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ABSTRACT: The vertebrate eye lens contains high concentrations of
crystallins. The dense lenses of fish are particularly abundant in a class
called yM-crystallin whose members are characterized by an unusually
high methionine content and partial loss of the four tryptophan
residues conserved in all y-crystallins from mammals which are
proposed to contribute to protection from UV-damage. Here, we
present the structure and dynamics of yM7-crystallin from zebrafish
(Danio rerio). The solution structure shares the typical two-domain,
four-Greek-key motif arrangement of other p-crystallins, with the
major difference noted in the final loop of the N-terminal domain,
spanning residues 65—72. This is likely due to the absence of the
conserved tryptophans. Many of the methionine residues are exposed
on the surface but are mostly well-ordered and frequently have

contacts with aromatic side chains. This may contribute to the specialized surface properties of these proteins that exist under
high molecular crowding in the fish lens. NMR relaxation data show increased backbone conformational motions in the loop
regions of yM7 compared to those of mouse yS-crystallin and show that fast internal motion of the interdomain linker in y-
crystallins correlates with linker length. Unfolding studies monitored by tryptophan fluorescence confirm results from mutant
mouse yS-crystallin and show that unfolding of a fy-crystallin domain likely starts from unfolding of the variable loop containing
the more fluorescently quenched tryptophan residue, resulting in a native-like unfolding intermediate.

he related - and y-crystallins (belonging to a fy-crystallin
superfamily) are major protein components of the fiber
cells in vertebrate lenses, where they contribute to the high
concentration and short-range order responsible for providing
both transparency and high refractive index to the lens." These
proteins share a common structure of a pair of domains each
consisting of two intercalating Greek Key (GK) motifs. The
proteins typically have high thermodynamic stability” and a
delicate balance of surface properties for optimal solubility.®
Fish are the oldest and most diverse group of vertebrates.
Because of the lack of corneal refractive power in water, fish
lenses have a significantly higher refractive index compared to
that of land vertebrates. The dominant fish lens proteins, yM-
crystallins, are thought to be particularly adapted for dense
packing in these hard lenses.*> Alignment of @, 3, and y with
other known Crystallin sequences indicates that fish yM-
crystallins form a distinct group that differs from those of
mammals by lacking conserved tryptophan pairs in each
domain and possessing a very high methionine content.”” The
tryptophan pairs have been proposed to protect the retina from
UV damage by absorbing and quenching longer wavelength
ultraviolet,”” an advantage for land vertebrates but perhaps less
important for aquatic species. Even in mammalian y-crystallins,
the content of sulfur-containing residues is high, but this is
greatly exceeded in fish yM-crystallins. It has been speculated
that high methionine content might contribute to protein
stability’® and in mediating intermolecular interactions that
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may enhance solubility and dense protein packing in lenses.”"!

Recent studies have also suggested that the high abundance of
methionine is consistent with the requirement for the high
refractive index of crystallins in lens.'>'® Proteins with a high
content of amino acids with high refractive index increments
can achieve higher overall refractive power at relatively lower
protein concentration and reduced osmotic pressure.'* Indeed,
other proteins with exceptionally high refractive index such as
the S-crystallins from cephalopods'>'® and reflectins from
squid'”'® are also highly enriched with methionine and contain
a limited content of residues with low refractive index
increment."

Lens crystallins, upon mutation, post-translational modifica-
tion, and/or an encounter with a denaturing environment, may
go through a distinct unfolding pathway by forming partially
unfolded intermediate(s)," similar to many serious protein
deposition diseases,” resulting in opacity. For example, human
yD- and yB-mutants can form a partially unfolded intermediate
with one domain unfolded and the other intact*“** while
mutant mouse yS can conformationally exchange with a native-
like intermediate under more physiologically relevant con-
ditions.® Importantly, the partially unfolded crystallins have
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been shown to trigger the formation of aggregates and/or fibrils
in vitro.”*

In these contexts, we have investigated the structure and the
unfolding processes of the first yM-crystallin to be examined.
While the solution structure of zebrafish yM7 topologically
resembles that of other y-crystallins from land vertebrates,
significant local structural difference in the variable loop
indicates that the conserved tryptophan residues are critical
for the characteristic folding of the fy-crystallin domain. By
monitoring the distinct quenching properties of each
tryptophan residue, we were able to show that the variable
loops of the GK motif are more susceptible to unfolding,
possibly representing a common unfolding pathway for all fy-
crystallin domains.

B MATERIALS AND METHODS

Sample Preparation. The DNA encoding yM7 (plI 7.10)
and yM2b (pl 8.02) was subcloned into the pET16b vector
(Novagen) between Ndel and HindIII sites and transformed
into Escherichia coli strain BL21(DE3)pLysS. Protein over-
expression and purification has been carried out according to a
previously detailed procedure.*>*® Briefly, cells were grown at
37 °C until an absorbance at 600 nm of 0.6 and induced by 1
mM IPTG overnight. Cells were lysed by French press, and
proteins were first purified by a fast flow Q anion exchange
chromatography (GE Healthcare) in 25 mM Tris buffer (pH
8.5), 1 mM EDTA, and 1 mM DTT. Different from yS-
crystallin, both yM7 and yM2b were eluted during extensive
wash after flow through. These protein fractions were dialyzed
overnight against 25 mM phosphate buffer (pH 6.2), 1 mM
EDTA, and 1 mM DTT and further purified by monoS cation
exchange chromatography (GE Healthcare). *"NH,Cl and/or
BC-glucose was used as the sole nitrogen and carbon source for
isotopically labeled yM7 for structure determination by NMR.
Mutation of yM7 was achieved by site-directed mutagenesis
using a QuickChange mutagenesis kit (Stratagene). The desired
nucleotide sequence was confirmed by sequencing, and the
resulting mutant was further verified by mass spectrometry.

Thermal Denaturation. Protein (0.5 mg/mL) in buffer
was placed in a 1-mm path length cuvette, equilibrated for 1
min, and monitored by CD spectroscopy over a temperature
range of 30—90 °C ramping at 2 °C/min. Each point was an
average of three consecutive detections. The apparent fraction
of unfolded protein (Fu) was calculated from the ellipticity as
described by Pace,”’ using the expression: Fu = (Y — Yn)/(Yu
— Yn), where Y is the observed value, Yu and Y# are the values
of the unfolded and native states, respectively. Peak signal at
218 nm from CD was used for data analysis.

Nuclear Magnetic Resonance Spectroscopy. Protein
samples ranging from 0.8 to 2 mM in NMR buffer (25 mM
imidazole-dg, pH 6.2, 20 mM KCl, 2 mM DTT, 0.04% NaNj,
and 8% *H,0) were obtained in a thin-wall Shigemi tube. All
spectra were collected at 32 °C with Bruker Avance 600 and
800 MHz ('H) NMR spectrometers equipped with z-axis
gradient cryogenic probeheads. Backbone resonance assign-
ments were made with standard heteronuclear triple resonance
experiments,” and side chain assignments were determined by
3D HCCH-TOCSY and N-TOCSY experiments.”” The
stereospecific assignments of the methyl side chains was
determined from a sample grown in a media containing 10%
13C-labeled glucose®® and analyzed by the J-coupling modulated
signals in a 2D '"H—"C constant-time HSQC experiment.>"
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Interproton distance restraints were determined from 3D *N-
edited NOESY-HSQC on a "“N-labeled sample and 3D "*C-
edited HMQC-NOESY-HSQC (t,;x 120 ms) on a uniformly
SN/1C-labeled sample in 100% *H,0 NMR buffer. Residual
dipolar couplings 'Dyy were measured with an interleaved
HSQC and TROSY experiment using a uniformly '*N-labeled
sample partially aligned by a stretched 6% polyacrylamide gel.**
Backbone N T,, T,, and steady-state heteronuclear Over-
hauser effects (hnNOE) were collected at 600 MHz with a
repetition delay of 2 s for all experiments. Relaxation delays in
the T, experiments were 0.010, 0.085, 0.205, 0.330, 0.45S,
0.60S, 0.780, and 1.050 s, and CPMG mixing times in the T,
measurements were 7.344, 14.688, 22.032, 29.376, 36.720,
44.064, 51.408, and 66.096 ms. NOE data were collected in an
interleaved mode with and without a 3 s saturation period.*> All
data were processed with NMRPipe.** Resonance and NOE
assignments were made with NMRView].>>

Structure Calculation. Backbone dihedral angle restraints
were calculated from chemical shift assignments using the
software package, TALOS+.*® Distance restraint upper bounds
were either 2.70, 3.50, or 5.00 A as determined by the NOE
cross-peak intensity and the lower bound was 1.80 A. The
structures were calculated from a simulated annealing protocol
implemented in XPLOR-NIH.*>” Initial structures were
calculated from random structures with decreasing dihedral
angle (200 to 20 kcal/rad®) and increasing NOE and hydrogen
bonding (0.5 to SO kcal/A) force constants, and with van der
Waals radii taken from 0.002 to 0.5 their calculated value, while
the temperature was decreased from 1000 to 300 K in § K
increments. The resulting structures were then subjected to
further refinement with slow ramping down of the dihedral
angle (100 to 10 kcal/rad?), and gradual increasing of NOE and
hydrogen bond (0.002 to 50 kcal/A) and RDC (0.5 to 1.0 kcal/
Hz?) force constants and van der Waals radii (0.002 to 1.0 their
calculated value), while the temperature was decreased from
1000 to 300 K in S K increments. The lowest energy structures
were checked with PROCHECK-NMR.*® All structure graphics
were created with Chimera.*

Fluorescence Unfolding. Fluorescence emission spectra
were taken on a PTI fluorometer (Photon Technology
International, Trenton, NJ) at 20 °C. Chemical unfolding was
performed by incubating proteins at 0.5 mg/mL in 25 mM Tris
buffer (pH 8.5), 1 mM EDTA, 1 mM DTT, and 0—6 M
guanidine hydrochloride (GuHCI) at 37 °C for 2 h and 4 °C
overnight. Treated proteins in a 1-mm path length cuvette were
then monitored using an excitation wavelength of 295 nm and
emission spectra over a range of wavelengths from 310 to 420
nm. Spectra were corrected for background fluorescence from
buffer or the buffer having the same concentration of GuHCIL.

B RESULTS

Protein Stability. The thermal stability of yM7 and yM2b
was measured by monitoring the loss of CD signals
corresponding to the 218 nm minimum for the f-sheet under
increasing temperature. As shown in Figure 1, the melting
temperatures for YM7 and yM2b are 58 and 60 °C, respectively,
significantly lower than those of mouse yS and human yD
crystallins. Consistently, other yM-crystallins from Antarctic
toothfish and bigeye tuna also showed substantially lower
temperature stability than the y-crystallins from B. Taurus.*®

Structure Determination. The solution structure of yM7-
crystallin from zebrafish has been determined using multi-
dimensional NMR with a total of 1427 restraints, including 961
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Figure 1. Temperature unfolding curves for yM7, yM2b, ¥S, and yD.
Loss of secondary structure for zebrafish yM7, yM2b, mouse S, and
human yD-crystallins monitored by loss of CD signals at 218 nm,
indicating lower heat stability for yM-crystallins.

interproton distances, 279 backbone dihedral angles, and 131
residual dipolar coupling constraints. Resonance assignments
have been completed for 164 out of the 169 nonproline
residues. Notably, the amide signals are missing from residues
10 to 13, spanning the region of the first S-hairpin loop
between the f-strands 1 and 2. These vanishingly weak amide
signals suggest that this region of yM7-crystallin experiences
significant conformational exchange motion on the intermedi-
ate NMR time-scale that broadens the signals beyond the
detection limit. An ensemble of the 15 lowest energy structures,
superpositioned as shown in Figure 2, exhibits excellent

Figure 2. Superposition of 15 lowest energy NMR structures.

structural convergence with atomic root-mean-square devia-
tions (rmsd’s) of 0.48 + 0.15 and 1.03 + 0.10 A with respect to
the mean coordinate positions for the backbone and all heavy
atoms, respectively. The structural statistics are summarized in
Table 1.

Structure Comparison. yM7-Crystallin shows a two-
domain architecture similar to that of previously determined
y-crystallin - structures, with each domain possessing two
intercalating Greek-key (GK) motifs. Figure 3A displays a
comparison between the human yD-crystallin X-ray (PDB entry
1HKO) and the present solution structure, with the associated
backbone rms differences being 1.51, 0.88, and 1.67 A for the
N- and C-terminal domains and the full length protein. With

3581

Table 1. NMR Structural Statistics of yM7

NMR distance and dihedral constraints

total constraints (per monomer) 1427
long range NOE (5 < i — j) 578
short range NOE (1 <i —j < 5) 129
sequential NOE 252
residual dipolar coupling 131
dihedral angle restraints: ¢ and y* 279
hydrogen bond 56

structure statistics (20 structures)

violation statistics

distance constraints (A) 0.040 + 0.001

maximum distance violation (A) 0.4
deviations from idealized covalent geometry

bond lengths (A) 0.0029 + 0.0006

bond angles (deg) 0.473 + 0.006
PROCHECK (Ramachandran plot)
most favored region (%) 70.9
additionally allowed region (%) 26.5
generously allowed region (%) 2.0
disallowed region (%) 0.7
rms deviations from the average structure (A
backbone atoms 0.48
all heavy atoms 1.03

“The dihedral angle constraints ¢ and y were derived by using
TALOS.*® ®rms deviations from the average structure were calculated
for the residues Lys3—Ile171 of the final 15 structures.

respect to the NMR structure of murine yS-crystallin (PDB
entry 1ZWM), similar backbone rmsd values, 1.53, 1.02, and
2.18 A respectively, were also observed. Collectively, this
indicates that the main structural difference between yM7 and
mammalian lens crystallins is located in the N-terminal domain,
while the C-terminal domains exhibit high structural similarity.
As detailed in Figure 3B, the most noticeable structural
difference between the fish yM7 and yD- or yS-crystallin resides
within the variable loop 2 (VL2) in the N-terminal domain.
This loop in yM7 is folded further away from the hydrophobic
core compared to that of yD-crystallin. Evidently, the H* of
Met67 strongly NOE interacts with the HY amide proton of
Met72 (Figure 3C), replacing an otherwise i to i + 4 NOE
pattern observed in the VL4 of yM7 and both VL2 and VL4 of
mouse 7S.>® As a result, the aromatic side chain of Tyr66 tucks
into the core of the N-terminal domain, making extensive
hydrophobic contacts with the side chains of Ile36 and Val76.
This conformation is in sharp contrast to the equivalent
residues, His65 in yD- or Tyr69 in yS-crystallin, which project
away from the domain and lack NOE interactions with the
hydrophobic core residues.

The burying of Tyr66 is made possible by the absence of a
tryptophan residue conservatively residing in VL2 in all lens y-
crystallins from mammals. This conserved tryptophan makes
extensive contacts with the N-terminal hydrophobic core, so its
absence in yM7 allows reoptimization of the hydrophobic
interactions between residues in this loop and the N-terminal
core. Consistent with this, instead of being highly solvent
exposed like the equivalent Leu71 in yD-crystallin or Leu7S in
7S, residue Met72 in yM7 protrudes into the hydrophobic core
of the N-terminal domain, making extensive hydrophobic
interactions. Leu75 of ¢S, on the contrary, shows very close
methyl proton chemical shifts and virtually no inter-residue
NOE cross-peak with any core residues. It is conceivable that
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Figure 3. Overlay of yM7 NMR structure (cyan) with the X-ray yD-crystallin (1HKO, magenta) (A). A close view of the variable loop 2 in the N-
terminal domain, which lacks a conserved tryptophan residue in yM7 (B), showing the comparison of the residues Tyr66, Met67, and Met72 from
yM?7, and their counterpart residues His65, GIn66, and Leu71 from yD, and the side chain interactions between Met70 with aromatic residues TyrS6
and Tyr63 in yM?7. Stripes of 3D '“N-edited NOESY showing the unusual i to i + 5 interaction observed in the VL2 of yM7 (C).

the increased hydrophobic packing by Tyr66 and Met72 in
yM7 may at least in part compensate for the absence of the Trp
residue, resulting in the altered loop conformation. Since all
four GK motifs are structurally similar, we compared VL2 with
the equivalent loops VL1 and VL3 that also lack a Trp residue.
In a common sequence ®(xoxx);_ @, where the @ represents a
hydrophobic residue, the two equivalent flanking hydrophobic
residues Leu26 and Phe30 in VL1 and Leull3 and Met119 in
VL3 are all buried in a manner similar to that of Tyr66 and
Met72 in VL2, further suggesting that a Trp residue is critical
for dictating the VL conformation. A second conserved Trp
located at the junction of two GK motifs in mammalian y-
crystallins is also missing in the N-terminal domain of yM7. It
has been shown that this tryptophan plays an important
structural role in stabilizing a corner conformation by forming a
hydrogen bond between its side chain H' (i) to the carbonyl
oxygen at the i-3 position.*" It is plausible that missing such an
interaction may contribute to the decreased protein stability of
zebrafish yM7 and other yM-crystallins, as shown in this study
and for several examples from other fish.*’

yM7 Exhibits Increased Backbone Dynamics in the
Loop Regions. Next, we used NMR relaxation experiments to
investigate the backbone motions of yM?7. Figure 4 shows the
comparison of the derived order parameters between yM7 and
S crystallins. Unlike yS, which exhibits quite uniform order
parameters (S*) for almost all residues (except those in the N-
and C-terminal tails and the interdomain linker), yM7 shows
much more variability. As shown in Figure 4, while all S-strands
display similar S* values, lower values are observed for those
primarily located in or near the loop regions, for example, VL1,
VL2, VL4, and the first f-hairpin in the C-terminal domain.
Together with the missing NH signal in the first -hairpin, the
relaxation measurement suggests that yM7 possesses higher
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Figure 4. Comparison of backbone order parameter (s*) of yM7
(black) and mouse yS (red) derived from >N relaxation experiments,
indicating larger motions observed in the variable loop regions and
comparatively lower dynamics in the interdomain linker in yM?7 than
7S. The arrows indicate f-stranded secondary structure and the
variable loops between the 3rd and 4th f-strands in each Greek Key
motif are noted as VL.

magnitude backbone conformational motion in the loo

regions. When compared to the relaxation results of yD,

the loop regions of yM7 again appear to be more flexible.
Furthermore, the amplitudes of internal motions of the
interdomain linker among these three proteins vary signifi-
cantly, with yS being the most flexible, followed by yM7 and
then yD, which has order parameters similar to those of the
residues in the N-/C-terminal structure core.*> On the basis of
the sequence alignment of these y-crystallins (Figure SA), it
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Figure 5. (A) Sequence alignment of fish yM- with human yD- and mouse yS-crystallins, with all of the methionine residues colored in red and
tryptophan colored in green. (B) Methionine residues in 15 fish yM-crystallins are positioned on the NMR structure of yM7, with the size and color
of the sphere corresponding to the frequency of the methionine occurrences.

appears that the flexibility of the interdomain linker correlates
with its length, with a three residue-linker for yD, four for yM?7,
and five for ¥S. In yD, the short three-residue linker is as rigid as
both of the structural domains.*

Methionine Residues in yM-Crystallins. An interesting
feature of the fish yM-crystallins is their high methionine
content, up to ~15% of the total amino acid composition.
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Figure SA shows the alignment of several yM-crystallins with
the methionine residues highlighted, and Figure 5B positions all
the methionine residues found in 15 fish yM-crystallins on the
structure of yM7. Noticeably, more than 70% of the
methionines are located in the second and the third GK
motifs, whereas less than 10% are found in the first GK. Most of
the methionine substitutions are located in the loops, turns, and
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Figure 6. Representative typtophan fluorescence spectra of fish yM7 (A), yM2b (B), yM7 W132F (C), and yS (D) at 0 M (black), 0.4 M (red), 0.8
M (green), 3.0 M (blue), 4.0 M (yellow), and 5.0 M (brown) GuHCL. Since yS is more stable than yM7, the fluorescence profiles at 1.6 M (cyan)
and 2.0 M (purple) are shown for ¥S in (D), showing that the fluorescence jump happened at higher GuHCI concentration than that in yM7.

on the edge of a f-sheet, particularly in the variable loops and
on the second f-strand of the second, third, and fourth GK
motifs. In yM7, except for Met44, Met91, and Met16S, which
are located in the domain interface and the center of the C-
terminal hydrophobic core, all other methionines are at least
partially, if not completely, solvent accessible. Interestingly,
most of the exposed methionine side chains are not fully
disordered. Out of 14 exposed methionine residues, 11 of them
make strong to medium NOE contacts to at least one surface
aromatic residue, making those methionine side chains attach
to the surface of the protein instead of freely projecting into
solution. For example, as shown in Figure 3B, the side chain of
Met67 sits ~5 A above the aromatic ring of Tyr66 and ~S A
from that of His34, while that of Met70 makes simultaneous
NOE contacts with TyrS6 and Tyr63, and both Met99 and
Met103 interact with the aromatic ring of Tyr94 in the first f-
hairpin of the C-terminal domain. This partial ordering of the
exposed methionine side chains is consistent with the recent
study suggesting that the methionine—aromatic interaction
plays a key role in stabilizing protein structure.*’

Protein Unfolding Monitored by Tryptophan Fluo-
rescence. Unfolding of yM7-crystallin was monitored by
intrinsic tryptophan fluorescence with increasing amounts of
chemical denaturant, guanidinium hydrochloride (GuHCI).
Given that the two tryptophan residues in yM7 are located in
the C-terminal domain, their fluorescence change induced by
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GuHCI allowed us to monitor how a single fy-domain unfolds
in the content of a native two-domain protein. Interestingly, as
shown in Figure 6A, the Trp fluorescence of yM7 initially
increased with increasing GuHC], accompanied by a slight red
shift of the A,,. The fluorescence reached its maximum
intensity at about ~0.8 M GuHC], followed by a decrease with
the increase of the GuHCI concentration until the protein was
completely denatured. To further delineate the individual
contribution to the overall fluorescence change of these two
tryptophans, the unfolding of a homologous yM2b and W132F
yM?7 was monitored in the same manner. yM2b only contains
the tryptophan at the conjunction of the third and fourth GK
motifs. The Trp fluorescence profile of yM2b (Figure 6B)
showed a continuous decrease upon denaturation, whereas that
of W132F (Figure 6C) exhibited an increasing trend with the
increase of denaturant concentration. A significant fluorescence
jump at 0.8 M GuHCI appears to coincide with the initial
fluorescence burst observed in WT yM?7. These observations
indicate that the local environments of the two tryptophans in a
natively folded crystallin domain are different. The VL structure
helps to effectively quench the fluorescence of Trp165, whereas
Trpl32 is more fluorescent when it is buried in the
hydrophobic core. These distinct fluorescence profiles of each
tryptophan were also observed in human yD- and yS-crystallins
with one behaving as a fluorescence quencher and the other as

8 . )
a fluorescence enhancer.®” On the basis of these observations,
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the initial increase in fluorescence of yM?7 is likely due to local
unfolding of the VL spanning between the 37 and f8,
disrupting the key structure feature responsible for effective
fluorescence quenching of Trpl6S. The fact that losing the
quenching effect of Trpl65 precedes any significant fluo-
rescence change from the more buried Trp132 suggests that
under low denaturant concentration a native-like structural core
is maintained while the variable loops can be more readily
unfolded.

To test whether the early unfolding of the variable loop
observed for yM-crystallins is a common feature of lens y-
crystallins, we further investigated the denaturation of mouse
yS-crystallin. As shown in Figure 6D, an early loss of
fluorescence quenching effect was also observed for %S,
followed by a decrease expected for further exposing the
structurally buried Trp36 and Trpl32, at higher GuHCI
concentration. The fact that yS has a higher unfolding
denaturant concentration again suggests that yM-crystallins
are generally less stable than their counterparts in mammalian
lenses. In summary, y-crystallin domains may share a common
unfolding pathway starting from the unfolding of the variable
loops on the top of the wedged fold. This could partially expose
the hydrophobic core of the y-crystallin domain, potentially
leading to protein aggregation.

B DISCUSSION

The solution structure of zebrafish yM7-crystallin reveals the
common two-domain, four-GK topology found in other y (and
p-)-crystallins.** These two domains, linked by a short linker,
are stabilized by interdomain interactions between conserved
hydrophobic residues located in the domain interface. This
evolutionally conserved domain-pairing structure contributes to
the high thermodynamic stability required for lens proteins.”
However, compared to other known lens py-crystallin
structures from mammals, significant structural differences
were observed in the N-terminal domain of yM7 (Figure 3),
particularly in the variable loop between the 7 and /8 strands
(VL2). This difference seems to be due to the absence of a
tryptophan residue, which is conserved in this region in other
Pr-crystallins. As a consequence, the hydrophobic residues
flanking VL2 reorganized to maximize hydrophobic packing,
adopting a conformation similar to those structure-equivalent
counterparts VL1 and VL3, which also lack a tryptophan.
Apparently, the interaction between the tryptophan side chain
and the domain core is critical for the specific conformation of
the variable loop, which itself is key for effective fluorescence
quenching of the tryptophan residue.* The C-terminal domain
of yM7, however, maintains two conserved tryptophans and has
a VL structure almost superimposable on that of yD and S
crystallins. On the basis of these results, it can be predicted that
when the tryptophan in VL4 is missing, as in many other yM-
crystallins (Figure SA), the structure of the variable loop would
also closely resemble that of VL2 of yM?7.

In y-crystallin and S-crystallin domains from mammals, the
paired tryptophans are conserved in both N- and C-terminal
domains. It has been proposed that these residues help absorb
UV light between 295 and 400 nm, preventing it from reaching
the retina, while escaping photodegradation themselves through
a fast fluorescence quench mechanism.*”* Between the two
tryptophans, the one located in the variable loop serves as the
major mediator for the fast fluorescence quench,® whereas the
other one, located at the bottom of the hydrophobic core, is
likely to play a more important structural role by stabilizing the
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inter-GK connection.”® Consistent with this proposition,
irradiation of bovine yB-crystallin in vitro photodegrades
Trp42 and Trpl31 three times more efficiently than Trp68
and Trp157.* This UV role may be significant since cumulative
exposure to UV radiation is correlated with the prevalence of
senile cataract.”” Compared to mammalian y-crystallins, as
shown in Figure SA, only one tryptophan in the core of the C-
terminal domain is highly conserved in all fish yM-crystallins,
whereas the other three are completely dispensable. While the
structural tryptophan in the N-terminal core is commonly
replaced by a phenylalanine, interestingly, both tryptophans in
the variable loop are frequently substituted by a methionine.
The absence of these tryptophans in aquatic species, especially
the high fluorescence quencher, may be related to the low
exposure to UV light under water. Although yM-crystallins do
not conserve the Trp pairs, they are present in fish yS-, yN- and
P-crystallins.*® The presence of the four Trp’s in mammalian
yA-F-crystallins, proteins of the lens core, may reflect the
greater UV exposure of diurnal, land species.

The striking abundance of methionine residues in the yM-
crystallins suggests some importance of this amino acid for the
proteins. The observed lower heat stability of yM7-, yM2b-, and
some other yM-crystallins indicates that high methionine
content does not itself increase protein stability as speculated
previously.'® In general, the thermal stability of y-crystallins
appears to correlate with the body temperature,*® with higher
stability in mammalian crystallins. Alternatively, the flexibility of
methionine side chains could facilitate intermolecular inter-
actions.'! Interestingly, as shown in Figure 5B, the VLs and S-
strands with high methionine content in the second and fourth
GKs contribute to the domain interface, while the equivalent
regions on the third GK motif may potentially aid
intermolecular interaction similar to intramolecular domain—
domain interaction. Consistent with this notion, in the crystal
structure of the tetrameric fB2-crystallin (2BB2), the same
regions from the second, third, and fourth GK motifs are
directly involved in interdomain interaction with other
crystallin molecules.*” Under the extreme protein density of
the fish lens, the surface flexibility imparted by the methionine
side chain may also contribute to their cold adaptation
compared to those in mammals’ possibly at the expense of
their thermal stability.** The presence of a high content of
methionine residues (and others) in yM-crystallins has also
been suggested to contribute directly to the high refractive
index requirement of the fish lens.'> Consistent with this
notion, as shown in Figure SA, the positions frequently
replaced by a methionine are commonly occupied by those
with a lower refractive index increment, such as valine, alanine,
isoleucine, and threonine, in mammalian lens ;/-crystallins.50
Together with the fact that other refractive proteins such as the
S-crystallins from cephalopods' and the reflectins from squid'”
have also evolved to adopt extremely high methionine content,
optimization of the refractive index seems to be at least one of
the driving forces for methionine amino acid selection in lens-
related proteins. Finally, our structure of yM7-crystallin
indicates that the majority of the surface exposed methionines
are in close proximity with at least one aromatic residue.
Indeed, such interaction seems to be a common stabilizing
factor in many proteins, while mutations disrupting the
interaction are associated with several diseases.” In summary,
it is conceivable that high methionine content in fish yM-
crystallins is the result of an accumulative effect from the
requirement of high refractive properties, coupled with a low
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temperature environment and high protein density. During
evolution, the risk of oxidation of methionine residue, the
reduced need for high refractive index, and the requirement for
higher protein stability in mammals may have driven the
substitution of methionine by other amino acids.

In order to investigate the consequences of Trp and Met
content in fish yM-crystallins for higher backbone dynamics,
NMR relaxation studies of yM7 were performed. These showed
a noticeable difference in dynamics in surface loops among
YM7, 78->° and }/D—crystallins42 and revealed an interesting
correlation between the fast local internal dynamics in the
interdomain linker and its length. From a three-residue linker in
yD to four-residues in YM7 and five-residues in yS, the motion
of the linker increases. Interestingly, mouse yC has an isoform
in mice in which the linker has an extra amino acid insertion,
and it has been proposed that local motions in crystallins could
provide entropic compensation for the restrictions of short-
range order in lenses at high protein concentration.*

Tryptophan fluorescence of yM- and yS-crystallins showed a
very interesting denaturation profile, exhibiting a distinct initial
increase at low GuHCI concentration followed by a decrease to
a level corresponding to a fully unfolded state. On the basis of
the denaturation profile of each individual tryptophan in yM2b,
W136F-yM7, and the single Trp mutants of yD and 7S,%? the
initial fluorescence increase likely reflects loss of quenching by
partial unfolding of the variable loop, while the later decrease
corresponds to unfolding of the core of the Py-crystallin
domain. This unfolding mode perfectly agrees with our
previous NMR results of the stability-impaired mouse yS-
crystallin mutant, Opj, which revealed a partially unfolded
intermediate with a native-like overall structure but a much
more unfolded variable loop.23 Consistent with our results, a
single fy-crystallin domain from a nonlenticular protein has
recently been proposed to unfold through the formation of a
native-like intermediate,®" which exhibits elevated flexibility and
higher propensity of forming insoluble aggregates.’' Tt is
noteworthy that these partially unfolded intermediates are
structurally different from those proposed for human yD-
crystallin, which sequentially unfolds the four GK motifs under
increasing amounts of denaturant.> It is conceivable that the
intermediate observed in current studies may represent an early
stage of unfolding of a Py-crystallin domain, which may
promote further opening of individual GK motifs and
ultimately lead to protein aggregation.>®
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