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Age-onset cataracts are believed to be expedited by the accumulation of UV-damaged human yD-crystallins
in the eye lens. Here we show with molecular dynamics simulations that the stability of yD-crystallin is
greatly reduced by the conversion of tryptophan to kynurenine due to UV-radiation, consistent with
previous experimental evidences. Furthermore, our atomic-detailed results reveal that kynurenine attracts
more waters and other polar sidechains due to its additional amino and carbonyl groups on the damaged
tryptophan sidechain, thus breaching the integrity of nearby dry center regions formed by the two Greek key
motifs in each domain. The damaged tryptophan residues cause large fluctuations in the Tyr-Trp-Tyr
sandwich-like hydrophobic clusters, which in turn break crucial hydrogen-bonds bridging two p-strands in
the Greek key motifs at the “tyrosine corner”. Our findings may provide new insights for understanding of
the molecular mechanism of the initial stages of UV-induced cataractogenesis.

ataracts are the leading cause of impairment and loss of vision in older adults, affecting nearly 22 million

Americans over the age of 40, and 51% of world population over the age of 65 (National Eye Institute:

www.nei.nih.gov and Prevent Blindness America www.preventblindness.org). Pathological studies have
revealed that cataracts are associated with the aggregation of major lens proteins, the By-crystallin family'.
Because no protein turnover occurs in the lens core, the accumulation of insoluble aggregates of crystallin scatters
incident light, reducing the light focused on the photoreceptors in the retina**.

One of the possible mechanisms of protein aggregation in age-related cataract is associated with the ultraviolet
(UV)-induced thermal and photochemical reactions to the aromatic residues in crystallin”''. It has been sug-
gested that UV damage to these aromatic residues may impair the folding and stability of lens crystallins and
contribute to cataractogenesis™'?. Previous studies have revealed that tryptophan (Trp) residues in crystallin can
absorb and filter most of the UV radiation with wave length of 240-310 nm'* due to its low sensitizing activity and
high physical quenching activity'*""”. However, Trp can gradually convert to kynurenine (KN) and its derivatives
(see Fig. 1a) during the long-time exposure to UV radiation from the Sun'®~*°. Actually, the content of KN is found
to be much higher in cataractous lenses than in normal lenses of the same age®**. Thus, protein side-chain
modification of Trp-to-KN may play an important role in cataractogenesis, as indicated by epidemiological
studies of humans and laboratory experiments on animals®****. However, the detailed molecular mechanism
leading to crystallin misfolding and subsequent aggregation is not yet well understood.

Human yD crystallin (HyD-Crys) is one of the most abundant and longest-lived y-crystallins in the lens
nucleus. HyD-Crys contains four intercalated anti-parallel B-sheet Greek key motifs in two homologous
domains (Fig. 1b and c)*. Four tryptophan residues, Trp,, and Trpgg in the N-terminal domain (N-td) plus
Trpi3p and Trp;se in the C-terminal domain (C-td), are found conserved in all the vertebrate B- and v-
crystallins (Fig. 1b and ¢). Our previous tryptophan fluorescence quenching studies with triple Trp-to-Phe
substitutions have shown that those Trp residues contribute significantly to the overall stability of HyD-
Crys'®'”?. Furthermore, both our recent experimental and computational studies on the wild-type HyD-Crys
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Figure 1| (a) An oxidative chemical reaction breaks the aromatic ring of
Trp during absorption of UV light. (b) and (c) The overall structure of
HyD-Crys protein. The backbone of each domain is represented as cartoon
(green, N-terminal domain; Cyan, C-terminal domain). The Trp residues
in the protein are presented as spheres (Yellow, N-terminal domain;
Magenta, C-terminal domain).

have revealed a sequential unfolding pathway of HyD-Crys (N-td
unfolds first, followed by the C-td) and a “domain swapping”
mechanism for the protein polymerization®***.

In this study, we used extensive atomistic molecular dynamics
simulations to investigate the effect of the conversion from Trp to
KN on structural stability and unfolding dynamics of HyD-Crys.
We found Trp-to-KN substitutions, expected to be caused by UV-
radiation, could significantly increase the unfolding speed of the
long-lived HyD-Crys protein. Unlike the wild-type, we observed
similar unfolding speed for the N-td and C-td in the quadruple
KN mutant. Our simulations indicate that the extra amino and
carbonyl groups in KN’s sidechain attract more water and other
polar sidechains, which essentially introduces “leakage” to the
hydrophobic central region of each domain (more profound in
C-td), and thus breaks the integrity of the dry cavities. In addi-
tion, we found that the original Tyr-Trp-Tyr sandwich-like aro-
matic cluster quickly loses the stability at the beginning of
unfolding when the middle residue Trp is substituted by KN,
consistent with our Trp-to-Phe mutagenesis studie'®”*”. The
large fluctuation then propagates to the “tyrosine corner” and
thus breaks the crucial hydrogen bond that bridges two B-strands
in the Greek key motifs. Individual single position substitution
indicates that the stability of C-td is more sensitive to the Trp-to-
KN substitutions than the N-td. These findings, for the first time,
provide a detailed unfolding pathway to the KN substituted
HyD-Crys and molecular insights into the UV-induced age-onset
cataractogenesis.

Results

The stability of human yD-crystallin with Trp-to-KN substitutions
was analyzed with the molecular dynamics (MD) unfolding simula-
tions. Because of the high physical integrity of the HyD-Crys, it has
been difficult to study the structural stability in native environments
in either experiments or theoretical simulations. In fact, HyD-Crys is
hard to be denatured even in high concentration urea®, and the
thermal denaturation midpoint is as high as 358.0 K** with half life
time of ~19 years from the initial unfolding step*’. As control run, in
our 200+ ns MD simulations, we found the wild-type (and the
quadruple Trp-to-KN mutant too) was very stable in pure water at
310K (see RMSD plot in Figure S1). Following our previous chem-
ical/thermal unfolding studies for the wild-type HyD-Crys***, we
tried to unfold both the wild-type and quadruple KN mutant at two
different temperatures, 380 K and 425 K, in 8 M urea (see Method
section for more details). For MD simulations at 380 K, we did not
observe significant unfolding of HyD-Crys for the wild-type even
after 500 ns. Therefore, we mainly discuss the results from simula-
tions at 425 K here. In the following sections, we first present the
unfolding simulation results derived from the wild-type and the
quadruple Trp-to-KN mutant, and then illustrate the influence of
the single position KN substitutions in both N-td and C-td.

Faster unfolding speed in quadruple kynurenine mutant than the
wild-type. In general, we found faster unfolding speed in the quadru-
ple KN mutant than in the wild-type. We compared the time de-
pendence of the fraction of native contacts Q and RMSDs for both
the wild-type and quadruple KN mutant. The results of a repre-
sentative trajectory are shown in Fig. 2a, 2b, and Supp. Fig. S2
(similar trends were also found in the other four independent trajec-
tories; see Fig. 3a and 3b later). Here, a native contact between
residues is counted if any heavy atom of one residue i is within 6.5
A of any heavy atom of another residue j (j-i > 3) in the crystal struc-
ture of the protein. The quadruple KN mutant trigged a complete
unfolding of entire protein, where the full protein Q (Qgn) quickly
drops to < 0.4 after ~30 ns and further decreases to < 0.1 after
~150 ns in the simulation (Fig. 2a). In comparison, the wild-type
still keeps the partially folded structure till the end of the simulations,
where the full protein Q (Qwr) mainly remains at around 0.5 for
~100 ns and slowly drops to 0.3 after 200 ns simulations (Fig. 2a).
The quick loss of tertiary and secondary structures is even clearer in
quadruple KN mutant from the detailed trajectory comparisons.
Representative conformations during the unfolding simulations are
shown in Fig. 2b. Four ab folded Greek Key motifs in HyD-Crys
gradually lost their B-sheet packs in the quadruple KN mutant during
the simulation. While in the wild-type, a clear “two-stage” unfolding
process was observed, with the N-td unfolding before the C-td (the
C-td remained mostly folded even after the N-td completely un-
folded). In the wild-type HyD-Crys, the native structure of the C-
td was well kept even after 150 ns MD simulations in 8 M urea at
425 K (Fig. 2b). Our unfolding simulations indicate that the Trp to
KN substitution greatly impairs the stability of HyD-Crys, parti-
cularly the C-td, which is consistent with our previous tryptophan
fluorescence quenching experiments that those Trp residues contri-
bute significantly to the overall stability of HyD-Crys'®'””” (more
discussions below).

Simultaneous unfolding of N-td and C-td in the kynurenine
mutant HyD-Crys. The importance of asynchronous domain un-
folding processes in the wild-type HyD-Crys, with a largely folded C-
td domain and a mostly unfolded N-td intermediate, indicates that
HyD-Crys may aggregate through successive domain swapping of
those intermediate conformations. This was found in our previous
folding/unfolding experiments in guanidine hydrochloride**** and
MD simulations in 8 M urea®®*. On the contrary, for quadruple KN
mutant, simultaneous unfolding of N-td and C-td was found in
HyD-Crys among all five independent trajectories. Fig. 3a and 3b

| 3:1560 | DOI: 10.1038/srep01560

2



0 30

60

60

Wild-type —All protein
P& Nd

—C-td

90 120 150 180 210
Time (ns)
—All protein
KN mutant _N-td

90

120 150 180 210

Time (ns)

b

WT

Ons Mutant Ons

Figure 2| (a) The time evolution of the fraction of native contacts Q for both the wild-type and the quadruple KN mutant. The native contact between
residues is counted if any heavy atom of one residue iis within 6.5 A of any heavy atom of another residue j (j-i > 3) in the crystal structure of the protein.
(b) Representative conformations of the wild-type and the quadruple KN mutant during unfolding simulations at 425 K.

0.8

-

0:4 O:G
Q (C-td)

0.8

0.8

0.6

Q (N-td)

0.2

0.0

i i

0.0

0.4 0.6
Q (C-td)

0.8

1.0

20.00
40.00
60.00
80.00
100.0
120.0
140.0
160.0
180.0
200.0
220.0
238.0

0

20.00
40.00
60.00
80.00
100.0
120.0

140.0

160.0

180.0

200.0

o

residue number

Q

residue number

160§

0 20 40 60 80 100 120 140 160 180 200 220
Time (ns)

0

0.1000
140 0.2000
1203 0.3000
100 0.4000
0.5000

80
: 0.6000
60 % 0.7000
40 0.8000
20 0.9000
o 1.000

0 20 40 60 80 100 120 140 160 180 200 220
Time (ns)

Figure 3 | The fractions of native contacts for the two domains are plotted against each other. (a) wild-type, (b) quadruple KN mutant. The fraction of
native contacts formed, Q,.s, for each residue. (c) wild-type, (d) quadruple KN mutant.

SCIENTIFIC REPORTS | 3: 1560 | DOI: 10.1038/srep01560



summarize the simulated unfolding reaction of the wild-type and
quadruple KN mutant HyD-Crys protein performed at 425 K in
8 M aqueous urea. The time evolution of the fraction of native
contacts of the two domains, Qy.g and Qc g are plotted against
each other, as obtained from five different unfolding trajectories
with a total simulation time of 2.3 ps. The plot clearly shows that
different unfolding patterns between the wild-type and quadruple
KN mutant, indicating a sequential unfolding in the wild-type and
simultaneous unfolding in the quadruple KN mutant of two domains
(Fig. 3a and 3b).

We further provide a more detailed view of the difference between
the wild-type and quadruple KN mutant by calculating the probabil-
ities of native contact formation for each residue, Q,., of HyD-Crys
as a function of simulation time during the unfolding process (Fig. 3¢
and 3d). Overall, the probability of native contact decreases consid-
erably faster in KN mutant than in the wild-type for both N-td and C-
td. In addition, more significant change was found in C-td of the
mutant, where the probability of native contacts for many residues
quickly dropped to < 0.3 within 40 ns during the simulations.
Therefore, the quadruple KN substitutions in HyD-Crys largely
reduced the stability of the entire protein and severely changed the
intrinsic unfolding pathway and its unfolding kinetics of C-td.

Kynurenine mutant introduces “leakages” to the dry central
region of each domain. It is of great interest to see how the Trp to
KN substitutions result in the above different unfolding behavior for
the N-td and C-td from the wild-type. The stability of the folded
HyD-Crys is largely related to the hydrophobic central region
formed by the two Greek key motifs in each domain. Here we
examine the structural difference and the contribution from Trp
residues to the hydrophobic central region between N-td and C-td,
which has not yet been studied in literature.

We first compared the number and type of hydrophobic residues
which form the dry central region for each domain. We observed that
four additional residues, Ile;y,, Phe gy, Ilej5g, and Leu;ge form a
more completed/compact hydrophobic central region in C-td
(Fig. 4a). The hydrophobicity inside each central region further

indicates that C-td is “dryer” than N-td (Fig. 4b). The well packed
hydrophobic central region could explain why C-td has higher
stability than N-td in the wild-type.

The four Trp residues in HyD-Crys are important to maintain the
stability of the native structures. Trpeg in N-td and Trp;s6 in C-td are
the essential components of the three-residue Tyr-Trp-Tyr clusters
linking two Greek key motifs in each domain (Fig. 5d). For example,
Trpes interacts with the aromatic sidechains of Tyrss and Tyrg, in N-
td, and Trps¢ interacts with the aromatic sidechains of Tyr;4s,
Tyrys0, and Tyr;s; in C-td. These aromatic residues block the solvent
and other polar residues from reaching the dry central region of each
domain. On the other side of each central region, Trp,, and Trp;30
tightly interact with the neighboring hydrophobic residues within
the central region, which help to keep solvent molecules out.
Therefore, these Trp residues are essential and act as the “water
blocker” of the dry central region (Fig. 4b). Interestingly, many
recent studies have shown that maintaining a dry hydrophobic core
is crucial for protein stability and integrity. The nanoscale drying (or
dewetting) within the hydrophobic core provides a significant driv-
ing force for the protein stability*>~*, while the penetration of water
(or other solvents) into the hydrophobic core often plays as the most
important initial step for protein unfolding*~*.

The hydrophobicity of the central region is largely reduced, how-
ever, when the four Trp are substituted to KN. As shown in Figure 1a,
the UV-induced reaction breaks the five-member nitrogen-contain-
ing pyrrole ring in Trp and introduces additional amino (-NH,) and
carbonyl (C = 0) groups to form KN. Therefore, the KN mutant is
more favorable to the solvent (e.g., water) and polar residues, result-
ing in a destabilizing factor to the dry central region in each domain.
Trp/KNy3 stays inside the dry central region and is completely
buried by hydrophobic residues in C-td. We observed significant
solubility changes of Trp/KN3o by calculating the water contact
number and the non-polar residue number during the simulations
(Supp. Fig.S3 and S4). At both 380 K and 425 K simulations, the
water contact number in KNj;4 is much higher than that in Trp;30,
while the non-polar residue contact number shows a totally opposite
trend (Supp. Fig. S3 and S$4). Consequently, the KN substitutions

Figure 4| (a) The hydrophobic central region of each domain. The backbone is represented as cartoon (green) and all the non-polar residues in the dry
central region are represented as spheres (cyan). Trp is colored yellow; the additional non-polar residues in C-td are colored in magenta.
(b) The inner surface of two domains. The hydrophobic residues are colored in blue and the rest residues are colored in green (C-td) or cyan (N-td).
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Figure 5 | (a) Structural view of the hydrogen bond formed at the “tyrosine corner” in C-td. (b) and (c) Number of hydrogen bonds at the

“tyrosine corner” during the unfolding simulation for both the wild-type and quadruple KN mutant. (d) Structural view of the Tyr-Trp-Tyr sandwich-
like cluster. (e) and (f) sidechain-sidechain distance between the Trp/KN and Tyr around the mutation site in N-td and C-td, respectively. The mutation
destabilized the “tyrosine corner” and broke the Tyr-Trp-Tyr sandwich-like cluster.

break the integrity of the hydrophobic core and introduce two “lea-
kages” to the dry central region in the C-td, which could be a crucial
reason why the quadruple KN mutant is easier and faster to unfold
than the wild-type.

The tryptophan to kynurenine substitutions trigger an early stage
unfolding of crystallin. From Figure 3d, we found residues ranging
from 140 to 150 lost their native contacts at the earliest stage in C-td
during the simulations (Qes < 0.2 within 60 ns), indicating residues
140-150 being the possible starting point of the unfolding process.
Detailed structural analysis shows that the segment of residues 140
150 contains the three-residue Tyr;43-Trpis6-Tyriso sandwich-like
clusters (Fig. 5d) and the important “tyrosine corner” (Trp;so in C-
td, Fig. 5a) which links two Greek key motifs in each domain. Similar
to the aforementioned three-residue Tyr-Trp-Tyr clusters, the
“tyrosine corner” is a classic feature of the Greek key motifs,
bridging two B-strands by a hydrogen bond between the tyrosine
hydroxyl group and a backbone carboxyl group. Loss of the
hydrogen bond in the “tyrosine corner” will cause the two Greek
key motifs to decouple from each other and thus introduce solvent
molecules into the dry central region in each domain. We plot the
dynamics of the hydrogen bond formation in both N-td and C-td in
the wild-type and quadruple KN mutant (Fig. 5b and 5C). We found
that the hydrogen bond in the “tyrosine corner” was totally lost at the
very early stage of the unfolding in quadruple KN mutant, about
30 ns in both N-td and C-td. However, for the wild-type, the
hydrogen bond lasted for ~90 ns in N-td and was well-maintained
in C-td even after 300 ns MD simulations. As a result, the Trp-to-KN
substitution greatly interrupts the stability of the “tyrosine corner”
and accelerates the unfolding in C-td, again consistent with the Trp
— Phe mutagenesis studies'®'””” where the five-member nitrogen-
containing pyrrole ring was lost in both cases.

The stability of the “tyrosine corner” may be interrupted by the
Tyr-Trp-Tyr sandwich-like clusters because they share a same aro-
matic residue Tyr in each domain. The sandwich-like packing is thus
loosed by the Trp to KN substitutions. To confirm our assumption,

we investigated the interaction between Tyr and Trp/KN in the clus-
ters by calculating the distance between the sidechains in both the
wild-type and the quadruple KN mutant (Tyrs, and Trp/KNgg in N-
td, Tyr 150 and Trp/KNjs¢ in C-td). We found a much larger fluc-
tuation of the sidechain distance for the quadruple KN mutant than
the wild-type in both N-td and C-td: the sidechain-sidechain dis-
tances were mostly larger than 10 A for N-td and C-td after ~30 ns
simulation for the quadruple KN mutant (Fig. 5e and 5f). This fluc-
tuation was quickly (within a few of nanoseconds) propagated to the
“tyrosine corner” by the amino acid Tyre,/150, and destabilized the
hydrogen bond between two Greek key motifs. Thus, no direct inter-
actions remained between the two Greek key motifs at the end, i.e.,
after the loss of hydrogen bond and the decoupling of the sandwich-
like aromatic packing, which essentially led to the exposure of the
hydrophobic residues in the central region to the solvent.

Trpi30-Phe;os is an additional aromatic pair bridging the two
Greek key motifs at C-td (Supp. Fig. S5a). Larger fluctuations were
also found in these aromatic pair in the quadruple KN mutant than in
the wild-type, in which the two sidechains were separated from each
other after ~30 ns and then allowed the solvent molecules to enter
the dry central region (Supp. Fig. S5b). Therefore, the KN substitu-
tions destroyed one extra aromatic pair between the two Greek key
motifs in C-td, which could explain why the stability of C-td is more
sensitive to the Trp-to-KN substitutions.

In our previous studies, we found that the surface non-native salt-
bridge formed between Glu, 3, and Arg 4, is critical in preventing one
of the Greek key motifs in C-td from complete unfolding in the wild-
type HyD-Crys. In our MD simulations, the non-native salt-bridge
was quickly formed in ~20 ns and then kept intact during the rest of
the simulations in the wild-type (Supp. Fig. $6), which further con-
firmed the important role of this salt-bridge in stabilizing the C-td.
However, in the quadruple KN mutant, the non-native salt-bridge
was broken after ~100 ns, indicating the complete unfolding of C-td
(Supp. Fig. S6).

We then looked at the water dynamics in the dry central region in
each domain for the wild-type and the KN mutant. The number of

| 3:1560 | DOI: 10.1038/srep01560

5



60

a —WT N-td
—WT C-td
50 Mutant N-td
—Mutant C-td
—
2 a0
©
3
G
O 30
—
[
e}
€ 20
S
<
10 ||‘ ‘
{1 “l’qh'\'l .
o % ilNh
0 60 120 180 240 300
Time (ns)
50 —WT N-td
b —WT C-td
Mutant N-td

40 - _Mutant C-td

| .
(]
+—
©
2 30
G
5]
| .
2 20
€
=}
z
10
!
0 n )i i)
0 60 120 180 240 300 360
Time (ns)

Figure 6 | The time evolution of water dynamics in each hydrophobic
central region for both the wild-type and the quadruple KN mutant. The
number of water inside N-td and C-td hydrophobic central region is
counted along the simulation time. MD simulations were performed at
two tempratures: (a) 425 K and (b) 380 K.

water molecules in the hydrophobic central region increased much
faster in the quadruple KN mutant than the wild-type in C-td
(Fig. 6a). In the quadruple KN mutant, the number of water mole-
cules was gradually increased from 3 at the beginning to ~30 after
100 ns in 425 K simulations. Similar trends were found in 380 K
simulations (Fig. 6a) but it took longer simulation time.

The stability of the C-td is more sensitive to the Trp-to-KN
substitutions than the N-td. In reality, it is unlikely to have all the
4 tryptophan residues substituted to KN in a single HyD-Crys
protein. Therefore, we further investigated the influence of
individual Trp-to-KN substitutions, in which only one Trp residue
was substituted by KN at a time. From our multiple ~200 ns
unfolding simulations, the single KN substitution in the N-td
(Trp42 or Trp68) resulted in the unfolding of N-td, similar to the
wild-type but with slightly accelerated unfolding speed, while the C-
td remained largely folded (Qc g > 0.5, similar to the wild-type) (see
Fig. 7a and 7b). On the other hand, the single KN substitution in the
C-td (Trpl30 or Trpl56) greatly reduced the overall stability of
HyD-Crys, affecting both N-td and C-td (Qc (g reduced to 0.2 in
some cases; see Figure 7c and 7d).

These results indicate that the C-td is more sensitive to the single
position substitution. In fact, the C-td remained largely folded in the

wild-type and all the N-td single mutants (native contact faction
Qc.ta ~0.5 at the end of simulations, see Fig. 3a, 7a, and 7b).
However, the C-td started to unfold with single mutations in its
own domain at either position 130 or 156 (Qc..q ~0.2 to 0.4. see
Fig. 7c and 7d), and completely unfold in the quadruple KN mutant
with two substitutions in C-td (Q¢ g < 0.1, see Fig. 3b). This clearly
shows the accumulation of Trp-to-KN substitutions in the C-td can
substantially decrease the stability of the C-td and thus the entire
protein, which is also consistent with our previous experimental
tryptophan mutagenesis study in GdmCI”’. The KN substitutions
in the C-td can essentially diminish the unequal structural stability
between the N-td and C-td in the wild-type (where C-td is more
stable than N-td), and substantially change the unfolding pattern
of HyD-Crys protein.

Meanwhile, from our simulation data, it seems unclear which Trp
is more important within each domain. For example, in the N-td,
similar unfolding processes for N-td (and C-td) were observed for
the single KN substitution at position 42 or 68 (representative tra-
jectories shown in Supp. Fig. S7 and S8). Similarly, in the C-td, both
single substitutions at position 130 and 156 accelerated the unfolding
of C-td (and the entire protein) in a similar manner (see represent-
ative trajectories in Supp. Fig. S9 and S10).

Another interesting point to further investigate the importance of
these tryptophan residues is to perform a similar but probably more
conservative quadruple Trp-to-Phe mutation. Our simulations
showed a similar unfolding pattern as compared to the quadruple
Trp-to-KN mutant, but to a slightly lesser degree in terms of C-td
unfolding (see Supp. Fig. S11). Both the N-td and C-td were
unfolded simultaneously in the quadruple Trp-to-Phe mutant as
well. This is consistent with our previous experimental Trp-to-Phe
mutagenesis studies''””’, where the triple Trp-to-Phe mutants were
found to be all less stable than the wild-type (denatured under lower
concentrations of GdmCI than the wild-type).

Discussion

The stability of Human D crystallin (HyD-Crys) is critical for
retaining the transparency and proper refractive index of the verte-
brate eye lens. The UV-induced damage model of cataractogenesis
suggests that the aromatic Trp residues could be the key to the folding
and stability of lens crystallins®*""". In this report, we have used
large-scale explicit solvent atomistic simulations to examine the
stability of HyD-Crys with tryptophan to kynurenine (KN) substitu-
tions by UV damage. Our simulations clearly suggest that the Trp-to-
KN substitutions could essentially reduce the stability and increase
the unfolding speed of long-lived human yD-crystallin, consistent
with our previous tryptophan fluorescence quenching experiments
that those Trp residues contribute significantly to the overall stability
of HyD-Crys'®'7?”. Unlike the sequential unfolding in the wild-type,
we found similar unfolding speed in both N-td and C-td of the
quadruple KN mutant. Detailed structural analysis shows that the
C-td forms more complete hydrophobic central region than the N-td
with extra hydrophobic residues (Ile;o,, Phejgq Ilejo, and Leu;ee)
near the Trp,3o and Trp;s¢ residues. This could be the main reason
why the C-td unfolds much slower than the N-td in the wild-type.
However, the extra amino (-NH2) and carbonyl (C = 0) groups in
the KN mutant attract more waters and polar sidechains to interact
with the hydrophobic central region, thus introducing “water lea-
kages” to the dry central region. Detailed analysis indicates that the
unfolding starts from the collapse of Tyr-Trp-Tyr sandwich-like
cluster due to the large fluctuations caused by the middle residue
substitution (Trp-to-KN). Then the fluctuations rapidly propagate to
the “tyrosine corner” and thus break the crucial hydrogen-bond
bridging the two B-strands in the Greek key motifs. Single KN sub-
stitution at each Trp position indicates that the stability of the C-td is
more sensitive to the Trp-to-KN substitutions than the N-td. The
single Trp-to-KN substitution in the N-td only affects the N-td, but
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Figure 7 | The fractions of native contacts for the two domains are plotted against each other. (a) Single KN mutant at position 42 in N-td. (b) Single KN
mutant at position 68 in N-td. (c) Single KN mutant at position 130 in C-td, (d) Single KN mutant at position 156 in C-td.

the C-td remains largely intact; however, the same single Trp-to-KN
substitution in the C-td can greatly affect the overall stability of HyD-
Crys. Overall, our molecular dynamics simulations combined with
previous experimental results provide new insights into the molecu-
lar mechanism of the UV-induced cataract formation.

Methods

The x-ray crystal structure of the wild-type human yD-crystallin (PDB entry: 1HK0,
173 residues) was used as the starting structure for molecular dynamics simulations,
which have been widely used in studies of biomolecules**~*. The protein was first
solvated in a pre-equilibrated 8 M aqueous urea solution with a box size of 73.1 A X
73.1 A X 73.1 A (1,920 urea and 8,192 water molecules; see Ref *” for more details).
The NAMD2*® package was utilized for the MD simulations with the NPT ensemble.
The CHARMM (parameter set c32b1) force field*’, and the TIP3P water were used as
the explicit solvent***'. The Particle Mesh Ewald (PME) method® was applied to treat
the long-range electrostatic interactions and a 12 A cutoff was employed for the van
der Waals interactions. The force field parameters of kynurenine (KN) were obtained
from best matching equivalent amino acid atom types in CHARMM force field
(parameters are available upon request). Besides the wild-type, both the quadruple
KN substitution (at position of 42, 68, 130, and 156) system and 4 single KN sub-
stitution systems were built to investigate the role of overall or individual Trp resi-
due(s) to the stability of human yD-crystallin. In addition, a more conserved
quadruple Trp-to-Phe mutant was simulated to further examine the importance of
Trp residues and to compare with our previous experimental Trp-to-Phe mutagenesis
studies in guanidine hydrochloride®. Both the wild-type and KN mutants of the yD-
crystallin systems were equilibrated via a 20,000-step energy minimization, followed
by 1-ns NPT equilibrations with 0.5 fs time step at 1 atm and 310 K. First, a control
run was performed for the wild-type (and the quadruple Trp-to-KN mutant) at 310 K

in pure water. For each system, at least five trajectories were run starting from
different initial configurations; the initial structures were randomly picked from the
equilibration trajectories. Two alleviated temperatures, 380 K and 425 K, were used
to unfold the protein in the wild-type and the quadruple Trp-to-KN mutant due to its
unusual stability. The rest single position Trp-to-KN mutants and quadruple Trp-to-
Phe mutant were performed only at 425 K to save computational resources. The time
step for all production runs was 2.0 fs. The total aggregated simulation time for this
study is about 12.0 ps.
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