is also an extra dimension
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of polydispersity afforded by f-crystallins, present as dimers
through octamers, which has further been linked to maintaining
osmotic pressure gradients needed for proper refraction in the lens
(6, 8,9). Despite these important connections, it is still unknown
how multiple isoforms of this one subtype combine and coordinate
with such a high degree of fidelity to establish the necessary poly-
dispersity required for packing in the lens. Studies using lens-
purified or recombinantly expressed p-crystallin isoforms revealed
acid—base interactions at the N- and C-termini associated with
homo- and heterodimerization (33-42). Other reports highlighted
solvent accessibility (43), sequence length (40, 44, 45), and ter-
minus composition (46, 47) of select isoforms as relevant variables
that impact pairings and downstream protein assembly. The excep-
tion is fB2 which does not have these extensions (48-50).
Additionally, interactions including hydrogen-bonding or hydro-
phobic contacts (50—53) have also been highlighted in f-crystallin
assembly, where destabilizing post-translational modifications at
the dimer interface may disrupt the integrity of the broader lens
structure (54, 55).

Based on these past reports, it is clear that there is a vital role
for noncovalent interactions in P-crystallin oligomerization,
where these transient bonds are driven by entropy to support
proper lens function (35, 41, 56, 57). We developed conditions
that impact these interactions and, as a result, the polydispersity
of bovine lens B-oligomers in vitro. Given the susceptibility for
salt bridges across the P-crystallin isoforms, we chose to first
explore the role of ions and ionic strength on regulating assembly
dynamics. Similar to Morais et al. who studied the effects of
divalent cations on the dimer—decamer equilibrium of 2-Cys per-
oxiredoxins (58), we utilized size-exclusion chromatography
(SEC) and dynamic light scattering in the presence of cationic
salts (MgCl, and CaCl,) to investigate how oligomer size and
surface charge adapted as we forced the distribution from larger
multimers to trimers and dimers with increasing salt concentra-
tions. We then explored the reversibility of this salt-based assay
to probe potential pathways for oligomerization. When taken
together, our results add a fresh perspective on p-crystallin assem-
bly dynamics, highlighting key properties that enable or disrupt
their polydispersity in the lens.

Results

p-crystallin Polydispersity Across the Lens. We began our
analysis of protein polydispersity by first interrogating the relative
proportions of By, Py, and Py, across a bovine lens. To start, each
lens was dissected concentrically to create segments labeled as the
nucleus, inner cortex, and outer cortex (Fig. 1A4). Each segment was
then homogenized and purified separately with SEC and eluted
with phosphate-buffered saline (PBS), pH 7.3, producing up to
six crystallin populations. Sodium dodecyl sulfate-polyacrylamide-
gel electrophoresis (SDS-PAGE) analysis was used on whole-lens
lysate to match crystallin identities with their respective elution
volumes (SI Appendix, Fig. S1). Additionally, we used liquid
chromatography tandem mass-spectrometry (LC-MS/MS) on
eluted fractions to confirm the presence of a-crystallin (sometimes
referred to as high- and low-molecular weight a-crystallin: o
and ay, respectively), Py, Br;» Bra» and y-crystallin, which were
comparable with previously published results (33, 35, 37, 59, 60).
Based on a protein standard curve, we estimated molecular weights
of eluents from SEC as 212 kDa (By;), 72 kDa (f,,), and 43 kDa
(B,), which also compared favorably with previous reports (34,
44). Even though our Py, fraction had a higher predicted molecular
weight than expected, the calculated B ; and B, sizes supported
the presence of trimers and dimers, respectively.
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The chromatographic results from the purification of nuclear
and cortical lens segments indicated clear changes in all crystallin
subtypes across the lens (Fig. 1B). Because the mass of each crys-
tallin subtype was collected and compared with the standardized
loaded mass, all results were linked to direct changes in polydis-
persity based on location (Fig. 1C). Using this approach, we
observed that the concentration of a- and y-crystallins was the
highest in the nucleus and decreased toward the outer cortex and
that all B-crystallin oligomers appeared to be more concentrated
in the lens cortex, which again were all consistent with previous
reports (61-63). When combined, the p-crystallins accounted
for 24.4% of total protein in the outer cortex, making them the
most abundant subtype in this location. Comparing the nucleus
and outer cortex, we observed P and f;, abundance that was
approximately 2x higher in the outer cortex, while P, was
approximately 7x higher. From each segment of the lens, By was
the most abundant form; however, the relative distribution of
the oligomers varied across the lens. In the nucleus, Py, By, and
B, were present at an approximately 14:1:6 mass ratio, which
decreased to a 4.5:1:2.2 mass ratio at the outer cortex. Because
the injected mass was standardized, these differences indicated a
persistent distribution and suggested that p-crystallin polydis-
persity was not solely dependent on concentration. Instead, it is
possible that variations within native isoform abundance pro-
duced these differences.

We next investigated compositional differences between
B-subpopulations. Previous reports have indicated that not all
B-crystallin isoforms are present across By, P, and By, (33, 36,
37, 53). However, our mass spectrometry analysis of the fy; and
By, fractions from a whole-lens lysate indicated similar sample
compositions and identified peptides corresponding to every
B-crystallin isoform in both (Fig. 1D). A comparison of the
normalized peptide counts showed differences between f; and
B, where PA1/A3, PA4, and PB1 isoforms were more abundant
in the Py fractions. These results are in good agreement with
previous reports (64, 65). Using the ratios for each isoform from
the normalized peptide spectral matches (PSM), we generated a
scale that indicated the probability for each isoform being pres-
ent in the By or By, fractions (Fig. 1 D, Inser). No trend or
grouping was observed for either acidic or basic isoforms in our
analysis. Rather, pB1 was most likely to be found at higher
proportions in larger f-oligomers (B;) at a ~5:1 ratio, and fB2
was more likely to be found at higher proportions in smaller
pB-oligomers (B,) at a ~1:2 ratio. These data indicated that all
isoforms were capable, and possibly required, to produce
polydispersity.

Effects of Divalent Cations on p-crystallin Polydispersity. While
there are several known interactions that promote oligomerization
of B-crystallins, we chose to first explore the role of ions and
ionic strength on regulating assembly dynamics. It is known that
B-crystallins retain a weak-to-moderate affinity for binding Ca®*
(14, 66, 67), and early characterizations showed trace amounts of
magnesium and calcium present in both py; and p-L (combined
B, and P;,) fractions (34). We evaluated how increasing
concentrations of MgCl, (Fig. 2) or CaCl, (8 Appendix, Fig. S2)
changed oligomer distribution. At concentrations of 0.01 and 0.1
M MgCl,, there was a negligible effect on the elution profile of
lens crystallins compared with physiological salt levels (Fig. 24 and
SI Appendix, Fig. S3). Specifically, there were minimal changes in
peak area, where the notable differences were an approximately
3% decrease in By and corresponding increase in B, between the
conditions. When salt concentration increased to 1 M, we observed
an unexpected dissociation of Py oligomers in the eluate with an
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Fig. 1. Correlations between tissue location, isoform composition, and p-crystallin quaternary structure. (A) Diagram of how each lens segment was prepared.
Lens segments were lysed separately and purified in PBS, pH 7.3. (B) Representative chromatograms obtained from the nuclear, inner cortical, and outer cortical
segments of the lens. In each case, 3 mg of protein was loaded. Elution volumes corresponding to each crystallin population are denoted on Top. (C) Comparison
of changes in crystallins based on mass (%) across the lens showed a gradient of g-crystallins that was most concentrated in the lens cortex. Data points were
averaged from biological replicates (N = 3) with error bars representing one SD. (D) Peptides corresponding to bovine crystallins were positively detected (=
95% confidence) and confirmed the presence of 15 crystallins in both B and ... Above is a scale of the ratios of normalized PSM matching p-crystallin isoforms
detected in both B, and B,. From this, BB1 was most prevalent in larger oligomers (B,,) while pB2 was most prevalent in smaller p-oligomers (B,,).

average decrease of 25.6% in the total area between 0.01 M and
1 M MgCl,. This decrease corresponded to an average increase of
23.3% observed in the B, population (Fig. 2B), suggesting a direct
conversion between the two. There also appeared to be an increase
in P, formation along with a decrease in a-crystallin eluted with 1
M MgCl,. The decrease in a-crystallin may be due to a decreased
solubility under higher ionic conditions and formation of larger
aggregates that do not enter the size-exclusion matrix. For the
nonnormalized data (8] Appendix, Fig. S4), we observed an increase
in the total area-under-the-curve that correlated consistently with
increased Mg”* concentration. This was unexpected, since Mg**
alone does not absorb at 280 nm. Recently, it has been shown
that amino acid coordination of divalent cations can increase
ultraviolet (UV) absorption and has been observed with even Gly-
Mg2+ complexes in vitro (68), suggesting metal coordination can
impact optical signatures of amino acids alone. While we suspect
similar interactions are involved in our samples, we expect that
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the chromatographic profiles are affected proportionally. For this
reason, we report calculated area as a percentage to account for
these changes (Fig. 2B).

We used LC-MS/MS to compare collected fractions corre-
sponding to B, purified under 1 M salt to those eluted with PBS
(SI Appendix, Fig. S5). From the results, we confirmed 79 of the
134 originally identified proteins; unique peptides matching all
B-crystallin isoforms were again detected in both. We found that
the 1 M salt purified B, fractions contained increased amounts
of PA1/3, BA4, and PB1 — all of which were involved with forma-
tion of Py oligomers. Although f;; has been shown to partially
dissociate with pH or higher ionic strength, this is a condition
where near complete dissociation of Py to trimers (B ;) and dimers
(By,) was achieved in vitro.

We next investigated whether these relationships were specific
to divalent cations. We assessed the effects of ionic strength by
comparing purifications in 0.33 M MgCl, and 1 M NaCl. In 1
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Fig. 2. MgCl, alters oligomer distribution of p-crystallins. (A) Purifications of whole lens lysates eluted with 10 mM Tris, pH 7.3, with either 0.01, 0.1, or 1 M
MgCl,. Three milligrams of protein were loaded for each condition; absorbance has been normalized for more clear comparison. Retention times are similar
for a- and B-crystallins across the three conditions. (B) Significant changes in p, and p,,, as well as a change in a-crystallin, were observed as the larger oligomers
dissociated in increasing levels of divalent cations. Data were averaged for biological replicates (N = 3) with error bars representing one SD.

M NaCl there were negligible changes compared with physiolog-
ical salt levels (maximum difference of 4% area across all crystal-
lins, ST Appendix, Fig. S6). Because we consistently observed that
divalent cation solutions (1 M total ionic strength) were needed
to dissociate By, we next pushed this idea further by purifying in
even higher ionic strength conditions (1.5 M NaCl) and again
noted minimal changes in the amount of f; with an average
additional difference of 2% between 1 and 1.5 M NaCl (S/
Appendix, Fig. S6C). Despite the minimal change in f;, we did
observe an 8.2% increase in P, and 6.5% increase in y-crystallin
under 1.5 M NaCl, as well as a total loss in the a; peak, indicating
a threshold ionic strength value that may impact other subtypes
but not B-crystallins. When taken together, our data revealed spe-
cific interactions unique to divalent cations with $-crystallins that
extend beyond simple charge-based screening to disrupt

polydispersity.

Adsorption of Divalent Cations as a Mechanism for §, Oligomer
Dissociation. Given the highly specific structural changes
observed in the presence of MgCl, and CaCl,, we investigated
the electrical double-layer of our proteins in solution via zeta-

a-crystallin

Zeta-Potential (mV)

B, crystallin

potential measurements across a wide pH range (pH 3-8). Because
zeta-potential is a measurement of the electrochemical surface of
colloidal particles (e.g., protein oligomers), we could directly probe
whether Mg®* was adsorbed to the surface through isoelectric
point (pI) calculations of crystallin mixtures. The advantage of
this method was its ability to characterize heterogenous mixtures,
such as the lens crystallins, while in solution.

To begin, we collected o, Py, and By, crystallins in PBS and
analyzed them in a custom phosphate-citrate-carbonate saline
(PCCS) buffer, which allowed us to better control changes in pH
over the course of the experiment. We compared these data with
measurements in buffers containing 0.01 or 0.1 M MgCl,, selected
to retain the original By; population. Here, pl is defined by regions
where the zeta-potential is 0 mV (gray dashed line, Fig. 3). The
control conditions (Fig. 3, black squares) indicated that o, By,
and B, crystallins have anionic surface charges at physiological
pH with plI of 4.53, 5.21, 4.97, respectively (Table 1). It was
interesting that f; and P, ,, both heterogenous mixtures composed
of similar isoforms, exhibited different surface charges. In the
presence of 0.01 or 0.1 M MgCl,, the first noted change was that
the magnitude of zeta-potential at all pH decreased. This was an

B, crystallin

B PBS/PCCS

@ 0.01M MgCl,

pH pH
A 0.1M MgCl,

Fig. 3. Oligomer dissociation through adsorption of divalent cations. Isoelectric points were determined by measurement of the zeta-potential as the sample
was titrated with 0.1 M HCl. Crystallins were either purified in PBS or 10 mM Tris, pH 7.3 with 0.01 or 0.1 M MgCl,. PBS-purified samples were diluted with
phosphate-citrate-carbonate saline buffer. Each data point was averaged from five measurements with error bars representing one SD (one biological replicate,
N = 1). All lines were fitted using a sigmoidal function (adjusted R? values between 0.9052 and 0.9964).
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Table 1. Calculated isoelectric points of « and g-crystallins
in the presence of Mg**

PBS 0.01 M MgCl, 0.1 M MgCl,
a-crystallin 4.53 6.13 6.53
B 5.21 7.85 9.28
BLo 4.97 6.48 6.78

anticipated effect due to compression of the electrical double-layer
under increased ionic strength (69). The apparent pl under each
condition increased by +1.60, +2.64, and +1.51 in 0.01 M MgCl,
and +2.00, +4.07, and +1.81 0.1 M MgCl, for the a, ﬁzH, and By,
fractions, respectively (Table 1). While increasing Mg™" concen-
trations also increased the pl of the other subtypes measured, the
dramatic changes specific to BH suggested a unique interaction
between By oligomers and Mg”*. This may be due to the exposed
surface area and chemistry specific to the By oligomers.

After establishing the connection between ionic valency and
B-crystallin polydispersity, we next asked if the proteins were
equally sensitive to the presence of divalent anions. We used 0.33
M Na,SO, and observed no significant changes in elution profiles
compared with the control, with pI decreases of -0.9, -0.93, and
-1.1 for a, Py, and Py,, respectively (SI Appendix, Fig. S7 and
Table S1). Although the slight negative shift observed here sup-
ported anion adsorption (at 3x the MgCl, concentration used
above), the altered surface charge did not impact oligomerization.
This further supported that there was potential competition
between divalent cations and stability of f; oligomers.

Dissociation and Reassociation of §-crystallins with Mg*. We
next used our cation-SEC assay to interrogate the oligomerization
of B-crystallins. We chose to use MgCl, instead of CaCl, to
mitigate calcium-induced crystallin aggregates (70, 71) and
avoid precipitation with phosphate buffers. To start, we purified
whole lens lysate in PBS to collect the By fractions. We next
dissociated B in 10 mM Tris containing 1 M MgCl,, generating
both By, (35.4%) and B;, (52.8%), with some a-crystallin
present as well (8.9%, Fig. 4A4). Separately, we isolated P;; and
B, fractions in 1 M MgCl, from whole lens lysate, then assayed
its potential for reassociation when reeluted into PBS containing
ethylenediaminetetraacetic acid (EDTA). For the p; , fraction, we
observed a reassociation into P oligomers with some formation of
Pi; accounting for 12.4% of the total area (Fig. 4B). For the
fraction, we observed a greater f; reassociation of 62.5% (Fig. 4B)
compared with 27.6% with f; ,, with minimal dissociation of p,
to P, (Fig. 4C). Without the addition of EDTA, no p;, formation
was observed and there was less B} formed as well, suggesting that
residual Mg®* may have continued to inhibit formation of B, ; and
By (SI Appendix, Fig. S8).

As a final variable, we asked whether the presence of a-crystallin,
a native chaperone in the lens, could impact reassociation of fy;.
To test this, isolated a-crystallin purified in PBS was mixed in a
1:1 mass ratio with the p, fraction in 1 M MgCl, and reeluted
with PBS (Fig. 4D). We chose not to include EDTA in the reelu-
tion buffer for this experiment to better assess whether a-crystallin
had a comparable effect to EDTA in removing ions. The result
was similar to reassociation of P,™® but with no distinct
formation of |, suggesting that a-crystallin was less effective
than EDTA in reassociating p-crystallins from Mg** conditions
(Fig. 4E). In both cases, the removal of Mg resulted in the reas-
sociation of larger oligomers (By;) in a process that was independ-
ent of a-crystallin. Moreover, simple reinjection alone did not
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reassociate the oligomers (S Appendix, Fig. S9), further supporting
the need for specific isoforms in eliciting these effects.

While we reproducibly observed dissociation of By oligomers
in the presence of high (1 M) divalent cationic salts, our assay did
not yield B-substructures smaller than dimers. Because monomeric
B-crystallin was not observed from lens lysates nor cationic disso-
ciation, we concluded, as others have previously (38, 42), that the
equilibrium of P-crystallin greatly favors higher order structures.
From these observations and our own data, we propose a pathway
for p-crystallin multimerization and polydispersity (Fig. 5). Since
B, is always observed in greater amounts than f;; in the lens, we
might expect that K| > K,, but this is not necessarily true and they
may be similar. The greater amounts of f; , could also be explained
by K > K, which is supported by the increased reassociation from
B, to By compared with B, (Fig. 4). Lastly, because we observed
some interconversion between f;; and P, when using EDTA, a
minor equilibrium between the two may also exist, denoted as K
(Fig. 5). Overall, when combined with our SEC and mass spec-
trometry data, this model suggests two competing interactions
may be involved in lens B-crystallin oligomerization: protein—
protein and protein—cation interactions.

Probing Hydrophobic Interfaces. Previous studies have outlined
the presence of hydrophobic interactions in the assembly of
B-crystallins (50—52), where histidine residues are important in
the quaternary structure of larger By oligomers (53). Since it
is known that hydrophobic interfaces play a role in B-crystallin
assembly (50-52), we used SYPRO Orange as a fluorescent probe
to approximate relative differences in hydrophobic surface area
between Py and By, at fixed concentrations (0.5 mg/mL) across
the different solvent conditions (Fig. 6). Our results show that
By oligomers have more solvent exposed hydrophobic surface
area compared directly with p;, at the 10 mM Tris condition
based on its ~40% increased fluorescence (Fig. 64). We observed
a similar result in PBS (87 Appendix, Fig. S10), suggesting that no
additional hydrophobic interfaces are involved in the assembly
of native oligomers larger than tetramers. At 0.1 M MgCl,, this
difference is less pronounced (-23%, Fig. 6B). When cations
are bound, we observed a ~47% decrease in fluorescence of Py
and a ~40% decrease in B, at 0.1 M MgCl, compared with the
original 10 mM Tris condition (Fig. 6B). Because the presence
of MgCl, decreases overall ﬂuorescence in both Py and B;,, we
believe that surface adsorption of Mg”* may be near hydrophobic
residues of the proteins to disrupt SYPRO Orange binding. We
observed minimal changes in fluorescence between 0.1 Mand 1
M MgCl, (Fig. 6C), indicating that once Mg is bound, there
are no further changes in B, structure. These observations are
consistent between replicates (Fig. 6D). Separately, our data
reveal that hydrophobic interactions may play a stronger role in
forming the B-L structures, but larger structures (i.e, By;) appear
to incorporate alternative mechanisms of assembly. While we
cannot confirm the exact mechanism of these interactions, our
results support that the binding of divalent cations disrupts some
quaternary interfaces; this is further validated in our assay, as
B-L structures remain intact when By consistently dissociated at

higher (1 M) MgClL,.

Discussion

Our cation-based assay revealed three features associated with lens
B-crystallins: 1) divalent cations dissociate large oligomers, 2) iso-
form abundance is a key component of oligomerization, and 3) a
chemical equilibrium intrinsic to p-crystallins promotes its poly-
dispersity. Specifically, our data support that oligomer dissociation
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Fig. 4. Reassociation of f-oligomers shows assembly pathway from B, or f, to p,. In A-D, gray dashed lines represent the initial purification to recover select
fractions. Solid black lines represent the experimental condition during reelution of selected subtypes or mixtures. (A) Whole-lens lysate was purified in PBS (gray
dashed line), and the B, fractions (gray highlighted) were collected. Then, B, was reeluted with buffer containing 1 M MgCl, to dissociate  (solid black line). (B)
Whole-lens lysate was purified in buffer containing 1 M MgCl, (gray dashed line) and both the p , and B, fractions (gray highlighted) were collected, following
reelution with PBS + 5 mM EDTA (solid black line). (C) Same as B, except f, (gray highlighted) was collected in 1 M MgCl, and reeluted into PBS (solid black line).
(D) a-crystallin, purified in PBS, and B, purified in 1 M MgCl,, were mixed in a 1:1 mass ratio (total of 0.25 mg), and reeluted in PBS, pH 7.3. (E) AUC values for
each of the previous chromatograms in B-D. Values are averages of biological replicates (N = 3) with error bars representing one SD.

is a specific effect of divalent cation binding, indicating an addi-
tional interaction that should be considered along with charge-
based interactions or salt bridges to describe crystallin assembly
in the lens. We discuss interactions that may be conserved within
the Greek-key motif involving acidic and polar residues to enable
or disrupt Py oligomerization transiently. Because all isoforms are
present in all f-structures, oligomerization cannot be regulated by
only one. We expect that a multistep chemical equilibrium pro-
motes higher order assembly, where certain isoforms (A1/3, A4,
and B1) appear as limiting reagents to complete oligomerization.
Without these additional isoforms, there is negligible reassociation
of smaller B-crystallin substructures to By (SI Appendix, Fig. S9).

The clear relationship between protein quaternary structure
and the presence of divalent cations appears specific to p-crystal-
lins, where near complete dissociation of B to fy; (trimers) and
B, (dimers) is achieved in vitro. This observation is unique and

6 0of 10 https://doi.org/10.1073/pnas.2212051119

introduces questions as to why there is such a high degree of
structural complexity within the vertebrate f-crystallin subtype
and what the role of this feature is in the vertebrate lens, as it is
not often observed in other systems. For instance, structurally
homologous Py-crystallins in other organisms typically exist as
monomers outside the lens, which bind cations in this mono-
meric state (67, 72—76). Vertebrate lens p-crystallins also retain
binding affinity for calcium and other divalent cations. In fact,
recombinantly expressed f-crystallin isoforms (B2 and PA3)
present a large range of dissociation constants (Kp) between 40
pM and 2.7 mM (14), suggesting significant variability between
isoforms. In addition, even earlier reports of B crystallin har-
vested from rat lenses describe Ky’s ranging from 0.8 pM to 300
mM (66, 70). Interestingly, the amount of detected calcium and
magnesium has also been observed in higher abundance within
By compared with p-L fractions in past reports (34). In our
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Fig.5. The proposed multistep chemical equilibrium for higher order assembly of p-crystallin based on experimental evidence from dissociation and selective
reassociation. Individual isoforms associate as dimers (B.,) or trimers (B.,), with possible low levels of interconversion between the two (Ks). Equilibrium will
preferentially drive assembly further into B, oligomers, forming hexamers, octamers, and potentially nonamers. All reactions are expected to be product favored.
This schematic does not highlight the possibility of a newly synthesized isoform and an existing dimer (f,,) to combine and form a trimer (f.,). This combination
is not supported nor refuted by our experimental data. We would expect that path to be a competing equilibrium with K.

experiments, we intentionally saturated the microenvironment
of our lens lysate with free Ca’* to overcome the weaker binding
affinities of P-crystallins to better observe potential effects in
vitro. Our data further support increased cation coordination in
larger oligomers (Table 1). In our studies, we observe initial oli-
gomer dissociation with divalent cations at 100 mM and almost
complete loss at 1 M—a range that exceeds the previously
reported Kp, values and more importantly infers some mechanis-
tic insight, where interactions with divalent cations compete
directly for sites of protein—protein interactions that ultimately
force disassociation of By structures.
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We are not the only ones to observe specific divalent cation-bind-
ing interactions within the f-subtype. In a study using a p-crystallin
homolog, protein S sequenced from Myxococcus xanthus, Scholl et
al. found that the presence of calcium stabilizes a single conforma-
tion of the N-terminal domain (77). Without calcium, the
N-terminal domain can adopt two alternative conformations.
Presumably, the lens B-crystallins could be affected similarly to
protein S in the presence of elevated levels of Ca™ or Mg™*, where
the N terminus involved in oligomerization is affected. We extend
this hypothesis and propose a possible mechanism by which the
cation-stabilized conformation is more thermodynamically

600 1 0.1M MgCl,

Fluorescence (RFU) 00

L] T L] L] L} L] T L] Ll 1
500 520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

O

600 =

500 - B,
WA,

400 =

300 -

RFU - 570 nm

200

100 =

PBS Tris
(10mM) MgCl,

01M 1M
MgCl,

Fig. 6. Examination of hydrophobic interfaces in lens p-crystallins through the use of SYPRO Orange fluorescence. Tracking changes in exposed hydrophobic
surface area in B, and B, through (A) 10 mM Tris, (B) 10 mM Tris + 0.1 M MgCl,, and (€) 10 mM Tris + 1 M MgCl,. Graphs represent the average fluorescent
profile of six individual measurements from two biological replicates. Since py is completely dissociated in 1 M MgCl,, only fluorescence of B, was measured
at this condition. (D) Comparison of all conditions, including PBS, for both p,; and p.,. Bar graphs represent two batches of three lenses (N = 2) and the data are

averaged with error bars representing one SD.
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favorable, resulting in the dissociation of By in favor of B ; and .
If true, this could also suggest that through evolution, B-crystallins
expressed in the lens exchanged affinity for calcium with the ability
to assemble polydisperse, oligomeric structures through conforma-
tional changes in the N terminus (75). Additionally, solved struc-
tures of lens P-crystallins reveal a  solvent-exposed
p-strand-binder—random coil motif at the N terminus, which has
been shown in other systems to be involved in coordination of
divalent cations (78). This motif is also solvent exposed in tetramers
(PDB: 2BB2; (50)) and has been shown in other nonlens mono-
meric crystallins (i.e., py-crystallin) to coordinate divalent cations
(74). We believe that divalent cations coordinate near protein—pro-
tein interfaces, where hydrophobic residues are present and sol-
vent-exposed in Pyy. The cation-binding would disrupt these weak
protein—protein interfaces, causing dissociation of the larger oli-
gomers. Amino acids expected to be involved in cation-binding
may be of interest in future evolutionary studies.

Often crystallins are recruited to the lens through evolution
from other proteins and coopted for vision (79-81), and p-crys-
tallins are no exception. In the case of Py-crystallins, there have
been recent connections to proteins with calcium-binding func-
tion across all domains of life (72, 73, 75, 76, 82—86). This func-
tion appears to be evolutionarily conserved in the double
Greek-key-folded structure (14, 74, 84, 87). The major effect of
cation binding in these other proteins is the increased thermody-
namic, kinetic, and mechanical stability (72, 74, 75, 77, 85, 86).
The ability of lens B-crystallins to bind calcium has been specu-
lated as a protective and homeostatic function. It has even been
proposed that B-crystallins expressed outside of the lens utilize
cation binding to respond to cellular stressors (15-17). There is
also evidence that these behaviors could extend beyond calcium.
In addition to our results with p-crystallins and magnesium,
Roskamp et al. showed that y-crystallin can bind copper (Cu**)
to prevent oxidative damage in the lens (88). While others have
confirmed the evolutionarily conserved function of cation-binding
in By-crystallins (74, 75, 87), our data support a relationship
between this function and oligomerization.

Because the balance of crystallin subtypes in the vertebrate lens
is critical to maintaining transparency (89), it is important to
consider the physiological implications of these interactions. Based
on homology of By-crystallins among different organisms, cation
binding for lens p-crystallins should involve a mix of sidechain
and backbone interactions involving asparagine, serine, threonine,
and aspartic and glutamic acid residues (14, 72, 74, 75, 87).
Although they may not be directly involved in cation binding,
other proximal residues like histidine may also have an important
role in mediating protein—protein interactions. Age-related
changes such as deamidation (90) may also be specific to these
sites, disrupting calcium regulation and resulting in cataract-
related changes. It has been well-established that calcium plays a
role in cataractogenesis (19, 21, 70, 71, 91, 92), where elevated
cation levels result in changes to the morphology, solubility, and
permeability of lenticular cell membranes, as well as production
of high molecular weight protein aggregates (93-99). Incubation
of a lens in CaCl, can also produce aggregates in the lens cortex
(71, 100), where p-crystallin concentration is highest. Furthermore,
both calcium and magnesium can affect the oligomeric state of
a-crystallin and its chaperone activity (101), suggesting multiple
avenues for lens dysfunction when divalent cation-binding is not
regulated. When considered with our results, these observations
indicate a delicate balance between cation-modulated polydisper-
sity that may be a benefit or detriment to proper lens function.
In addition, while we propose cation interactions that may be
inherent to P-subtypes and independent of the lens chaperone
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a-subtype, these connections should be investigated further.
Specifically, what is the function of such uniquely modulated
polydispersity in B-crystallins, and what is the need for multiple
fB-isoforms in the vertebrate lens when other organisms express
fewer crystallins but retain optical power (32, 79, 102)? The cat-
ion-regulating mechanisms of B-crystallin outlined by our results
are expected to contribute to the long-lived stability and transpar-
ency of the lens. It is unclear how these changes in quaternary
interactions affect local microstructure and how well these features
are tolerated with age. Future work will focus on addressing these
questions to continue building our understanding of lens devel-
opment, maturation, and the protein interfaces that enable vision.

Materials and Methods

Purification of Lens Crystallins. Bovine calf eyes (< 2 y) were obtained locally
(Research 87 Inc., Boylston, MA) and dissected to harvest each lens. Lenses were
either lysed immediately for purification or frozen whole at —20°C afterward to
be thawed and lysed later within 6 mo. Lens lysis protocol consisted of homoge-
nization in a glass tissue-grinder in PBS, pH 7.3, with 0.2% sodium azide, 5 mM
EDTA (Thermo Scientific), and 1 Pierce™ Protease Inhibitor MiniTablet, EDTA-Free
(Thermo Scientific). Lysates were centrifuged at 25,000 x g and 4°C for 25 min.
Supernatant was loaded onto a Superdex 200 increase 10/300 GL size-exclusion
column (Cytiva) attached to an Akta™ go fast performance liquid chromatography
(FPLC) protein purification system (Cytiva). Elution buffer was either PBS or 10 mM
Tris (Tris-HCI, Promega) containing MgCl, (MgCl, hexahydrate, Fisher Bioreagents),
1Mor1.5MNaCl, 1 M CaCl, (CaCl, dihydrate, Fisher Bioreagents), or 0.33 M
Na,S0, (Spectrum). All buffers were adjusted to pH 7.3 using either HCl or NaOH
and vacuum-filtered using a 0.22 mm polyvinylidene fluoride (PVDF) membrane.
Chromatography was performed at 0.35 mL/min in a refrigerator (4°C), except for
purifications with buffer containing 0.33 M Na,SO, which were performed at room
temperature and 0.5 mL/min. Fractions were collected by an F9-T fraction collector
(Cytiva) in borosilicate glass tubes (Fisherbrand) and kept at 4°C. All collected
samples were used or analyzed within a week after initial thawing.

SDS-PAGE Analysis. Samples were prepared with 2 x Laemmli buffer (Bio-Rad)
containing B-mercaptoethanol and boiled at 95°C for 10 min. Electrophoresis
was conducted at 110V for approximately 80 min.Then, 5 mg total protein was
loaded in each lane of a 12% polyacrylamide gel (Bio-Rad). Gel was stained with
a solution containing Coommassie Brilliant Blue G250 and destained overnight
prior to imaging.

Cortical and Nuclear Segmenting of Bovine Lens. Dissection of the nuclear
and cortical regions of the lens was performed with a 6-mm biopsy punch (Miltex)
and sterile, disposable scalpels. We worked with cold lenses to create a phase
separation between the nucleus and cortex to reproducibly remove the nuclear
region.The remaining cortex (resembling a donut ring) was then cut and extended
lengthwise. These pieces were cut down the middle, resulting in the inner and
outer cortical segments. For these experiments, we only used fresh lenses that were
never previously frozen. Lysis was performed as described above, and all lysate
solutions were equilibrated at approximately 10 mg/mL prior to SEC purification.

Protein Quantitation Methods. Protein concentrations were determined using
a detergent-compatible (DC) Lowry assay (Bio-Rad) using bovine serum albumin
(BSA) dissolved in PBS, pH 7.3 to create a standard curve. Each standard and
sample were pipetted in triplicate and averaged. Due to the high concentration
of protein in the lens, a 1% dilution in PBS was made each time to estimate
the lysate concentrations more accurately. Appropriate dilutions were made for
purified crystallin samples.

Area under the curve (AUC) was determined in OriginPro using the Peak
Analyzer function. Integration was performed using the minimum absorbance
as a baseline. AUC was reported as a percentage of the peak area over total
integrated area of the raw data. Normalized chromatograms were not used to
determine AUC.

Mass Spectrometry (LC-MS/MS) and Comparison of p-crystallin Isoform
Compositions. Crystallins purified in PBS, pH 7.3 were diluted with PBS to 0.5 mg
in 1 mL total volume. Samples were prepared with 2x Laemmli buffer (Bio-Rad)
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containing p-mercaptoethanol and boiled at 95°C for 10 min. Five milligrams
of total protein were loaded in each lane of a 12% polyacrylamide gel (Bio-Rad).
Electrophoresis was conducted at 110V for approximately 15 min. Gel was stained
with a solution containing Coomassie Brilliant Blue G250 and destained overnight.
The corresponding lanes were excised, rinsed with milliQ water, and stored in 1.5 mL
microcentrifuge tubes with additional milliQ water to prevent dehydration. Samples
were shipped to the Shaffer Lab (University of Massachusetts Chan Medical School,
Shrewsbury, MA)for further analysis. Excised lanes were trypsinized prior to LC-MS/
MS analysis. After overnight digestion and elution of peptides, the samples were
lyophilized by speed vacuum and reconstituted in 25 uL 5% acetonitrile and 0.2%
formic acid in water. Afterward, 3 uL of each sample were injected onto the Fusion
Lumos Orbitrap MS (both MS and MS/MS) mode. The peptides were searched
against the bovine proteome (SwissProt; 20181226, V3) with Mascot Search
Engine in Proteome Discoverer 2.1 (Thermo Fisher Scientific) following Scaffold 4
(Proteome Software) for FDR analysis. At 1% false discovery rate (FDR), 319 proteins
(227 clusters) were detected across the samples where the first 1-12 proteins were
a, B3, and y-crystallins.

For B-crystallins, PSM were filtered based on confidence level (= 95%) and
normalized by dividing the number of PSM by total PSM for that sample. For B,
and By, purified in PBS, pH 7.3, there were 3,751 and 3,242 total PSM, respec-
tively. These normalized values were used to compare relative isoform abundance
between By and By,

Isoelectric Point Determination. Isoelectric points were determined similar to
Salgin et al. (69) using a Zetasizer NanoZS90 (Malvern Panalytical Ltd.). Briefly,
crystallins purified in PBS were diluted in a custom-made PCCS buffer. This solu-
tion suitably buffers across pH 2-8 and has similar ionic strength to PBS at pH 7.
For samples prepared in 10 mM Tris containing either 0.07 or 0.1 M MgCl,, this
bufferwas not used to avoid unintended interactions between buffer components
and resulted in fewer obtainable data points under these conditions. Final protein
concentrations were between 0.1 and 0.7 mg/mL. The zeta-potential of protein
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solutions was measured in a disposable folded capillary cell and titrated with 0.1
M HCl or 0.1 M NaOH across pH 3-8. Data were fit with a sigmoidal function in
OriginPro to determine the X-intercept where zeta-potential is estimated to be
0 mV, which is the isoelectric point.

Fluorescent Assay to Quantify Hydrophobic Area. Lens lysates were injected
and eluted in 10 mM Tris containing 0, 0.1 and 1 M MgCl,, as well as PBS.
Crystallins were collected, pooled based on the subtype, and concentrated via
centrifugation using a 10-kDa molecular weight cutoff filter (Millipore Sigma) at
4,000 x g for 30 min.ADCassay was performed to quantify dilutions of crystallin
protein against a BSA standard curve. All crystallins were assayed at 0.5 mg/mL
using the appropriate solvent bufferand analyzed in triplicate in a low-UV absorb-
ing 96-well plate (Corning) containing SYPRO Orange (1x, Invitrogen) in dimethyl
sulfoxide (DMSO). After shaking for 5 s, fluorescence was measured from 500 to
700 nm after excitation at 470 nm. This process was repeated using two batches of
three lenses (N = 2) and the data are averaged with error bars representing one SD.
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