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The prevalent eye disease age-onset cataract is associated with
aggregation of human γD-crystallins, one of the longest-lived proteins. Identification of the γ-crystallin precursors to aggregates is
crucial for developing strategies to prevent and reverse cataract.
Our microseconds of atomistic molecular dynamics simulations
uncover the molecular structure of the experimentally detected aggregation-prone folding intermediate species of monomeric native
γD-crystallin with a largely folded C-terminal domain and a mostly
unfolded N-terminal domain. About 30 residues including a, b, and
c strands from the Greek Key motif 4 of the C-terminal domain
experience strong solvent exposure of hydrophobic residues as
well as partial unstructuring upon N-terminal domain unfolding.
Those strands comprise the domain–domain interface crucial for
unusually high stability of γD-crystallin. We further simulate the
intermolecular linkage of these monomeric aggregation precursors, which reveals domain-swapped dimeric structures. In the
simulated dimeric structures, the N-terminal domain of one monomer is frequently found in contact with residues 135–164 encompassing the a, b, and c strands of the Greek Key motif 4 of the
second molecule. The present results suggest that γD-crystallin may
polymerize through successive domain swapping of those three
C-terminal β-strands leading to age-onset cataract, as an evolutionary cost of its very high stability. Alanine substitutions of the
hydrophobic residues in those aggregation-prone β-strands, such
as L145 and M147, hinder domain swapping as a pathway toward
dimerization. These findings thus provide critical molecular insights
onto the initial stages of age-onset cataract, which is important for
understanding protein aggregation diseases.

E

xploring the pathways of protein aggregation is crucial for
preventing and/or treating a wide number of human degenerative diseases, such as Alzheimer’s disease, Huntington disease,
type II diabetes, and cataract, which is a growing concern in today’s aging world population. Age-related cataract resulting from
aggregation of lens crystallins (1) is responsible for 48% of world
blindness (http://www.who.int/blindness/causes/priority/en/index1.
html) and affects 20.5 million Americans age 40 and over (http://
www.cdc.gov/visionhealth/basic_information/eye_disorders.htm).
The α-, β- and γ-crystallins are structural proteins of the vertebrate eye lens, which must remain soluble and stable throughout
lifetime in order to maintain lens transparency. Currently proposed models for cataract include protein unfolding as a result of
oxidative or UV-induced damage (2, 3). Such partially unfolded
protein conformations can participate in aberrant intermolecular
interactions leading to crystallin aggregation. The remarkable
stability of crystallins and chaperone function in the lens is presumed to prevent aggregation for a long period of time (i.e.,
approximately 40 years).
Human gamma D crystallin (γD-crys) is the third most abundant γ-crystallin in the lens and a significant component of
the age-onset cataract. It is primarily located in the central lens
nucleus, the oldest region of the body, and is therefore one of the
longest-lived proteins in the human body. As shown in Fig. 1A,
γD-crys is a monomeric protein composed of two structurally
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Fig. 1. (A) A cartoon representation of human γD-crystallin. The N-terminal
domain (N-td) and the C-terminal domain (C-td) are shown in yellow and
green, respectively. The heavy side chain of the residues at the interdomain
surface is shown in ball-stick representation. The E135–R142 residue pair is
also shown that forms a stabilizing salt-bridge interaction, as predicted in
earlier simulations. White color is used for nonpolar residues, while polar
residues are shown in green. Acidic residues are colored in red and basic
residues are colored in blue. (B) The complex topology of a crystallin domain
consisted of two intercalated antiparallel β-sheet Greek Key motifs. Each
motif is colored differently and the naming of the strands is illustrated.
(C) The residue–residue contact map of the crystal structure of human
γD-crystallin. A contact between residue i and j has been considered if
any heavy atom of residue i is within 6.5 A of residue j in the crystal structure.
The intradomain contacts are colored in cyan, whereas the interdomain contacts are colored in red. The secondary elements of the protein are also
shown along the axes, with β-strands in green and helices in red.

homologous domains (4). Each domain is composed of intercalated double β-sheet Greek key motifs (see Fig. 1B), a characteristic structural feature of the βγ-crystallin superfamily. The
duplicated domains connected by a linker peptide form a highly
conserved hydrophobic interface that plays a crucial role in
determining long-term stability (see Fig. 1A). To further illustrate
the complex topology of γD-crys protein, we plot the residue–
residue contact map calculated based on its crystal structure in
Fig. 1C. The contacts are colored differently, if they are intradomain or interdomain, to highlight the set of residues that comprise the domain–domain interface.
Folding/unfolding experiments of γD-crys have indicated the
existence of a partially unfolded intermediate with C-terminal
domain (C-td) mostly folded and N-terminal domain (N-td)
unfolded (5). Substitutions at the above-mentioned domain interface residues resulted in a sharp destabilization of the N-td and
enhanced this folding intermediate population in experiments
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Results and Discussion
An Intermediate State Is Populated During Unfolding of γD-crys
Monomer. Fig. 2A summarizes the primary events of the simulated

unfolding reaction of the native monomeric γD-crys protein
performed at 425 K in 8 M aqueous urea. In this figure the time
evolution of the fraction of native contacts formed for the two
domains, Q(N-td) and Q(C-td) are plotted against each other, as
obtained from different unfolding trajectories with a total simulation time of approximately 2 μs. A native contact is considered
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Fig. 2. (A) Simulated unfolding of human γD-crystallin at 425 K in 8 M aqueous
urea. The fraction of native contacts formed, Q(?), for the two domains are
plotted against each other, as obtained from an aggregate of approximately
2 μs of unfolding simulations. Each point on this plot is colored from blue to
red according to its time sequence during unfolding. Typical conformations
populated at different stages of unfolding are also shown. (B) Structural
changes of the C-td in the I2 ensemble. The RMSF in Å from the native structure,
the percentage of solvent-exposed surface area (%SASA) change, and the Kyte–
Doolittle hydrophobicity are plotted for each residue of the C-td within the I2
ensemble consisting >1;000 conformations with QC-td ≥ 0.4 and QN-td ≤ 0.3.
The regions that undergo strong conformational fluctuation and/or solvent
exposure, as well as contain hydrophobic residues, are highlighted.

to be formed between residues i and j if a heavy atom of residue i
is within 6.5 Å of a heavy atom of residue j in the crystal structure.
For the unfolded protein, Q(N-td) and Q(C-td) are close to 0,
whereas for the folded state, both Q(N-td) and Q(C-td) are
≈1. The time evolution of Q(N-td) and Q(C-td) clearly shows
sequential unfolding of two domains, consistent with experimental results (5–7, 10). The unfolding of N-td always preceded that
of C-td, as indicated by the rapid loss of Q(N-td) compared to
Q(C-td). This higher stability of the C-td agrees well with experimental data (22). We also show characteristic conformations
populated at different stages of unfolding in Fig. 2A. The structural details of these conformations suggest that the interdomain
contacts are broken before denaturation of the N-td starts [at
QðC-tdÞ ¼ ∼0.6, QðN-tdÞ ¼ ∼0.6, I1 configuration]. Next, a partially unfolded conformation (I2) with its C-td folded ðQðC-tdÞ ¼
∼0.4Þ and N-td largely denatured ½QðN-tdÞ < 0.3 is populated, in
agreement with the experimental finding of a γD-crys folding
intermediate (10). The C-td finally unfolds (to U conformation)
to complete γD-crys denaturation.
Because the structure of the I2 ensemble populated in the simulated unfolding is highly similar to the experimentally detected
folding intermediate with a more native-like C-td and an unfolded N-td that serves as the aggregating precursor in vitro, we
further analyze the structure of the I2 ensemble to identify crucial
structural changes. Although the C-td remains more native-like
compared to the N-td in the I2 ensemble, the C-td also experiences partial unfolding, as indicated by an approximately 60%
reduction of the Q(C-td) from the crystal structure. We also find
that, upon N-td unfolding the C-td undergoes a net approximatley 23% increase in solvent-exposed surface area (probed using a
sphere of 1.4 Å) from the crystal structure. Recent experiments
also suggested that a partial unfolding of the C-td is required for
aggregation, further demonstrating the structural similarity between the simulated folding intermediate and the experimentally
detected aggregation-prone species (23). To map this structural
change of the C-td at the residue level, the root-mean-square
fluctuation (RMSF) and the %SASA increase in the I2 ensemble
as well as the hydrophobicity of each residue within the C-td were
calculated (Fig. 2B). The RMSF per residue plot clearly indicates
that only the loop regions from Greek key motif 3 of the C-td
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(5–7). The isolated N-td is able to fold on its own into the native
configuration in experiments; however, the stability of the isolated N-td is much lower compared to that in the full monomer
(8). These results suggest that (i) the C-td stabilizes the N-td in
the context of full γD-crys monomer, and (ii) the C-td interface
serves as a template for the N-td folding in the full protein.
Characterization of cataractogenesis in the native environment
has been difficult due to the physical integrity of the lens. The
direct identification of the state of aggregation precursors within
the lens fiber cells or the intact lens has not been achieved due to
experimental complications. However, the experimentally found
partially unfolded intermediate conformation of γD-crys undergoes aggregation that competes with productive refolding, as
observed during equilibrium unfolding/refolding experiments
(9, 10). This in vitro off-pathway aggregation in GdmCl at pH 7
provides a unique model for studying crystallin aggregation in
vivo. Atomic force microscopy indicated that the aggregated state
of γD-crys is ordered filament-like (10). The bis-ANS binding of
γD-crys aggregate species suggested presence of exposed hydrophobic pockets (10). More recent experiments reveal that at low
pH, γD-crys polymerize into amyloid fibrils (11), similar to those
observed in neurodegenerative diseases.
Taken together, the detailed mechanism of crystallin polymerization is still unknown due to a lack of structural information of
the monomeric and oligomeric aggregation-prone species. Mapping the initial pathways of crystallin aggregation can provide a
route toward targeted searches for therapeutic agents inhibiting
pathological deposition for a number of protein deposition diseases including cataract. Molecular dynamics simulations (12, 13)
of protein models at different resolutions, from simple models
(lattice and off-lattice) (14–17) to continuum solvent models
(18, 19) to all-atom explicit solvent models (20, 21), have served
as a powerful tool to complement existing experimental techniques to advance our fundamental understanding of protein folding and aggregation. In this study, using extensive atomistic molecular dynamics simulations performed on the IBM Blue Gene/L
supercomputer we have characterized unfolding of human gamma D crystallin followed by oligomerization, which is consistent
with the current models of cataract. A partially unfolded intermediate conformation strikingly similar to the experimentally
observed aggregation-prone folding intermediate species is detected in our ≥2 μs denaturation simulations. This unfolded
intermediate species has its C-td more native-like and the N-td
largely unfolded. To explore the aberrant protein–protein interactions promoting γD-crys aggregation, we further simulated two
partially unfolded monomeric conformations together. Our ≥1 μs
simulated annealing molecular dynamics simulations of the
modeled γD-crys dimeric system reveal successive domain swapping at the C-terminal β-strands as a molecular mechanism for
γ-crystallin aggregation. Thus, this simulation study uncovers a
molecular picture of the unfolding and polymerization reactions
associated with the current models for cataract formation.
Because crystallins are model proteins for understanding β-sheet
folding, these molecular pictures obtained from simulated unfolding and oligomerization of human γD-crystallin can also offer
important clues to solve the so-called protein folding as well as to
understand the misfolding and aggregation of β-sheets implicated
in protein conformational diseases.

become more flexible upon N-td unfolding. On the other hand,
residues 132–164 from the Greek Key motif 4 that include a, b,
and c strands suffer large structural fluctuation (>3 Å). Those residues encompassing the interdomain interface also experience
strongest solvent exposure within the C-td with a net contribution
of >50% to the total increase in SASA. The hydrophobicity analysis reveals presence of eight hydrophobic residues in the 132–164
region, as delineated by the widely used Kyte–Doolittle hydrophobicity scale, in which regions with values above 0 are defined as
hydrophobic. Taken together, these analyses suggest that the a,
b, and c strands from the Greek key motif 4 that contain a large
hydrophobic region experience large structural perturbation as
well as strong solvent exposure upon unfolding of the N-td.
Simulations of Oligomerization of Aggregation-Prone Monomeric
Species. Because of its high structural resemblance with the ex-

perimentally detected aggregation-prone folding intermediates,
the partially unfolded intermediate with its C-td more native-like
and N-td largely unstructured detected in our unfolding simulations provides us an excellent candidate to study the mechanism
of intermolecular association during the competing off-pathway
polymerization reaction in vitro. To characterize the intermolecular interactions between those aggregation-prone species of
γD-crys we designed an in silico experiment. In this experiment,
the conformational dynamics of one partially unfolded monomer
in water is studied in presence of a second partially unfolded
molecule by using extensive atomistic molecular dynamics simulations combined with a thermal annealing protocol (see System
and Methods for details). The initial monomeric conformations
for this experiment are selected from the I2 ensemble (see
Fig. 1C). The simulations of the dimeric γD-crys are then performed in three different steps: (i) The N-tds of the monomers
are first fully unfolded by thermal denaturation; (ii) the conformational space of the denatured N-tds is then explored by simulated annealing molecular dynamics; (iii) the whole system is
allowed to relax at 350 K. During step i and step ii, the C-tds of
the monomers remain constrained and only N-tds are allowed to
move. Nine different sets of dimeric systems were simulated starting from different starting monomeric conformations representing the I2 ensemble. In the dimeric system, the distance between
the C-tds was varied from 30 Å to 56 Å. In addition, the relative
orientation of the monomers was also varied by changing the
monomer–monomer angle from 70° to 160°. The initial (at the
end of stage i) and final conformations (at the end of stage ii
and iii) for these trajectories are shown in Fig. S1. For comparison, the individual monomers alone were also simulated using
the same protocol stated above. During this in silico experiment
with modeled monomers and dimers, we consider the N-td to be
unfolded, if radius of gyration, Rg , is >20 Å, and solvent accessible surface area (SASA) is >10;000 Å2 . A collapsed state of the
N-td is considered if Rg is ≤15 Å and SASA is <7;500 Å2 (the
native N-td has a Rg of 11.7 Å and a SASA of 4;850 Å2 ). Thus,
a >5 Å lowering in Rg and a >2;500 Å2 decrease in SASA define
the collapse of the N-td in this study. We should also emphasize
that the simulated annealing molecular dynamics simulations
performed in this study are used to solely investigate the nonspecific collapse, but not the folding, of the N-td polypeptide chain;
as such, study is impossible with current computational resources.
Collapsed N-td Forming Interdomain Contacts in the Dimeric Structure. The time evolution of the radius of gyration of the N-td

(see Fig. S2A) was monitored during the in silico experiment to
follow the conformational change of the monomers. We find that
the denatured N-tds of the partially folded monomers, both in
isolation and in presence of a second monomer, undergo a collapse at 350 K, as indicated by the sharp decrease in both radius
of gyration and solvent accessible surface area. The time scale of
this simulated collapse (the first time N-td experiences a nonspe10516 ∣
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cific collapse starting from the completely denatured state
generated at the end of step i) of the N-td is approximately
20–100 ns. Fig, S2A, Top, illustrates the characteristic behavior
of the radius of gyration of the N-td during one such simulation
of the dimeric system, suggesting formation of a collapsed state
(Rg < 15 Å) from an extended state (Rg > 25 Å) of the N-td.
Table S1 summarizes the initial intermonomer orientation and
distance as well as the radius of gyration of the N-td in the final
dimeric ensemble for all nine runs performed in this study. We
found that the collapse of the N-td is favored in presence of a
second monomer, if the two monomers are oriented in an antiparallel manner (the angle between two monomers approaching
180°) and the distance between two monomers is lowered (see
Table S1). This observation suggests possible formation of intermolecular interactions facilitating the N-td collapse.
Next, the number of contacts between the N-td and the C-td,
NQN-C , was estimated as a function of simulation time (Fig. S2A,
Bottom). An interdomain contact between the N-td and the C-td
is considered, if the Cα atom of any residue i from the N-td is
within 10 Å of the Cα atom of any residue from the C-td. An
increase in the total number of interdomain contacts, NQN-C , was
observed during the N-td collapse for the monomers as well as
for the dimers, as shown in Fig. S2A. Such an increase in NQN-C
advocates the essential interaction of the N-td with certain
regions of the C-td during its collapse.
To investigate the time order of the collapse of the N-td and its
interaction with the C-td, we have estimated the cross-correlation
function between Rg and NQN-C time series. Fig. S2B shows the
typical cross-correlation found between Rg of the N-td and
NQN-C as a function of time lags for one I2 conformation during
simulations of the isolated molecule and in presence of a second
conformation. The cross-correlation reaches its peak at time lag
approximately 0 for all simulations, suggesting that the collapse of
the N-td is consistently accompanied by formation of contacts
with the C-td for simulations of both monomers and dimers.
Mechanism for γD-protein Oligomerization. The final collapsed
conformations at the end of simulations were always found to
form interdomain interactions. Those interactions were both
intramonomer and intermonomer for the dimeric system—i.e.,
the N-td of a monomer can interact with its own C-td or with the
C-td of the neighboring monomer, which is strongly determined by
the initial conformations. For example, if the two monomers are
aligned to each other in an antiparallel manner and they are
closer to each other, more intermonomer interactions are formed
between the N-td and the C-td (see Table S1). A few representative
conformations from the ensemble of dimeric γD-crys with collapsed N-tds, which is populated at the end of our simulations,
are shown in Fig. 3A (see also Fig. S1). Such conformations represent stable endpoints of the simulation and are stable for tens of
nanoseconds. In the first example, we show a final conformation in
which both N-tds interact with the C-tds in intra- as well as in intermolecular fashion, forming a structure similar to a close-ended
dimer. In the second example, one N-td forms contacts with the
C-td from the same monomer, whereas the other N-td interacts
with the C-d in both intra- and intermolecular fashion. We also
find conformations in which the N-td of one monomer remains
denatured, whereas the N-td of the second monomer undergoes
collapse by forming interchain contacts with the C-td, thus forming
conformation similar to a N-terminal open-ended dimer (example
3 and 4 in Fig. 3A). These simulations thus reveal that the oligomerization of the partially unfolded intermediates can occur
through interactions at the domain interface. The final dimeric
ensemble obtained from those trajectories contains structurally
different domain-swapped conformations, which are either closeended or open-ended. However, estimating the relative abundance and stability of those dimeric species require simulations,
which is beyond the limit of the current study. From the current
Das et al.

Fig. 3. Domain-swapped dimers of γD-crys. (A) Final domainswapped dimer configurations are shown from three different runs. The folded C-td and the unfolded N-td of one monomer are colored in green and yellow, respectively. For the
second monomer, the folded C-td and the unfolded N-td
are colored in blue and red, respectively. (B) The average
number of contacts with the collapsed N-td is plotted for each
residue within the C-td, as obtained from an ensemble of
>1;000 conformations, for both monomeric and dimeric systems. Those conformations are populated during the last 50 ns
of the simulations at approximately 350 K, in which the N-tds
are collapsed. The results obtained from isolated monomer
simulations are colored in black. The probabilities of intra-,
inter-, and total (intra- þ inter-) interdomain contact formation per residue in dimers are plotted in cyan, red, and gray,
respectively. (C) The number of interchain contacts formed
between the N-td and every residue of the Greek key motif
4 during the last 25 ns of MD at 350 K, for (left) the wild-type
dimer and for (right) the double mutant dimer. The number
of interchain interdomain contacts is colored according to
the color scale shown. The alanine substitution sites are indicated with an red arrow, where a decrease in intermolecular
interaction is noticed in the double mutant system. Results for
one representative trajectory are shown.
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Role of Interdomain Surface in Crystallin Stability. All known βγcrystallins from extant vertebrate species have duplicated Greek
key domains that are presumably evolved by gene duplication and
gene fusion from an ancestral single domain crystallin (24, 25),
as suggested by the high sequence and structural similarity of
the two domains. In fact, such single domain crystallins have been
identified—for example, in the Sea squirt Ciona (26). These
organisms may represent descendants of lineages that are candidates for the origin of the vertebrates. It is also noteworthy that
most βγ-crtstallins exhibit differential domain stability (27), suggesting that addition of a second domain and the interdomain
interface to the ancestral single domain protein contribute to
the overall stability of the full-length protein. In fact, stability
comparisons of the isolated domains with the full γD-crys monomer indicated that the domain interface contributes a ΔGH2O of
approximately 4.2 kcal∕mol to the stability of the full monomer
(22). This additional stability conferred by the interfacial interactions between the duplicated domains is likely very important
for maintaining the long life time of proteins of the lens nucleus,
and thus explains the selection for duplicated forms.
The crucial role of the interdomain interface in the folding,
stability, and aggregation of βγ-crystallins is supported by experiments (5–7, 28). In a previous unfolding simulation study of the
isolated domains of γD-crys, we have shown that the a and b
PNAS ∣
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two of those six residues, L145 and M147, with alanine and simulated the dimerization of the double mutant protein using similar
protocol as used for the wild-type protein. Strikingly, the final
ensemble for the double mutant shows less inter- as well as intrachain interdomain contact formation compared to the wildtype protein. For direct comparison, simulations of the double
mutant and wild-type dimers were started from identical initial
conformations, except that the residues L145 amd M147 were
substituted with alanines. Fig. 3C shows the residues from the
Greek Key motif 4 of the C-td of one monomer that form contact
with the N-td of the second molecule during the last 25 ns of one
representative MD trajectory, for the wild-type (left) and for the
double mutant (right). Clearly, the intermolecular swap of the ab
hairpin from the Greek Key motif 4 takes place to a much lower
extent in the double mutant compared to the wild-type protein.
The residues L145 and M147 are major components of the
hydrophobic interdomain interface in the monomeric γD-crys,
which significantly contributes to the overall native stability. Our
simulations suggest that substituting those two residues with less
hydrophobic ones may hinder domain swapping as a pathway
toward dimerization in γD-crystallin.

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

simulations, it appears that the close-ended domain-swapped
dimer formation is favorable, when the two monomers are oriented in an almost antiparallel manner. As the relative orientation starts deviating from antiparallel, formation of more openended domain-swapped dimers is noticed.
To examine the propensity of forming inter- or intramolecular
contacts within the C-td, we analyze the average number of interand intramolecular contact formation per residue of the C-td in
an ensemble of >1;000 final dimeric conformations that are collected from trajectories of runs 1–4 (Table S1) showing domain
swapping, in which N-tds are collapsed (Fig. 3B). For comparison,
we also plot the propensity of interdomain contact formation in
the final conformational ensemble of isolated monomers. The
regions from the C-td that were identified with high number of
contact formation with the collapsed N-td, both in dimers and
monomers, resemble the native interdomain interface. One exception is the participation of the 110–120 loop in the interaction
with the N-td in the isolated monomers, which becomes partially
unstructured in the I2 ensemble (see Fig. 3B). In the dimeric
structures, the C-td residues are found to interact with the N-td
in both intra- and intermonomer fashion. Particularly, residues
135–164 comprising a, b, and c strands from the Greek Key motif
4 are frequently found to interact with the N-td in an intermolecular manner (see Fig. 3B). Remarkably, the same region containing six hydrophobic residues experience partial unfolding
and strong solvent exposure in the monomeric partially unfolded
folding intermediate species. Thus, these findings suggest that,
about 30 amino acids including three antiparallel β-strands from
the C-td, which also comprise the native domain-domain interface, are swapped between adjacent monomers to facilitate the
intermolecular association of partially unfolded aggregationprone conformations of γD-crys. As a result, a “native-like” interdomain surface is formed in the dimers. In the current context,
presence of a native-like interdomain surface in the dimeric system suggests participation of residues from the C-td, which also
comprise the native interdomain surface (see Fig. 1C), in the formation of intermonomer linkage. As seen in the crystal structure,
the interdomain contacts primarily involve a, b, c, and d strands of
the Greek Key motif 4 (Fig. 1C). From the simulated dimric ensemble, it is clear that a, b, and c strands of the Greek Key motif 4
significantly contribute to the formation of the intermonomer
surface, thus resulting into a native-like interdomain surface in
the dimers (Fig. 3B).
As mentioned earlier, six of those residues are strongly hydrophobic. To test if those hydrophobic residues indeed play a key
role in promoting dimerization, we have substituted in silico

strands from the Greek Key motif 4 comprising the interdomain
interface are the most stable structure within full γD-crys (29).
We also uncovered that a Glu-Arg salt-bridge at the topologically
equivalent positions of residues E135 and R142 (see Fig. 1A and
ref. 29) plays a significant role in determining the stability of a
Greek Key motif. Disrupting the E135-R142 salt-bridge in silico
resulted in destabilizing the interdomain interface and facilitated the N-td unfolding (29). Similarly, an Arg14 to Cys (R14C)
mutation on γD-crys breaking the E7-R14 salt-bridge in the
Greek Key motif 1, which is associated with a juvenile-onset
hereditary cataract (30), triggers formation of intermolecular
aggregates in physiological pH.
Domain Swapping as a Molecular Mechanism for Crystallin Polymerization. Domain swapping (31, 32) has been recognized as an

aggregation mechanism for a number of proteins—for example,
human prion protein (33) and β2-microglobulin (34). Aggregation by domain swapping in an open-ended fashion has been
observed for cystatin C (35). Successive domain swapping of a
single domain has been previously suggested as a mechanism
for polymerization on the basis of the dimeric and/or trimeric
structures of Serpin (36), RNAse A (37), and cytochrome C (38).
Domain swapping of an α-helix has been reported in the minor
dimeric structure of RNase A (39) and in staphylococcal nuclease
(40), as well as in the dimeric and trimeric structures of cytochrome c (38). The major dimeric component of RNase A is
formed by swapping of the C-terminal β-strands (41). The crystal
structure of a stable dimer of serpin, a protein family that forms
large stable multimers leading to intracellular accretion and disease, revealed a domain-swapped structure of two long antiparallel β-strands (36). Domain-swapped trimeric structures have
been also reported for Barnase (42) and an antibody fragment
(43), but the mechanism of polymerization was not elucidated.
Domain-swapped polymers have been detected for a number
of functional proteins as well, such as T7 helicase, RecA, and carbonic anhydrase (32). Solved structures of the βB2-crystallins
show natural close-ended domain-swapped dimer, in which the
N-td interacts with the C-td intermolecularly (44). Based on
the presence of duplicated domains and the crucial role of native
interdomain surface in γD-protein stability, together with the in
vitro off-pathway aggregation reaction of the folding intermediate, domain swapping has been proposed as a plausible model
for γD-crys polymerization. However, aggregation by a domain
swap mechanism has not been experimentally observed for the
crystallins. Our large-scale simulations provide direct evidence
supporting this model, in which the aggregation-prone folding intermediate is found to form domain-swapped dimeric structures.
Structures similar to both open-ended and close-ended domainswapped dimers were detected in our simulations, which suggests
successive domain swapping as a possible mechanism for crystallin
aggregation in aged lens leading to cataract (Fig. 4). We identify
structural components of γD-crystallin that are prone to domain
swapping. This information can help us to design drug-like molecules that can prevent cataractogenesis in eyes. For example, small
molecules that can attach to the native domain–domain interface
and, therefore, hinder unfolding of the N-td can serve as drugs to
avoid cataract. Those molecules can provide additional stability to
the interdomain surface and prevent the C-terminal β-strands from
solvent exposure. In addition, based on simulations we propose
two potential mutation sites, L145 and M147, in which alanine
substitution can retard dimerization via domain swapping.
The findings of this simulation study, together with the previous experiments, shed important insights onto the pathways
of crystallin aggregation, which can be connected to the more
general theory of protein aggregation, suggesting the critical role
of an aggregation-prone monomeric species (termed as I2 in this
study, often referred as N* in literature; see refs. 45 and 46 and
references therein). The role of N* state has been implicated in
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D
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Close-ended domainswapped dimer

Fig. 4. Schematic summary of human γD-crys polymerization. (A) Crystal
structure of human γD-crys. (B) Simulated monomeric aggregation precursor
(I2), often referred as N* in the general mechanism of protein aggregation in
literature. (C) Simulated structure of open-ended domain-swapped dimer.
(D) Simulated structure of close-ended domain-swapped dimer. (E) Model
of human γD-crys hexamer formed via domain swapping. The coloring
scheme for the dimer system is same as in Fig. 3.

the aggregation pathways of transthyretin, prion proteins, and a
variety of amyloid proteins including aβ protein. Any changes in
the solution or environmental conditions (e.g., heat, UV rays) or
mutations that destabilize the native γ-crystallin will trigger the
formation of the aggregation-prone partially unfolded monomeric folding intermediates (N*). In such circumstances, successive domain swapping of the C-terminal strands may lead to
polymerization in a highly crowded lens environment (Fig. 4).
The emerging role of the native interdomain surface in triggering
polymerization indicate that the crystallin aggregation in aged eye
lens is an evolutionary cost of the long-term native state stability,
which, in turn, is determined by its complex domain architecture.
Because the successive intermolecular protein association by
means of β-sheet expansion (47) is also the mechanism underlying
a multitude of diseases including Alzheimer’s disease, Huntington disease, Parkinson disease, and the prion encephalopathies,
the detailed picture of crystallin unfolding followed by polymerization revealed in this study may provide valuable information
toward understanding those conformational diseases (48).
Conclusion
Large-scale atomistic simulations were used to reveal the molecular structures of the aggregation-prone intermediate species of
human γD-crystallin, an eye lens protein implicated in cataracteogenesis. The partially unfolded conformation with a mostly
folded C-td and a largely denatured N-td identified in the unfolding simulations has a structure strikingly similar to the aggregation-prone folding intermediate species observed in experiments.
A detailed structural characterization of this pathogenic monomeric state N* reveals the presence of a solvent-exposed partially
unfolded region within the more native-like C-td, which is approximately 30 amino acids long and contains eight hydrophobic
residues. This region includes the first three antiparallel strands
from the Greek Key motif 4, which also encompasses the interdomain interface crucial for native γD-crystallin stability. We
further simulated the intermolecular association of these monomeric partially unfolded aggregation precursors (N*) to elucidate
the mechanism of γD-crystallin aggregation. The denatured
N-tds experience a distinct nonspecific collapse that is essentially
accompanied by formation of specific interactions with the C-tds.
As a result, domain-swapped dimeric conformations were populated in our simulations. The partially unfolded and solventexposed region encompassing a, b, and c strands from the Greek
Key motif 4 in N* ensemble was found to be exchanged between
adjacent monomers, forming a native-like interdomain interface
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System and Methods
The initial structure of the wild-type γD-crystallin protein (see
Fig. 1A) containing 173 residues has been taken from the crystal
structure deposited in the Protein Data Bank (PDB ID code
1HK0). The molecular system for unfolding studies was prepared
by immersing the full monomer in 8M urea. The system contained
approximately 7,650 water molecules and approximately 1,775
urea molecules—a total of approximately 40,000 atoms. The partially unfolded intermediate conformations were generated by
unfolding the full γD-crys monomer at 425 K using 8 M aqueous
urea as a denaturant. Typical length of such unfolding simulations

was >300 ns. Details of the simulation setup and analysis of
γD-crys unfolding can be also found in SI Text and ref. 29.
To explore the oligomerization pathway(s) of γD-crys, two partially unfolded γD-crys molecules were placed together in a box
of size ∼100 Å × 100 Å × 100 Å containing approximately 26,000
TIP3P water molecules. Simulations were performed with different relative orientation ranging from 70° to 160° and with distance
between two C-tds ranging from 30 Å to 56 Å. The system containing a total of approximately 100,000 atoms then went through
a sophisticated annealing process (details in SI Text). Finally, we
allowed the complete system to relax at 350 K for >50 ns. This in
silico experiment on simulating dimeric structures was repeated
nine times starting from different configurations, in which the
monomer conformations as well as the intermonomeric distance
and orientation were varied. The partially folded monomers
alone were also simulated in water using the same protocol to
compare the intramolecular interactions with the intermolecular
interactions present in the dimeric system. L144 and M146 were
mutated in silico to alanine to create the initial structure of the
double mutant dimer, which was then simulated using a similar
protocol stated above. The aggregate MD simulation time for
both wild-type and the mutant oligomers is approximately 2 μs.

in the dimeric structures. We also observed that alanine substitutions of the hydrophobic residues in those aggregation-prone
β-strands, such as L145 and M147, located at the end of the ab
hairpin of the Greek Key motif 4 hinders domain swapping as
a pathway toward dimerization. In an older lens, the native proteins may aggregate by propagating domain swapping in an openended fashion along multiple partially unfolded monomers
leading to cataract. This simulation study thus provides critical
insights onto the molecular mechanism of initial stages of ageonset cataract formation, which is also important toward understanding other protein aggregation diseases.
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SI Text
Method Details. To study dimerization, the system containing a

total of approximately 100;000 atoms was gradually heated to
1,000 K followed by a ∼10 ns equilibration to completely denature the N-td (Rg > 20 Å). Next, we adopted a simulated annealing protocol to sample the conformational space of the denatured
N-tds. In this protocol, during approximately 65 ns MD, the temperature of the system was lowered from 1,000 K to 500 K using a
step size of 25 K and simulation length/step equal to 2 ns. The
system is further cooled down to 350 K with a 25 K step size
and a simulation length/step of 5 ns. During the heating and
the cooling processes, the C-td backbone remained fixed.
1. Kumar S, et al. (2008) Scalable molecular dynamics with NAMD on Blue Gene/L. IBM J
Res Dev 52:177–188.

All molecular dynamics simulations were performed using
NAMD2 molecular modeling package (S1) and CHARMM22
(parameter set c32b1) force field (S2) with a 2 fs time step.
The particle-mesh Ewald (PME) method was used for the
long-range electrostatic interactions, while the van der Waals
interactions were treated with a cutoff distance of 12 Å. The unfolding simulations were performed in an NPTensemble at 425 K
and 1 atm, whereas all simulations of partially unfolded monomers/dimers were performed in NVT ensemble.

2. MacKerell AD, et al. (1998) All-atom empirical potential for molecular modeling and
dynamics studies of proteins. J Phys Chem B 102:3586–3616.

Fig. S1. The initial (at the end of stage i) and final (at the end of stage iii) conformations for six different modeled wild-type dimer systems are shown. The
initial interchain orientations and distances for those dimer systems are indicated. The folded C-td and the unfolded N-td of one monomer are colored
in green and yellow, respectively. For the second monomer, the folded C-td and the unfolded N-td are colored in blue and red, respectively.
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Fig. S2. Dimerization of the partially unfolded monomers. (A) The radius of gyration, Rg , (in Å) and the number of interdomain contacts, NQN-C , are plotted
as a function of simulation time for two different monomers during steps ii and iii in a dimerization study. The results for monomers are colored differently.
A plateau of Rg at approximately 15 Å indicates the collapse of the initially unfolded N-td. (B) The typical cross-correlation found between Rg of the N-td
and NQN-C as a function of time lags for one particular I2 conformation during simulations of the isolated molecule and in presence of a second conformation.

Table S1. Summary of the initial and final states of all nine runs
End state of M1
θM1-M2

dM1-M2
(Å)

Rg(N-td)
(Å)

Interdomain
contact

1

153

40

14.5

Yes

2

134

50

13.9

3

128

30

4

157

5

End state of M2
Rg(N-td)
(Å)

Interdomain
contact

Swapping
of C-td

Yes

13.5

No

Yes

Yes

Yes

14.5

No

No

15.0

Yes

No

14.0

No

Yes

50

15.0

Yes

Yes

18.6

Yes

No

74

30

13.6

Yes

No

14.0

Yes

No

6
7
8

71
150
151

37
56
47

26.0
17.0
14.5

Yes
Yes
No

No
No
Yes

19.0
18.0
15.0

Yes
Yes
Yes

No
No
Yes

9

161

51

13.0

Yes

Yes

14.7

No

No

Run

Swapping
of C-td

Conclusion
Close-ended
domain-swapping
Open-ended
domain-swapping
Open-ended
domain-swapping
Open-ended
domain swapping
No significant
domain swapping
No domain swapping
No domain swapping
Close-ended
domain swapping
Open-ended
domain swapping

Initial intermonomer orientation and distance, as well as final N-td radius of gyration, interdomain contact formation, and C-td domain swapping. Data
collected from the final dimeric ensemble for all nine runs performed in this study.
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