An ATCUN-like copper site in BB2-crystallin plays a protective role
in cataract-associated aggregation.
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ABSTRACT: Cataracts is the leading cause of blindness worldwide and it is caused by crystallin damage and aggregation. Senile
cataractous lenses have relatively high levels of metals, while some metal ions can directly induce aggregation of human y-
crystallins. Here we evaluated the impact of divalent metal ions in the aggregation of human BB2-crystallin, one of the most
abundant crystallins in the lens. Turbidity assays showed that Pb?*, Hg?*, Cu?*, and Zn?* ions induce the aggregation of BB2-crystallin.
Metal-induced aggregation is partially reverted by a chelating agent, indicating formation of metal-bridged species. Our study
focused on the mechanism of copper-induced aggregation of BB2-crystallin, finding that it involves metal-bridging, disulfide-
bridging, and loss of protein stability. Circular dichroism (CD) and electron paramagnetic resonance (EPR) revealed the presence of
at least three Cu?* binding sites in BB2-crystallin; one of them with spectroscopic features typical of Cu?* bound to an amino-terminal
copper and nickel binding motif (ATCUN), a motif found in Cu transport proteins. The ATCUN-like Cu binding site is located at the
unstructured N-terminus of BB2-crystallin, and it could be modeled by a peptide with the first six residues in the protein sequence
(NH,-ASDHQF-). Removal of the N-terminus yields an N-truncated form of BB2-crystallin that is more susceptible to Cu-induced
aggregation and loss of thermal stability, indicating a protective role for the ATCUN-like site. EPR and X-ray absorption spectroscopy
(XAS) studies reveal the presence of a copper redox active site in BB2-crystallin that is associated to metal-induced aggregation and
formation of disulfide-bridged oligomers. Our study demonstrates metal-induced aggregation of cataract-related BB2-crystallin and
the presence of putative copper binding sites in the protein. Whether the copper-transport ATCUN-like site in BB2-crystallin plays

a functional/protective role or constitute a vestige from its evolution as a lens structural protein, remains to be elucidated.

Cataract disease is the leading cause of blindness worldwide,
and it is associated with an opacification of the eye lens, due
to the formation of high-molecular-weight protein aggregates
that scatter light and interfere with the vision process.!
Crystallins are the most abundant proteins in the eye lens,
constituting around 90% of its soluble protein content, and
reaching concentrations of ~ 600 mg/ml.% 3 Crystallins are
classified into two families: a-crystallins and By-crystallins.* >
a-crystallins form large protein oligomers with chaperone-like
activity, that can recognize and bind damaged and partially
unfolded proteins to keep them soluble.® On the other hand,
By-crystallins are smaller structural and refractive proteins,
and in turn are divided into: y-crystallins, which can be found
in @ monomeric state; and B-crystallins, which usually form
dimers and oligomers.> 4 BB2-crystallin is one of the most
abundant B-crystallins, and it constitutes 14% of the total
protein content of a young lens.> 7 This protein has been
associated with congenital cataracts, specifically the A2V
mutation of the protein.® ° Although the role of BB2-crystallin
in the eye lens is mainly a structural one, various reports have

found that the CRYBB2 gene is not only expressed in the eye
lens, but also in the retina, brain, and testis, suggesting that
this protein may have different functions other than a
refractive one.'®2 Some members of the By-crystallin family,
such as bacterial protein S, fungal spherulin 3a and Ci-By-
crystallin in the urochordate Ciona intestinalis, bind Ca?* ions
to stabilize their structure and they may be implicated in
calcium signaling.*>® Some evidence suggests that the latter,
Ci-By-crystallin, may coordinate to other divalent metal cations
such as Mg¥, Co?*, Zn%, Sr?*, Mn?*, Ni**.)” The human BB2-
crystallin can also coordinate Ca?* ions in vitro, a finding that
suggests a possible physiological role for human BB2-
crystallins in calcium dependent processes.'®

Senile cataractous lenses contain higher levels of metals,
such as copper and zinc, as compared with healthy lenses,-26
suggesting a potential role of metal ions in the etiology of
cataract disease. Indeed, recent studies have shown that Cu?*
and Zn% ions induce non-amyloid aggregation of the three
most abundant y-crystallins in the human lens.'7 2731



Specifically, Zn?* ions induce the aggregation of human yD-
crystallin by a mechanism that involves exclusively the
formation of metal-bridged species,?” while Cu?* ions induce y-
crystallin  aggregation by several different mechanisms,
including metal-induced unfolding of the protein, copper
redox activity, and formation of metal-bridged and disulfide-
bridged species.?® 2 Some putative metal binding sites
involved in metal-induced aggregation have been identified in
y-crystallins. While B-crystallins do not display the same metal
binding motifs as y-crystallins, they share some similarities in
regions containing putative metal anchoring residues (Figure
S1). Still, the susceptibility of B-crystallins towards metal-
induced aggregation has not been tested.

In this study, we expand our knowledge of the bioinorganic
chemistry of cataract disease, evaluating the impact of metal
ions in the aggregation of BB2-crystallin, one the most
abundant B-crystallins in the human lens. Our study focuses on
the mechanism of copper-induced aggregation of BB2-
crystallin, and the elucidation of its copper binding properties.
Spectroscopic analysis using circular dichroism (CD), electron
paramagnetic resonance (EPR) and X-ray absorption and
emission spectroscopy (XAS/XES) reveals unique and
interesting putative copper binding sites in human BB2-
crystallin.
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Figure 1. Metal induced aggregation of BB2-crystallin. Turbidity
assays of BB2-crystallin 50 uM with 10 equivalents of different
metal ions: Mn2*, CaZ*, Ni2* (black traces near the baseline), Hg2*
(yellow trace), Pb2* (green trace), Zn?* (red trace), and Cu?* (blue
trace) (A); and the impact of ethylenediaminetetraacetic acid
(EDTA) (B). Metal ions were added after 5 minutes of incubation
of the protein at 37 °C. The arrow indicates the addition of 100
equivalent of EDTA, 30 min after addition of the metal ion.

Results

1. Metal-induced aggregation of BB2-crystallin. The impact
of different metal ions in the aggregation of BB2-crystallin was
evaluated by turbidity assays. Different divalent metal ions
(Mn2+, Ca2*, Ni2+, Hg?*, Pb2*, Zn2*, Cu2*) were added to the protein
solution, and their effect on protein aggregation was
measured by turbidity at 400 nm (Fig. 1a). Mercury, lead, zinc,
and copper ions induced a drastic increase in turbidity,
reflecting aggregation of the protein, while the addition of
manganese, calcium, and nickel ions had no effect. The effect
of adding an excess (100 equiv) of a chelating agent,
ethylenediaminetetraacetic acid (EDTA), on metal-induced
aggregation was evaluated (Fig. 1B); in all cases, a significant
decrease in turbidity was observed. The effect of EDTA on the
zinc-induced aggregation of BB2-crystallin is of particular
interest, as it can completely reverse the turbidity, in a similar
fashion as previously observed for the zinc-induced
aggregation of human yD crystallin.?’ These results suggest
that metal-induced aggregation of BB2-crystallin involves, at
least to some extent, a metal-bridging mechanism; while for
the case of zinc, it seems to be the main pathway. In the
present study, the mechanisms involved in Cu-induced
aggregation will be examined.

2. Copper-induced aggregation of BB2-crystallin. The effect
of adding different equivalents of Cu?* ions in the aggregation
of BB2-crystallin was examined by turbidity assays (Fig. 2, A &
B). While the addition of 1 equivalent of Cu?* had no effect in
the aggregation of BB2-crystallin, higher amounts of the metal
ion caused a drastic increase in turbidity, reaching a maximum
effect at > 4 equiv. Interestingly, the addition of 100
equivalents of EDTA fully reversed the turbidity at < 4
equivalents of Cu?* ions, while with higher Cu:protein ratios,
the chelating agent can only partially reduce the turbidity (Fig
2B). Hence, the chelating agent is less able to revert the
turbidity, as the copper concentration increases.

Protein aggregates at the endpoint of the turbidity assays
were separated by centrifugation and analyzed by SDS-PAGE
(Fig 2, C &D). In all cases, a band that corresponds to a
monomeric species is observed, except for the sample with 1
equivalent of Cu, suggesting that an equimolar concentration
of the metal ion is not enough to promote protein aggregation.
A second band can be seen just below the protein monomer
(Fig 2C), possibly due to the formation of an intramolecular
disulfide bond, as the addition of 2-mercaptoethanol (BME)
results in disappearance of this band (Fig 2D). For protein
aggregates formed in the absence of a chelating agent, SDS-
PAGE analysis without a reducing agent shows the presence of
a dimeric species at > 2 equiv of Cu, while several bands at
higher molecular weight are readily seen at > 5 equiv,
indicating the presence of various oligomerization states of the
protein (Fig 2C). These bands grow in intensity as the copper
concentration increases, suggesting that the aggregation
mechanism depends on metal ion concentration. The addition
of EDTA reduces drastically the abundance of these higher
molecular weight species in the aggregate (Fig. 2C), while they
completely disappear when the SDS-PAGE analysis is
performed in the presence of BME (Fig. 2D). SDS-PAGE analysis
under reducing conditions of Cu-induced aggregates formed in
the presence of EDTA display mostly a monomeric species.



These results demonstrate that Cu-induced aggregates of fB2-
crystallin are formed mostly through metal-bridging and
disulfide-bridging interactions.

3. Copper coordination to BB2-crystallin. The nature of Cu?*
binding by BB2-crystallin was investigated by titrating the
protein with 0 to 4 equivalents of metal ion, followed by
circular dichroism (CD) and electron paramagnetic resonance
(EPR) (Fig. 3). EPR spectra show three spectroscopic features
that correspond to at least three Cu?* binding modes (Fig. 3A).
All EPR signals display g factor > g, indicating a dx,.,> ground
state for all Cu?* species. From 0.5 to 2 equiv of metal ion, two
main species are observed, the most abundant one displays a
g(1=2.204 and ““A;;=210 x 10 cm™ and will be referred to as
Mode 1. The second spectroscopic species has a g|;=2.260 and
€A |1=198 x 10 cm™ and is termed Mode 2. When more than
2 equivalents Cu?* are added, a third set of signals appears with
g(1=2.290 and “A ;=181 x 10* cm, and it grows between 2
and 4 equiv of metal ion without apparent saturation. These
results clearly show that there are at least three Cu?* binding
sites in BB2-crystallin.

A titration of BB2-crystallin followed by CD shows that upon
addition of the first equivalent of Cu?, the growth of a negative
signal at 17,270 cm, a small positive one at 20,700 cm™ and
another positive one at 32,575 cm™ is observed (Fig. 3B); the
first two are ligand field transitions (d-d bands), while the latter
one is a ligand to metal charge transfer (LMCT) band that could
be assigned to a deprotonated amide to Cu?* transition,
although the contribution from a LMCT from imidazole m! to

Cu?* cannot be discarded.3?3” Upon addition of more metal ion,
the negative d-d band and the LMCT band increase in intensity
reaching a maximum at 3 equivalents, while the positive d-d
band disappears and a shoulder to the LMCT band appears at
29,800 cm?; the latter can be assigned as a LMCT from
imidazole 1t to Cu?*. Overall, the CD data are consistent with
having three Cu? binding sites in BB2-crystallin involving
imidazole residues, while the highest affinity site (Mode 1) also
involves the contribution of deprotonated amides or imidazole
from a histidine or both.

The spectroscopic features of the first Cu?* binding site
(Mode 1) in BB2-crystallin resemble those of a copper ion
bound to an amino-terminal Copper/Nickel (ATCUN) binding
motif present in peptides and proteins involved in copper
trafficking, such as human serum albumin (HSA).384? Indeed, a
comparison of the CD and EPR spectra of Cu?* bound to BB2-
crystallin with those of Cu?* bound to HSA reveals striking
similarities (Fig. S2), strongly suggesting the presence of an
ATCUN motif in this crystallin. ATCUN sites include a free N-
terminal group and a His residue in the third position of the
sequence, yielding highly stable complexes with Cu?*.434¢In the
case of BB2-crystallin, it has a His residue in the fourth position
at the N-terminal, with sequence NH,-ASDH- (Fig. S1). While
this is technically not a canonical ATCUN motif, the proximity
of His4 to the free NH, group could allow for an effective
anchoring for Cu?, yielding a complex that is very similar to
that found in HSA. Indeed, ATCUN-like sequences have been
reported for some copper binding proteins.*’
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Figure 2. Copper induced aggregation of BB2-crystallin. Turbidity assays of BB2-crystallin (50uM) with increasing number of equivalents of
Cu?* ions (A); and the impact of ethylenediaminetetraacetic acid (EDTA) (B). Cu?* ions were added after 5 minutes of incubation of the
protein at 37 °C. The arrow indicates the addition of 100 equiv. of EDTA, 30 min after copper addition. SDS-PAGE analysis of the protein
aggregates (4 pg) at the endpoint of the turbidity essays, with (C) and without (D) 2-mercaptoethanol (BME) as reducing agent.



To probe if the ATCUN-like spectroscopic features of BB2-
crystallin arise from its N-terminal sequence, a peptide with
the first six amino acids (NH,-ASDHQF-) was synthetized as a
model. A titration of the peptide BB2(1-6) with Cu?* shows
only one set of signals that correspond to g|;=2.206 and
CuA|1=207 x 10" cm™* (Fig 4A). The signals observed in the EPR
spectrum of the peptide-copper complex are identical to
those of the main species (Mode 1) in the spectrum of Cu?*-
BB2-crystallin. Consistently, the CD spectrum of 0.25
equivalents of Cu?* bound to the BB2(1-6) peptide displays a
negative d-d band at 17,330 cm™, a positive one at 20,445
cm™ and a LMCT band at 32,340 cm, and it is almost
identical to the CD spectrum of BB2-crystallin with 0.5
equivalents of metal ions (Fig. 5B). Overall, these results
demonstrate that the highest affinity binding site for Cu®,
termed Mode 1, corresponds to the metal ion bound to the
N-terminal sequence of the protein, as modeled by the
peptide BB2(1-6). The simulation of the EPR spectrum of the
Cu?*-peptide complex agrees with spin Hamiltonian values
with a 4N coordination mode with four non-equivalent
nitrogen donors (Fig 4B, Table S1). This would be consistent
with Cu?* bound to the amino group, an imidazole and two
deprotonated amides, as proposed for ATCUN-like sites;
indeed, the EPR parameters of this complex resemble those
of previously reported ATCUN sites,38 40,41, 43-47
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Figure 3. Copper coordination to BB2-crystallin. Titration of
BB2-crystallin 0.3 mM by Cu?* (0 to 3.5 equiv) as followed by
electron paramagnetic resonance (EPR) (A) and circular

dichroism (CD) (B). Each spectrum represents the incremental
addition of 0.25 (for CD) or 0.5 (for EPR) equiv. (light to dark blue
traces). Parallel region of the EPR spectra is shown in the inset
of (A).

To further characterize the other two Cu?* binding sites in
BB2-crystallin (Mode 2 and 3, Fig 3A), an N-truncated version
of the protein was prepared, lacking the first eight residues
of the sequence. A titration of the N-truncated BB2-crystallin
with Cu?* ions, as followed by EPR, shows at least three sets
of signals (Fig 5A), none of which correspond to the ATCUN-
like site or Mode 1. Interestingly, upon addition of the first
two equivalents of metal ion, two species are observed: one
with g(;=2.262 and “A ;=186 x 10 cm™* that corresponds to
Mode 2; and a new species with g;;=2.235 and “A =167 x
10* cm?, that is termed Mode 4 (Fig 5A). When more than
two equivalents of Cu?* are added, a third set of signals
appears with g=2.285 and “A ;=181 x 10* cm?, that
correspond to the Mode 3 observed in the wild type (WT)
protein.
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Figure 4. Copper coordination to BB2(1-6) peptide. A) Titration
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B) EPR spectra comparison of the BB2 WT protein (with 1 equiv.
Cu?*), the PB2(1-6) peptide (with 0.5 equiv. Cu?*). EPR
simulations are shown in dotted lines, using parameters listed in
Table S1.



The interaction of the N-truncated protein with Cu?* ions
was also evaluated by CD, showing predominantly a positive
band at 31,575 cm (Fig 5B) that can be assigned to a LMCT
from an imidazole rt* to Cu?*, and saturates at one equivalent
of copper. This signal differs from those observed in the
spectra of BB2-crystallin WT and the $B2(1-6) peptide, and it
may be associated to Mode 2, which would explain the
broadening observed at higher equivalents of metal ion in
the titration of the WT protein (Fig 3A). It also suggests that
Mode 2 involves histidine binding. The characteristic CD
signals of the ATCUN-like site (Mode 1) were not observed
(Fig. 5B). Further titration of the N-truncated protein with
Cu?* results in drastic protein aggregation that prevented
collection of CD data with adequate signal to noise ratio.

In summary, the truncation of the N-terminal residues of
BB2-crystallin effectively removes the ATCUN-like Cu?
binding site, while the presence of Mode 2 and 3 remain with
similar EPR features as observed in the full protein.
Unfortunately, the unexpected appearance of mode 4 and a
drastic copper induced aggregation of the N-truncated
protein complicate the spectroscopic analysis of the metal
binding sites. Furthermore, the fact that the signals
associated to Mode 4 are not observed for the WT protein
suggests that this fourth site may become accessible after
truncation of the protein.
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Figure 5. Copper coordination to N-truncated BB2-crystallin. (A)
Titration of N-truncated BB2-crystallin protein 0.3 mM by Cu?*
ions as followed by EPR. Each spectrum represents the addition
of incremental 0.5 equiv (light to dark gray traces) of the metal
ion. Parallel region of the EPR spectra is shown in the inset of (A).

(B) Comparison of the CD spectra of BB2-crystallin WT with 1
equiv. of Cu?* (blue trace), the BB2(1-6) peptide with 0.5 equiv.
of Cu?* (red trace) and N-truncated protein with 1 equiv. of Cu2*
(gray trace).

4. A redox active site in BB2-crystallin. A previous study of
y-crystallins shows that Cu?* coordination to these proteins
can lead to reduction of the metal ion under aerobic
conditions.?® Here we have used EPR and X-ray
absorption/emission spectroscopy (XAS/XES) to probe if the
Cu?* binding sites in BB2-crystallin are redox-active (Fig. 6).
These experiments were performed with one equiv of Cu?*
jons; under these conditions Mode 1 and Mode 2 are
observed for the PBB2-crystallin WT, while Mode 2 is
predominantly observed for the N-truncated protein by EPR
(Fig. 6A). Spin quantitation of these spectra account for ~60%
of the Cu?* ions added to BB2-crystallin WT and for ~70% in
the case of the N-truncated protein, suggesting the
possibility that some of the Cu?* ions are reduced to Cu*.
Indeed, XANES spectra of these samples show the distinct K-
edge feature below 8985 eV characteristic for low-
coordinated (linear or trigonal) Cu* species, and corresponds
to a 1s—>4p electronic transition (Fig 6B).*® These results
clearly demonstrate the presence of Cu* ions bound to BB2-
crystallin WT and its N-truncated form. It is important to note
that this Cu* spectroscopic feature is not observed in the Cu-
BB2(1-6) sample (Fig 6B), strongly suggesting that the redox
active site in the protein does not correspond to the ATCUN-
like site. Moreover, normalized XES spectra showing 2p—=>1s
transitions for Cu* bound to BB2-crystallin WT and its N-
truncated form are identical (Fig 6C), suggesting that these
two proteins display the same Cu* binding site, and further
confirming that Cu* binding does not involve the N-terminal
region of the protein.

XANES spectra also show weak absorptions between 8975
— 8980 eV, corresponding to 1s—>3d transitions of Cu?
species (Fig. 6B, inset). Clearly, the Cu?" signal of the N-
truncated protein is shifted to lower energy, as compared to
those for BB2-crystallin WT and the peptide. This reflects a
stronger ligand-field for the latter Cu?* species, consistent
with the presence of an ATCUN-like complex in both, the WT-
protein and the peptide. Likewise, XES spectra show that the
Ka emission for Cu?* bound to BB2-WT and the peptide are
quite similar among them, while that of the N-truncated
protein shifts to lower energy (Fig. 6D), consistent with a
lower ligand-field for Cu?* bound to this variant. Overall, EPR
and XAS studies reveal the presence of a copper redox active
site in BB2-crystallin that does not involve its N-terminal
ATCUN:-like site.

5. N-truncation of BB2-crystallin increases its susceptibility
to copper. The impact of N-truncation in the copper induced
aggregation of BB2-crystallin was evaluated. Addition of Cu?*
to the N-truncated protein leads to an earlier onset of
aggregation as compared to BB2-crystallin WT (Fig.7 A & B).
For the WT protein, an increase in turbidity can be observed
only after addition of > 2 equivalents of copper ions, whereas
for the N-truncated protein, the increase in turbidity can be
seen immediately after addition of 1 equivalent of the metal.
These results indicate that removal of the high affinity
ATCUN-like exacerbates the aggregation induced by copper,
suggesting a protective buffering effect for this site.



Furthermore, the truncation of the N-terminal peptide does
not affect the copper-induced formation of disulfide-bridged
oligomers, as shown by SDS-PAGE analysis of the protein
aggregates (Fig. S3); suggesting that the ATCUN-like site is
not involved in cysteine oxidation. On the other hand, the
effect of copper ions in the secondary structure and thermal
stability of both proteins was evaluated by CD in the far UV
region. For both cases the addition of less than 2 equivalents
of copper ions do not cause the reduction of the signal
intensity at 218 nm that is characteristic of B-sheet secondary
structure, suggesting that copper induces very minor
changes on the conformation of the protein at these
conditions (Fig. 7 C & D). However, upon addition of the first
equivalent of Cu?* ions to BB2-crystallin, a decrease of ~3 °C
on the melting temperature (Tm) can be observed, as
compared to the protein with no copper is added (Fig. 7 E).*
49 After addition of the second equivalent of metal ions, a
reduction on the Ty, of ~6 °C can be seen. Remarkably, the N-
truncation of the protein makes it more susceptible to
thermal denaturation induced by copper: a reduction of ~3
°C and ~6 °C can be observed as 0.5 and 1 equivalents of the
metal are added to the protein solution (Fig. 7 F). Altogether,
these results suggest that removal of the ATCUN-like site
exacerbates copper-induced aggregation and reduction of
the thermal stability of BB2-crystallin, as this site may play a
protective copper buffering role.
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crystallin WT (blue trace), the BB2(1-6) peptide (red trace) and
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N-truncated protein (gray trace) by EPR (A), XANES (B) and XES
(C&D). Protein/peptide concentrations were 1 mM and 1 equiv
of Cu?* ions were added. The inset in A shows the parallel region
of the EPR spectra. The inset in B shows a magnification of the
Cu?* pre-edge features in the 8975-8980 eV region. Normalized
XES in C & D correspond to 2p3/2 - 1s transitions (Ka emission)
after resonant excitation of Cu* (C) or Cu?* (D) specific K-edge
absorption; the inset shows both 2p—>1s transitions. Energy axes
correspond to the energy difference between emission and
absorption to account for different excitation energies.
Excitation energies in C are 8981.81 eV for B2 WT and B2 N-
trunc, and 8977.61 eV (BB2 WT), 8977.43 eV (BB2 N-trunc), and
8977.68 eV (BB2 peptide) in D.

Discussion

In this work we have shown that divalent metal ions, such as
Hg?, Pb?*, Zn** and Cu? induce the aggregation of BB2-
Crystallin, while Ca?*, Mn?* and Ni?* did not have this effect.
Itis interesting to note that this correlates with the hard-soft
nature of the cations: the latter are the hardest metal ions of
the ones tested, while Hg?* and Pb?* are soft metal ions, and
Cu?* and Zn?* are intermediate. These results suggest that the
coordination site responsible for the aggregation of the
protein involves soft ligands such as cysteine and
methionine, and hard/soft borderline ligands such as
histidine. Indeed, cysteine residues are involved in Hg?
induced aggregation of HyC and HyS crystallins,*® where
formation of disulfide-bridged species have been implicated
in the aggregation mechanism. The protein BB2-crystallin has
only two cysteines: Cys37 and Cys66, which are likely to
participate in Hg?* and Pb?" induced aggregation of BB2-
crystallin, leading to the formation of disulfide bridged
species, as found by SDS-PAGE (data not shown). In contrast,
Zn?** induced aggregation of BB2-crystallin does not involve
disulfide bridging (data not shown) and likely occurs via a
metal-bridged mechanism that can be reverted by addition
of EDTA (Fig. 1B). A very similar scenario is observed for Zn?*
induced aggregation of HyD crystallin, where His22 in a -
CXXXH- motif at the N-terminal domain participates in
anchoring the metal ion. While BB2-crystallin does not
contain such a motif, a multiple sequence alignment of BB2-
crystallin with HyD (Fig. S1), HyC and HysS crystallins shows
the presence of a cysteine residue (Cys37) that prevails at the
homologous position of His22; this is also the case for HyS
and HyC crystallins. The closest histidine residues to Cys37 in
BB2-Crystallin are His30 and His32, which are solvent
exposed (Fig. 8C), and together with Cys37 could participate
in the coordination of Zn*2 ions by BB2-crystallin.
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Figure 7. Comparison of the impact of Cu?* ions in the aggregation (A & B), folding (C & D) and thermal stability (E & F) of BB2-crystallin WT
(A, C & E) and the N-truncated protein (B, D & F). Turbidity assays of BB2-crystallin WT (A) and the N-truncated protein (B) 50uM with
increasing number of equivalents of Cu?* ions, and the impact of ethylenediaminetetraacetic acid (EDTA); Cu?* ions were added after 5
minutes of incubation of the protein at 37 2C; the arrow indicates the addition of 100 equiv. of EDTA, 30 min after copper addition. Titration
of BB2-crystallin WT (C) and the N-truncated protein (D) 12 uM with Cu?* ions, as followed by near UV CD. Thermal denaturation assays of
BB2-crystallin WT (E) and the N-truncated protein (F) 12 uM with different amounts of Cu?* ions; solid lines correspond to fitting curves.

The extracted thermodynamic parameters are listed in Table S2.

Copper induced aggregation of BB2-crystallin seems to
involve several mechanisms including, metal-bridging,
disulfide-bridging, loss of protein stability and copper
reduction. This complex scenario is partially similar to that
observed for copper induced aggregation of human y-
crystallins,?® where the mechanism involves: copper
coordination, unfolding of the protein, intermolecular
oligomerization through disulfide and metal-bridging, and
copper redox chemistry that leads to a tyrosine-based
radical. No protein-based radical is observed in the case of
BB2-crystallin, while all other mechanisms are at work. In the
case of y-crystallins a putative copper binding region has
been identified at the N-terminal domain, involving a -
CXCXC- motif in yS, and a -CXXXH- motif in yD. Additionally
the latter displays a -CXC- motif at the C-terminal domain,
that constitutes a putative Cu* biding site, like those found in
copper chaperone proteins, such as Atox1. In BB2-crystallin
these putative binding motifs are not present as such,
however this protein has a -HXHXXXXXC- motif at the N-
terminal domain that is solvent accessible (Fig 8C), where
Cys37 is at the homologous position to His22 in the -CXXXH-
motif of yD and Cys26 in the -CXCXC- motif of yS. Hence the -
HXHXXXXXC- at the N-terminal of BB2-crystallin may

constitute a putative copper binding site, while the solvent-
exposed Cys37 could be engaged in the copper-induced
formation of disulfide-bridged oligomers. Indeed, this
putative site is likely responsible for metal-induced
aggregation and for the observed copper redox activity, since
it is the only one involving soft ligands, such as Cys, that can
stabilize Cu* species as those observed by XAS. Interestingly,
Cys37 is also conserved in BA1l, BA3 and BB1 crystallins,
however the susceptibility of these crystallins towards
copper-induced aggregation has not been tested.

Our spectroscopic studies of Cu?* binding to BB2-crystallin
have revealed the presence of an ATCUN-like site, which
displays characteristic EPR and CD spectroscopic features.
ATCUN sites are commonly observed in peptides and
proteins that bind Cu?" ions with high affinity (K4 in the
picomolar range) and are highly conserved in proteins
associated with copper transport.*™ 4> 46 This motif is
characterized by having a free amino terminus and a histidine
in the third position (H;N-XXH-), which act as anchoring
ligands for Cu?*, while the coordination sphere is completed
by a pair of deprotonated amide nitrogens in a square planar
fashion (Fig 8A). This coordination geometry is highly
stabilized by a chelate effect as it facilitates the formation of



two five-membered and one six-membered rings with a Cu?*
ion at its center. Interestingly, BB2-crystallin possesses a
disordered N-terminal region, encompassing 13 amino acids,
with a histidine in the fourth position (H,N-ASDH-), providing
an ATCUN-like binding site for copper. Considering that BB2-
crystallin has the coordinating histidine in the fourth position
(Fig. 8A), the chelate stabilization effect may be decreased,
as compared with that of a typical Cu**~ATCUN complex with
a histidine in the third position; possibly resulting in a lower
metal binding affinity. Indeed, our titrations of BB2-crystallin
with Cu?* ions indicate that a second binding mode (Mode 2)
starts to be populated before the ATCUN-like site (Mode 1) is
fully loaded. Still, the latter seems to play a copper buffering
role, as removal of the ATCUN-like site exacerbates copper-
induced aggregation of BB2-crystallin. It is puzzling to find in
a lens crystallin protein a Cu binding site that is typically
associated to Cu transport proteins. Interestingly, some
studies have proposed that the N-terminal extension of -
crystallins is necessary for protein stability, as the
progressive truncation of this region has been associated
to cataracts.51-54 Particularly, the N-terminal extension of
BB2-crystallin becomes ordered due to the formation of
hetero tetramers of BB2/BA3, as it is thought to stabilize the
protein complex.>> Whether this ATCUN-like site in BB2-
crystallin is a true Cu buffering site, it is required for protein
stability, and/or it is a vestige from the evolution of crystallins
as lens structural proteins, remains to be elucidated.
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Figure 8. Putative copper binding sites in BB2-crystallin. A)
Proposed structures for the Cu2*-ATCUN-like complex of BB2-
crystallin. B) Cartoon representation of the domain swapped
protein dimer (PDB: 1YTQ) with three putative binding sites
highlighted: C) A putative coordination site at the N-terminal
globular domain; D) A potential binding site at the dimer
interface involving the polypeptide that connects the globular
domains; and E) A putative coordination site at the C-terminal
domain. The residues involved and distances between them are
shown in angstroms.

Finally, BB2-crystallin EPR spectroscopy reveals the presence
of a third Cu?* binding site (Mode 3) with lower affinity that
is hard to discern from the other two principal Cu?
coordination sites. However, the EPR parameters associated

to Mode 3 are indicative of a 2N20 equatorial coordination
mode involved two oxygen-based and two nitrogen-based
ligands. Figures 8D and E show plausible Cu binding sites for
Mode 3. One is present at the non-structured interdomain
connecting loop, containing Asp102, Ser103, GIn104 and
His106 (Fig 8D). This sequence is right on the center of the
dimer and may coordinate Cu?* with two histidines, one of
each protomer, possibly with a concomitant structural
change of the loop to accommodate the metal coordination
sphere. The other putative site is at a solvent-exposed region
of the C-terminal domain, involving GIn137, which is part of
a flexible loop, and His132 at a small a-helix motif (Fig 8E).
There is also His134 nearby at the beginning of this a-helix,
which in principle could be recruited for metal coordination,
causing partial unfolding of the helical structure. Together,
these two putative copper binding sites would be consistent
with the 2N20 coordination sphere found for Mode3;
however, site directed mutagenesis studies would be
required to probe these putative metal binding sites.

Conclusions

BB2-crystallin, the most abundant B-crystallin in the
human lens, is susceptible to metal-induced aggregation by
divalent metal ions, such as Hg?*, Pb?*, Zn?* and Cu?*. Metal-
induced aggregation of BB2-crystallin involves the formation
of metal-bridged species. While metal-bridging is the main
mechanism for zinc-induced aggregation of BB2-crystallin,
disulfide-bridging is also involved in the case of mercury, lead
and copper.

Our study has focused on the mechanism of copper-
induced aggregation of BB2-crystallin, which involves metal-
bridging, disulfide-bridging, loss of protein stability and Cu?*
reduction to Cu* by the protein. Spectroscopic studies reveal
the presence of three Cu?* binding sites in BB2 crystallin.
Strikingly, one of them is an ATCUN-like Cu binding site
located at the wunstructured N-terminal region and
encompassing the first amino acid residues, namely NH»-
ASDHQF-. While being a typical Cu?* binding site in copper
transport proteins, the ATCUN-like site in BB2-crystallin may
play a copper buffering role that protects the protein from
metal-induced aggregation in an aging lens. Beyond the N-
terminal ATCUN-like site, EPR and XAS studies reveal the
presence of a copper redox active site in fB2-crystallin that
is likely the site responsible for metal-induced aggregation
and formation of disulfide-bridged oligomers. This putative
redox-active copper binding site may involve His29, His31,
and Cys37 in the -HXHXXXXXC- motif at the N-terminal
domain of BB2-crystallin.

While the mechanisms of metal-induced aggregation of
BB2-crystallin and the nature of all metal binding sites in this
human lens protein requires further investigation, the fact
that essential metal ions, such as copper and zinc, can induce
the aggregation of one of the most abundant crystallins in
the human lens, further supports a role for metal ions in
cataract disease. Most interestingly, the presence of
canonical Cu?* binding sites, such as the ATCUN-like site in
BB2-crystallin is most intriguing. Whether such metal binding
sites in human crystallins play a functional role or constitute
a vestige from their evolution as lens structural proteins,
remains to be elucidated.



Methods

Ethyl cyano(hydroxyimino)acetate (Oxyme pure), 9-
Fluorenylmethoxycarbonyl (Fmoc) protected amino acids,
and Fmoc-Rink amide MBHA resin were purchased from
Merck Millipore. Propan-2-yl 1-thio-B-D-galactopyranoside
(IPTG), Piperidine, N,N-dimethylformamide (DMF), 1,8-
Diazabicyclo[5.4.0lundec-7-ene (DBU), N,N'-
Diisopropylcarbodiimide  (DIC), ethanedithiol  (EDT),
trifluoroacetic acid (TFA), 4-Ethylmorpholine (NEM), glycerol,
and copper(ll) sulfate pentahydrate (CuSO4e5H20) were
purchased from Sigma Aldrich. HPLC grade methanol was
purchased from J. T. Baker. All the aquous solutions were
prepared using ultrapure water with a resistivity > 18 MQ cm.

Protein expression and purification. The pE-SUMO
CRYBB2 plasmid was a gift from Larry David.>* The protein is
expressed as a fusion protein that has a 6xHis-tagged small
ubiquitin-like modifier (SUMO) at the amino-terminal
extension of the BB2-crystallin. The 6xHis-tag can be
removed by digestion with Ulpl protease, leaving the free
amino group of the unmodified sequence of the protein. The
plasmid pFGET19_Ulp1 was a gift from Hideo Iwai (Addgene
plasmid #64697; http://n2t.net/addgene:64697; RRID:
Addgene_64697). Ulpl protease expression and purification
was performed as previously reported. Once purified, the
protease was aliquoted, dithiothreitol (DTT) and glycerol
were added to a final concentration of 5mM and 25%
respectively and stored at -70 2C until usage.

A truncated version of BB2-crystallin was prepared by
removing the first eight amino acids from the amino-terminal
region. The mutation was performed with the Q5® Site
directed mutagenesis kit (NEB, #E0554S), using the 5'-
GGCAAGCCACAGTCCC-3" forward primer and the 5'-
ACCTCCAATCTGTTCGC-3’ reverse primer, the truncation was
confirmed by sequencing.

Both the WT and N-truncated BB2-crystallin plasmids were
transformed into E. Coli BL21-CodonPlus (DE3)-RIL
chemically competent cells and expressed as follows. Briefly,
a single colony from a freshly made plate was inoculated into
50 ml of Super Broth (SB) medium, enriched with ampicillin
and chloramphenicol at final concentration of 50 ug/ml each,
and incubated at 37 2C, 280 rpm overnight. The next day the
entire culture was diluted 1:10 with SB enriched medium and
incubated at the same conditions until an ODggonm Of 2 was
reached, then protein expression was induced by adding
IPTG to a final concentration of 1ImM and incubated for 4
hours. After protein induction, the bacteria were collected by
centrifugation at 10,000 x g for 5 minutes. Then the cell pellet
was resuspended in lysis buffer (20 mM sodium phosphate,
300 mM NaCl, 30mM imidazole, pH=8) and 20 mg of
lysozyme, were added. The bacteria were lysed first by
incubation at 4 oC for 30 minutes and then by 10 cycles of 30
sec of sonication at 70 % amplitude on ice. The mixture was
clarified by centrifugation at 14,000 x g for 45 min and then
filtered through 0.45 um pore filter.

The clarified lysate was purified by immobilized metal
affinity chromatography (IMAC) using a HisTrap™ FF 5ml
column as specified by the manufacturer (Cytiva) using a
AKTA™ pure 25 FPLC system (Cytiva). A solution of 20 mM
sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH =7.4
was used as binding/wash buffer and the same solution with

500 mM imidazole was used as elution buffer. The
purification was followed by SDS-PAGE and the protein
enriched fractions were mixed, concentrated by
ultrafiltration (Vivaspin™ MWCO 10 kDa, Cytiva) and buffer
exchanged against binding/wash buffer using a HiPrep™
26/10 Desalting column (Cytiva). Then, the protein solution
was digested 1:100 (v/v) with Ulpl protease at 4 °C
overnight.>® After digestion, the solution was purified again
by IMAC and followed by SDS-PAGE. The enriched fractions
were mixed, concentrated and buffer exchanged against Tris-
HCl 30 mM, pH = 7.8 and further purified by ion exchange
chromatograpy using a HiTrap™ Capto™ Q 1 ml column, with
Tris-HCI 30 mM, NaCl 1M, pH = 7.8 as elution buffer. Finally,
the BB2-crystallin enriched fractions, as determined by SDS-
PAGE, were mixed and buffer exchanged against MOPS 10
mM, NaCl 50mM, pH = 7.0 for non-spectroscopic studies or
MOPS 20mM, NaCl 100mM, pH = 7.0 for spectroscopy
experiments.

Protein purity was assured by SDS-PAGE and concentration
was determined by the Lambert-Beer method using 40,910
M-tcm™ as the molar extinction coefficient (ProtParam tool,
EXPASY). The CD and EPR samples were adjusted with the
appropriate volume of glycerol to a final concentration of 10
mM MOPS, 50 mM Nacl, glycerol 50 %, pH = 7.0.

Peptide synthesis and purification. The peptide that
models the N-terminal portion of the BB2-crystallin was
prepared by the solid-phase Fmoc method as previously
described.?® Briefly, Fmoc protected amino acids were coupled
using Oxyma/DIC on DMF. Remotion of the Fmoc protecting
group was achieved by addition of 20% piperidine, 2% DBU in
DMF and finally the peptide was cleaved by adding a mixture of
92.5% TFA, 2.5% TIS, 2.5% EDT and 2.5% H,0. The peptide was
purified by high performance liquid chromatography (HPLC)
using a semi-preparative column Pursuit C18 (10 um, 250 x 10
mm) on a Waters HPLC system with a photodiode array (PDA)
UV-vis detector. After purification the peptide was identified by
mass spectrometry, lyophilized, and stored at —20 °C. Peptide
purity was measured by HPLC using an analytical column Zorbax
Eclipse C18 (4.5 um, 150 x 4.5 mm).

Turbidity assays and SDS-PAGE analysis of protein
aggregates. Turbidity assays were performed as previously
described.?® In summary, BB2-crystallin ad its N-truncated
version were added to a 96-well microplate independently, and
preincubated 10 minutes at 37 2C and then, incubated again
incubated with or without metal ions (50 uM, 200 pl final protein
concentration and volume, in 10 mM MOPS, 50 mM NaCl, pH 7
buffer), then after 30 minutes of the addition of metal ions,
100 equivalents of EDTA (or an equivalent volume of buffer
for non-chelating condition) were added. All samples were
incubated and measured in a FluoStar Optima microplate
reader. Optical dispersion was measured at 400 nm every 60
seconds during 200 minutes with a 5 s double orbital
agitation period before each cycle. The experiment was
performed by duplicate and each condition was measured at
least by triplicate.

The protein aggregates at the endpoint of the turbidity
essay were collected and separated by centrifugation into
soluble and insoluble fractions. An equivalent volume of
Laemmli buffer (with or without 2-mercaptoethanol) was
added to each sample and boiled for 10 minutes. Each
sample was loaded at room temperature into an SDS-PAGE



(16%, 30:1 acrylamide/bis-acrylamide, 120 V, 90 min), after
electrophoresis, the gel was stained with coomassie blue.

Titration and sample preparation. Protein solutions were
prepared at 0.3 mM concentration in 10 mM MOPS, 50 mM
NaCl, 50% glycerol, pH 7 and added to a 1cm pathlength
quartz spectrophotometer cell. Copper ions were added as
0.25 equivalents from a 25 mM CuSO, stock solution up to a
4 equivalents concentration. CD measurements were
performed 5 minutes after every addition. A volume of 230-
250 pl was removed from the solution at every 0.5 equivalent
increment for EPR measurements. The volume of metal
solution added was adjusted accordingly after taking each
aliquot.

Electron Paramagetic Resonance (EPR). Continuous wave
(CW) EPR spectra were acquired in a EMX Plus Bruker
spectrometer using an X-band resonator (ER 4102ST) and a
variable temperature nitrogen evaporation system
(ER4131VT). The experimental parameters: microwave
frequency of ~ 9.4 GHz, temperature of ~ 150 K, modulation
amplitude of 5 G, microwave power of 100 mW and a
modulation frequency of 100 kHz were used. Each EPR
spectra represents the mean of six scans. EPR simulations
were performed using the EasySpin toolbox on MATLAB.>” A
spin system of S = % of Cu with natural isotopic abundance
was considered. For more details see Table S1 in SI.

Circular dichroism (CD). For copper coordination
evaluation the spectra were recorded using a Jasco J-815 CD
spectropolarimeter at room temperature, using a quartz cell
with a 10 mm path length for copper coordination
measurements. Measurements were from 280-300 to 800
nm, a bandwidth of 5 nm, every 1 nm with a scan speed of
200 nm/min and obtaining the averaged of 2 scans.

Unfolding and Thermal denaturation using CD.
Measurements for unfolding were acquired in a 1 mm path
length cell, from 190 to 260 nm, a bandwidth of 1 nm, every
1 nm with a scan speed of 50 nm/min and an average of two
accumulations. Protein concentration was 12 uM and was
kept at room temperature in 5 mM potassium phosphate
buffer solution at pH 7. For thermal denaturation
experiments the protein concentration was 12 uM and was
kept in 5 mM potassium phosphate buffer solution at pH 7 in
a 1mm pathlength cell. The negative signal at 215 nm was
monitored between 26 °C to 90 °C with a temperature slope
of 2 °C/min and a bandwidth of 1 nm. Each condition was
measured by duplicate and the average data were fitted to
the Gibbs-Helmholtz model for determination of the melting
temperature.>®

X-Ray absorption spectroscopy (XAS). Protein
concentration was 1 mMin 10 mM MOPS, 50 mM NaCl buffer
solution at pH 7. The solutions were injected into a Kapton-
sealed acrylic ~140 pl sample holder of our own design,
frozen in liquid nitrogen and stored until the analysis. All data
were collected at SSRL beamline 15-2, which is equipped with
a liquid nitrogen cooled double-crystal monochromator
(Si(3,1,1)). The Cu K-alpha emission signal was detected using
seven Si (444) analyzer crystals arranged in a 1m Rowland
geometry and a single element silicon drift detector. The
beam was focused to a beam size FWHM of 750 pum in the
horizontal and 90 um in the vertical direction. The emitted
beam path was enclosed by a He-filled bag to reduce signal

attenuation. To reduce photo-damage, a liquid He cooled
cryostat for measurements at 10 K was used, as well as a
sample stage that is equipped with motors to allow for
horizontal and vertical movement for multiple sampling
positions. Effects of photo-damage were carefully monitored
and excluded by reducing the photon flux through beam
attenuation using Al foils. Incoming energies were calibrated
against the first inflection point of an internal Cu foil standard
at 8978.9 eV, and the emission energies were calibrated
using the elastic peaks in the emission energy range.

Prediction of Cu?* binding sites. A systematic analysis of
the previously reported protein structure (PDB: 1ytq) was
made. A prediction of surface exposed residues was
performed using both the primary sequence (NetSurfP-2.0
online server) and the crystalline structure (PyMol).>® Only
the residues over the 25% of exposure were considered for
an empirical localization of the putative coordination sites.
These putative sites were compared with the ones predicted
by the MIB: Metal-ion binding site prediction and docking
server.®
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