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ABSTRACT A cataract is a pathological condition characterized by the clouding of the normally clear eye lens brought about by
deposition of crystallin proteins in the lens fiber cells. These protein aggregates reduce visual acuity by scattering or blocking
incoming light. Chemical damage to proteins of the crystallin family, accumulated over a lifetime, leads to age-related cataract,
whereas inherited mutations are associated with congenital or early-onset cataract. The V75D mutant of yD-crystallin is
associated with congenital cataract in mice and was previously shown to un/fold via a partially folded intermediate. Here, we
structurally characterized the stable equilibrium urea unfolding intermediate of V75D at the ensemble level using solution
NMR and small-angle x-ray scattering. Our data show that, in the intermediate, the C-terminal domain retains a folded confor-
mation that is similar to the native wild-type protein, whereas the N-terminal domain is unfolded and comprises an ensemble of

random conformers, without any detectable residual structural propensities.

INTRODUCTION

The lens of the eye is subject to stringent functional and
structural constraints: it must possess a high refractive index
to focus light onto the retina, it needs to be highly trans-
parent so as not to block or scatter incoming light, and it
must permit adjustment of its focal length for focusing on
objects at variable distances. These requirements are re-
flected in the unique biology of the lens, the bulk of which
is composed of terminally differentiated lens fiber cells
filled with a unique set of proteins, the crystallins, that ac-
count for ~90% of the total soluble lens protein. During
eye development, the maturing lens cells lose their nuclei
and organelles, eliminating cellular structures that constitute
potential sources of light scattering (1). As a consequence,
no new protein synthesis occurs in mature fiber cells at
the core of the lens, and therefore, crystallins must last
throughout the lifetime of the organism. Crystallins are clas-
sified into a-, 3-, and «y-crystallins (2). The a-crystallins are
small heat-shock proteins that form large oligomeric struc-
tures exhibiting chaperone-like activity (3). The (§- and
y-crystallins are two-domain @-strand proteins in which
each of the structurally homologous domains comprises
two intercalated Greek key motifs (Fig. 1). It is generally
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assumed that this architecture contributes to the high stabil-
ity of these proteins and their resistance to damage over their
long lifetime (4,5). The 8- and +y-crystallins, which exist as
dimers and monomers, respectively, most likely play a
predominantly structural role, contributing to lens clarity
(6,7) and refractivity (8).

Despite the thermodynamic stability of the crystallins, the
lens is vulnerable to external insults that cause cataract, a
pathological opacification resulting in blurred vision and,
in advanced cases, blindness. With an estimated 20 million
cases, cataract is the leading cause of blindness worldwide,
and thus the World Health Organization considers cataract
to be a priority eye disease. Cataracts are formed by protein
aggregates of damaged or modified proteins that precipitate
in the lens. These assemblies reduce visual acuity by scat-
tering incoming light.

Over the lifetime of an organism, various environmental
stresses can cause proteins to undergo chemical modifica-
tions such as oxidation, deamidation, carbamylation, UV
damage to aromatic residues, and cleavage of the peptide
backbone (9-12). In the eye lens, the «-crystallins are
believed to mitigate the detrimental effects of damage by
sequestering affected (- and +y-crystallins, thereby mini-
mizing the formation of insoluble By-crystallin aggregates.
Because essentially no new protein synthesis occurs in
mature lens fiber cells, the supply of a-crystallins available
to bind damaged (- or +y-crystallins will eventually be
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FIGURE 1 Ribbon representation of the x-ray structure of human WT
yD-crystallin (PDB: 1HKO0). V75, which is mutated to Asp in the cata-
ract-associated variant, is shown in space-filling representation. To see
this figure in color, go online.

exhausted, significantly increasing the probability of cata-
ract formation with advancing age.

In addition to age-related cataract, numerous mutations in
the 8- and +y-crystallins have been identified that are associ-
ated with congenital or early-onset cataract (13). Early-
onset cataract, which is particularly devastating in those
parts of the world that lack routine access to modern surgical
techniques for replacing cataractous lenses, implies a life-
time of blindness for those affected. In this work, we focus
on yD-crystallin, which makes up ~11% of the total lens
protein in young human lenses (14). yD mutations associ-
ated with early-onset cataract include R14C (15), R58H
(16), R36S (17), V75D (18), P23T (19,20), E107A (21),
G60C (22), R76S (23), and W42R (24), among others.
(Note that two different numbering conventions exist in
the yD-crystallin literature: the first starts with an N-termi-
nal Metl, and the second is based on the mature protein
sequence starting with Glyl. We use the latter convention
in this article and have named all mutants accordingly.)
The discovery of mutations associated with congenital and
early-onset cataract naturally raised the question as to why
these individual mutations lead to cataract so prematurely.
Structural analysis of mutants over the last 15 years has re-
vealed that, with the exception of R36S, these mutations
cause little or no large-scale conformational perturbation
(25-33), ruling out gross structural disruption or misfolding
as the defining cataractogenic feature.

Interestingly, despite the structural similarity of all these
mutants to wild-type (WT) yD-crystallin in the native state,
two of them, V75D and W42R, exhibit substantially altered
folding/unfolding behavior compared to the WT, populating
a stable intermediate over a wide range of denaturant con-
centrations (28,29). Both mutants possess amino acid
changes in the NTD, and both substitutions replace hydro-
phobic side chains that contribute to the hydrophobic core
of the NTD. In this work, we use the term “intermediate”
to refer to a stable equilibrium unfolding intermediate in
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the presence of 4.2 M urea. The urea denaturation profile
for V75D is provided in Fig. S1. For V75D, we demonstrate,
via sequence-specific NMR resonance assignments, that the
intermediate corresponds to a crystallin molecule having an
unfolded N-terminal domain (NTD) and a folded C-terminal
domain (CTD), consistent with previous observations (29).
Although the V75D mutation was originally discovered in
mice, a recent study demonstrated that the human mutant
appears to be disease relevant: human V75D yD-crystallin
transgenically expressed in zebrafish lenses was shown to
cause lens defects primarily associated with protein aggre-
gation, whereas human WT vyD-crystallin expression re-
sulted in normal lenses (34).

Given the unusual equilibrium unfolding behavior of
V75D +yD-crystallin, the possibility exists that a particular
residual or transient structure in the NTD of this mutant
may serve as a specific nucleus for aggregation and cataract
formation, rendering this mutant an interesting subject for
structural characterization. Furthermore, other studies indi-
cate that V75D is not efficiently recognized by the aA- and
aB-crystallin chaperones (35,36), suggesting that evasion of
the innate anti-aggregation system of the lens could also
play a role.

Because it is practically difficult to examine and charac-
terize partially unfolded proteins experimentally, structural
details of non-native crystallin states are scarce. Here, we
report the characterization of the urea-induced, partially
un/folded equilibrium structural ensemble of the V75D
mutant of human yD-crystallin by combining residue- and
atom-specific NMR data and low-resolution small-angle
x-ray scattering (SAXS) data with a computational struc-
tural ensemble approach. To our knowledge, this is the first
experimental structural study of a non-native, partially
un/folded state of any mutant crystallin associated with
early-onset cataract.

MATERIALS AND METHODS
Expression and purification of V75D yD-crystallin

A single colony of Escherichia coli BL21 Star (DE3) cells (Life Technol-
ogies, Grand Island, NY) bearing a pET14b vector encoding the full-length
human V75D yD-crystallin gene was used to inoculate 5 mL of Luria-Ber-
tani (LB) medium supplemented with 100 pug/mL ampicillin. This culture
was incubated overnight at 37°C in a rotary shaker, added to 1 L of fresh
LB medium containing 100 pug/mL ampicillin, and grown at 37°C in a ro-
tary shaker to an ODggp of ~0.6, at which point protein expression was
induced by the addition of isopropyl 8-D-1-thiogalactopyranoside to a final
concentration of 0.85 mM. Protein expression was allowed to proceed for
4 h at 37°C, after which the cells were harvested by centrifugation. The
cell pellet was re-suspended in ~40 mL of buffer Q (50 mM Tris
(pH 8.0), 1 mM EDTA, and 1 mM dithiothreitol (DTT)) and stored at
—80°C until it was thawed for protein purification.

The thawed cell suspension was lysed using a microfluidizer, and cell
debris was removed by centrifugation. Nucleic acids were precipitated by
adding polyethyleneimine to a final concentration of ~0.05% w/v and stir-
ring on ice for 25 min, followed by centrifugation. The supernatant was
passed over a 5 mL HiTrap Q HP anion exchange column (GE Healthcare



Life Sciences, Piscataway, NJ) equilibrated in buffer Q. V75D yD-crystal-
lin was collected in the flow-through, which was dialyzed overnight at 4°C
against 4 L of buffer S (25 mM MES (pH 6.0), | mM EDTA, 1 mM DTT,
and 2% v/v glycerol). After verifying that the pH had equilibrated to 6.0, the
dialysate was loaded onto a Mono S 10/100 GL cation exchange column
equilibrated in buffer S, and bound proteins were eluted over ~12 column
volumes using a 0-75% gradient of 1 M NaCl in buffer S. The crystallin-
containing elution peak was passed over a HilL.oad 26/60 Superdex 75 gel
filtration column pre-equilibrated in 25 mM MES (pH 6.0), | mM EDTA,
and 5 mM DTT for final purification. Isotopically labeled protein for
NMR studies was produced in the same manner, except that modified
M9 minimal medium containing '*C-glucose and '*NH,ClI as the sole car-
bon and nitrogen sources, respectively, was used for growth.

Preparation of partially unfolded V75D D-
crystallin

Purified V75D at dilute concentration was dialyzed at 4°C against an
~100-fold excess volume of 25 mM MES (pH 6.0) buffer containing
1 mM EDTA, 5 mM DTT, and 4.2 M urea. This urea concentration was
selected because the equilibrium unfolding intermediate is populated over
the 4-7 M urea range (Fig. S1). Equilibration was allowed to continue until
no further changes were observed in the protein’s '"H-'*N heteronuclear sin-
gle-quantum coherence (HSQC) NMR spectrum, which typically required a
period of 1 week. The partially un/folded species was stored at 4°C until it
was used in SAXS or NMR experiments, usually within a few days. No
visible aggregation occurred at any time between preparing the sample
and performing structural experiments.

Small-angle x-ray scattering measurements and
analysis

All SAXS measurements were performed at beamline 12-ID-B of the
Advanced Photon Source at Argonne National Laboratory (Lemont, IL)
using x-rays of energy 14 keV (4 = 0.8856 A). SAXS data were acquired
for both native and partially unfolded V75D. For each protein concentra-
tion, 30 x-ray exposures of 1 s each were recorded from the sample under
flow to minimize radiation damage. Protein scattering was recorded for
several concentrations ranging from 0.5 to 8 mg/mL to check for concentra-
tion-dependent effects. Reduction of the raw scattering data was performed
using beamline software. The 30 scattering curves for each concentration
were checked for outliers using the SAXS Similarity Tool (37), available
on the website of the SYBYLS beamline at the Advanced Light Source
of Lawrence Berkeley National Laboratory. After removing outliers, the re-
maining individual scattering curves were averaged to create the final data
for each sample.

Buffer scattering for subtraction from native V75D scattering was re-
corded using protein-free aliquots of the final gel filtration purification
buffer, whereas buffer scattering for subtraction from the partially unfolded
V75D scattering was recorded from aliquots of the urea-containing dialysis
buffer used during unfolding. Subtraction of the buffer scattering for each
protein sample was performed using PRIMUS (38) from the ATSAS
2.5.2 package (Biological Small Angle Scattering Group, European Molec-
ular Biology Laboratory, Hamburg, Germany).

NMR spectroscopy

All NMR experiments were carried out at 30°C using Bruker (Billerica,
MA) Avance 700 and 800 MHz spectrometers. All samples typically con-
tained ~300 uM protein. Sequence-specific resonance assignments for the
N, HN, Ce, and Cg atoms of full-length V75D in the presence of 4.2 M
urea were obtained from analysis of three-dimensional (3D) HNCACB
and HN(CO)CACB spectra in conjunction with the two-dimensional
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"H-'SN HSQC spectrum. The 3D spectra were acquired non-uniformly us-
ing Poisson gap sampling (39) and typically included ~35% of the points of
the total >N x '3C indirect grid. These spectra were processed using the
iterative soft thresholding method as implemented in the istHMS software
(40). The 2D 'H-'>N HSQC spectrum was sampled uniformly and
processed using NMRPipe (41). Spectral analysis was carried out using
NMRView] (42) and NMRFAM-SPARKY (43).

'Dyonn residual dipolar couplings (RDCs) were measured for the
partially unfolded V75D protein using the IPAP method (44) implemented
in a 3D HNCO spectrum. Stretched 6% polyacrylamide gels (45) were used
as the alignment medium, and RDC values were extracted as the difference
between the observed splitting in the aligned and isotropic samples. Spectra
were processed using NMRPipe and analyzed using NMRView).

Generation of models of the partially unfolded
V75D structure

Because no x-ray or NMR structure of the V75D variant exists, a homology
model was generated based on the 1.25 A resolution x-ray structure of WT
yD-crystallin (PDB: 1HKO) (46). The V75D amino acid change was intro-
duced using Coot (47), and the resulting structure was used in the program
flexible-meccano (48) to generate a pool of 50,000 models of the partially
unfolded state. In the flexible-meccano approach, physically realistic
models of unfolded protein segments are generated by randomly assigning
residue-specific backbone dihedral angles from a library of non-secondary-
structure elements in high-resolution protein x-ray crystal structures. In
each generated model, the folded C-terminal domain, residues 87-173,
was fixed based on its coordinates in PDB 1HKO, whereas the conforma-
tions of residues 1-86 were generated by the flexible-meccano procedure,
representing the unfolded N-terminal domain.

Prediction of experimental observables for V75D
structural models

The experimental observables for each conformer in the initial pool of con-
formers were calculated for comparison with the experimental data. N, HN,
Ca, and C@ chemical shifts were predicted using SPARTA (49), 'Dy_yyn re-
sidual dipolar couplings were calculated using PALES (50), and the SAXS
curves were predicted using CRYSOL (51).

Modeling of the partially unfolded V75D structural
ensemble

The program ASTEROIDS (52) employs a genetic algorithm for selecting
conformational ensembles from a large starting pool of possible structures
that agree best with the available experimental data. In the first round,
ASTEROIDS was used iteratively (53,54) to select five independent ensem-
bles of 200 structures each, all of which exhibited good agreement with the
experimental N, HN, Ca, and C@ chemical shift data. Subsequently, flex-
ible-meccano was employed to create a pool of 25,000 possible structures
using the PDB coordinates of the C-terminal domain and generating the
chain of the N-terminal domain using 1,000 residue-specific ¢/¢ values ex-
tracted from the earlier ensembles that were selected based on the chemical-
shift data. Using the new pool of 25,000 conformers, a second round of
ASTEROIDS selections was performed, this time simultaneously selecting
based on chemical shift, residual dipolar coupling, and SAXS data together.
In each selection, 20,000 iterations of the genetic algorithm were carried out
to ensure convergence; in practice, the results ceased to change after at most
a few thousand iterations. Ensembles of 50, 100, 200, 300, and 500 struc-
tures were generated to explore the effect of ensemble size on the agreement
between calculated and observed data. Five independent ASTEROIDS se-
lections were performed per ensemble size to assess the variability of the
results for a given ensemble size.
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RESULTS
V75D resonance assignments

Chemical shift assignments for N, HN, Ce, and C@ atoms of
the V75D equilibrium unfolding intermediate were obtained
by analysis of 3D HNCACB and 3D HN(CO)CACB spectra
in conjunction with the 2D "H-">N HSQC spectrum (Fig. 2
A; a superposition of the "H-'>N HSQC spectra of native
V75D and V75D in 4.2 M urea is provided in Fig. S2). Res-
onances associated with the unfolded NTD cluster in the
narrow center region of the spectrum (8.8 > oy > 7.8
ppm). As is well known, this lack of spectral dispersion is
caused by averaging of the chemical shifts over all possible
chemical environments sampled by residues in random coil
regions, in contrast to the restricted chemical environments
experienced by residues in a folded protein. The boxed re-
gion of the 'H-"N HSQC spectrum of Fig. 2 A is expanded
in Fig. 2 B, and assignments are shown. The NTD reso-
nances are narrow and intense, given the random-coil, flex-
ible nature of this domain, compared to the folded CTD, for
which well dispersed, but less intense, crosspeaks are
observed (Fig. 2 A). Of 173 total residues, assignments
were obtained for 153 N, 153 HN, 151 Ca, and 136 Cg res-
onances. Of the assigned residues, 76 are located in the
N-terminal domain. It should be pointed out that using
non-uniform sampling for 3D data collection was highly
beneficial; the time saved by collecting only 35-40% of
the total points in the 2D "N x '3C indirect dimensions
was used to increase the number of both increments and
scans per increment. This resulted in improved resolution

and signal/noise ratio, mitigating the resonance overlap
problem for the random-coil region to some degree.

Secondary chemical shifts reveal no residual
conformational preference in the NTD

Backbone chemical shifts are exquisitely sensitive to local
conformation. Secondary chemical shifts (Ad), especially
those of Ca and Cf resonances, permit prediction of helical
or strand conformations (55-57). The experimental second-
ary chemical shifts for the V75D NTD are displayed in
Fig. 3 A. As can be noted, only small A¢ values are
observed, and no detectable residual secondary structure
can be inferred for the NTD of the partially unfolded
V75D intermediate.

V75D residual dipolar coupling measurements

RDCs provide global orientation information and inform on
possible residual secondary structure. RDC values were ex-
tracted as the difference between the isotropic doublet
splitting and the doublet splitting in the aligned sample
(Fig. 3 B). We decided that only unambiguously determined
RDCs were valuable for assessing the NTD structure. There-
fore, it was necessary to unequivocally locate the center of
each doublet component, which was possible for 33 of the
76 assigned NTD 'H-""N resonances. All NTD residues
that exhibited IPAP-HNCO resonances with poorly identifi-
able centers were excluded from the RDC analysis.
Although this conservative approach resulted in accepting
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FIGURE 2

"H-'SN HSQC spectrum of V75D yD-crystallin in 4.2 M urea. The well-dispersed resonances are associated with residues in the folded

C-terminal domain, whereas the sharp and intense resonances, clustered in the center region of the spectrum, belong to residues in the unfolded N-terminal
domain. The region boxed in (A) is expanded in (B). In (B), the contour level has been adjusted to optimally show resonances of unfolded residues, rendering
the intensities of resonances for the folded residues very small. Resonance assignments are indicated by residue name and number.
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FIGURE 3 NMR data of V75D yD-crystallin in 4.2 M urea. (A) Ca and C@ secondary chemical shifts of the NTD. (B) Selected region of the 3D
IPAP-HNCO spectrum recorded for V75D yD-crystallin, aligned in a stretched polyacrylamide gel in the presence of 4.2 M urea. Superposition of repre-
sentative upfield (gray) and downfield (black) components for the doublets, recorded in separate sub-spectra, are shown for Ser19, Ser20, Asp73, and Asp75,
all in the NTD. The labeled crosspeaks are located at dco = 174.6 ppm, and the unlabeled weaker crosspeaks are from residues centered on nearby carbonyl
planes. (C) Experimentally measured RDC values versus position in the amino acid sequence of V75D yD-crystallin in 4.2 M urea. The dashed gray line

marks the boundary between the NTD and CTD.

approximately only half of all possible RDC values for the
V75D NTD, residues for which RDCs could be determined
are spread roughly evenly throughout the NTD sequence
and, therefore, comprise a representative set with respect
to the structure.

Averaging of the NTD RDCs suggests extensive
conformational heterogeneity

RDC values contain valuable information about possible
long-range order and/or dynamics of the unfolded NTD of
V75D. Conformational dynamics results in averaging of
the RDCs to small or nearly zero values (58). This is
observed here for the V75D NTD. The N-HN RDC values
are small, ranging from about —5 to +2 Hz. In contrast,
large and diverse RDCs, ranging from —16 to +20 Hz,

are measured for the CTD (Fig. 3 C). The small size of
the RDCs for residues in the NTD and the large absolute
size of the RDCs for CTD residues mirror the stark differ-
ences in resonance intensities in the 'H-'>N HSQC spec-
trum. This combined observation is consistent with the
notion that an ensemble of interconverting random-coil con-
formations is present in the NTD, whereas the CTD retains a
well-defined structure, similar to the native WT structure.
Our experimental chemical shift and RDC data are
consistent with an earlier folding study showing that the
V75D mutation destabilizes the NTD, resulting in easier un-
folding of the NTD compared to the CTD (29). Furthermore,
neither the secondary chemical shifts nor the RDCs of V75D
suggest the presence of any residual structure in the NTD of
the partially unfolded intermediate. Therefore, if the
unfolded NTD served as a seed for protein aggregation,
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non-specific, random interactions rather than a specific
structured aggregation nucleus would be involved.

V75D SAXS

SAXS curves for both native and partially unfolded V75D
were recorded. No concentration-dependent anomalies
were observed for native V75D, although for V75D in
4.2 M urea, very minor signs of aggregation were present
at the lowest scattering angles. We used moderate concen-
tration (200 uM) to collect the SAXS data for partially
unfolded V75D, omitting g values <0.017 A~ to eliminate
from the final analysis the data points most susceptible to
corruption by aggregation. Representative scattering curves
for native and partially unfolded V75D are shown in Fig. 4,
along with the predicted scattering curve for native WT yD.
The close agreement between the experimental V75D and
theoretical WT yD curves demonstrates the outstanding
quality of the experimental data and provides further evi-
dence that the native structure of V75D is not significantly
affected by the mutation.

ASTEROIDS modeling of the partially unfolded
V75D ensemble

The experimental chemical shift and RDC data indicated
that the NTD of V75D in 4.2 M urea is unfolded and devoid
of any appreciable residual secondary structure. To gain
further insight into the properties of this unfolded ensemble,
we used the ASTEROIDS software to select ensembles of
model structures that have ensemble-averaged properties
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FIGURE 4 SAXS curves for V75D human yD-crystallin in the absence
(black) and presence (light blue) of 4.2 M urea. The scattering intensity
is plotted as a function of the momentum transfer, g (47 sin 6/4). The red
trace is the predicted scattering curve based on the x-ray structure of WT
vD (PDB: 1HKO). To see this figure in color, go online.
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that match the experimental data. Starting from an initial
pool of 50,000 possible structures (conformation of residues
1-86 generated by flexible-meccano and conformation of
residues 87-173 fixed to the crystal coordinates of WT
vD), ASTEROIDS was used to select five ensembles of
200 structures that possess ensemble-averaged N, HN, Ca,
and C@ chemical shifts that agree with the experimental
chemical shifts (see Materials and Methods). The ¢/¢ pro-
pensities for each amino acid were extracted from the
selected ensembles and used in flexible-meccano to
generate a new pool of 25,000 conformational models.
This pool of models was used in additional ASTEROIDS se-
lections in which all chemical shift, RDC, and SAXS data
were applied simultaneously. The number of structures
required in the ensemble to reproduce all the experimental
observations accurately was determined empirically.
ASTEROIDS ensembles of 50, 100, 200, 300, and 500
members were generated, and the agreement between the
ensemble-averaged and experimental data was examined
as a function of ensemble size. Five independent
ASTEROIDS selections for each ensemble size were carried
out to assess the variability of the selection results for a
given ensemble size. As metrics for the agreement between
the ensemble-averaged and experimental data, the x* good-
ness of fit was used for the chemical shift and RDC data in
each of the five selected ensembles. The x> values for each
ensemble size were averaged and compared to evaluate
whether better agreement between experiment and compu-
tational selection was achieved by choosing additional
structures. The decrease in x> values for increasing
ensemble sizes is displayed in Fig. 5. As can be appreciated,
an ensemble of 50 structures is clearly insufficient to
accurately describe the experimental data, and ensemble
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FIGURE 5 A comparison of the x> goodness of fit for the chemical-shift
(black) and RDC (red) data as a function of ensemble size. To see this figure
in color, go online.



sizes of at least 100 structures are necessary. Thus, we chose
an ensemble size of 200 structures to ensure that ensemble-
averaged properties faithfully reflect the experimental
values. This guarantees that sufficient diversity is present
for recovering the experimental data without arbitrarily
inflating the ensemble size. The discussion presented below
is based on one particular selection of 200 structures, but it
holds for all independently selected ASTEROIDS ensem-
bles of 200 structures.

Comparison of ensemble-averaged and
experimental data

ASTEROIDS uses a genetic algorithm to optimize ensem-
bles of structures that maximally agree with the available
experimental data (59). Fig. 6 shows the comparison be-
tween the experimental secondary chemical shifts (black
bars) with those of the ASTEROIDS ensemble (green
lines). As evidenced by the close match between the two
sets, the 200-structure ASTEROIDS ensemble reproduces
the experimental chemical shifts very well. The largest dif-
ferences between experimental and calculated values are
seen for the HN chemical shifts, with glycine residues
13, 40, and 70 exhibiting the most pronounced deviations.
Because it is well known that HN shifts are the most difficult
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backbone shifts to predict from structure, these differences
are not critical.

The results of the optimization and selection process for the
RDC data are displayed in Fig. 7 A, with the experimental
RDC values shown in black and the ensemble-averaged
RDC values calculated from the ASTEROIDS-selected
ensemble of 200 structures in green. As can be appreciated,
the agreement is excellent, with an average difference be-
tween experimental and calculated RDCs of 0.1 Hz and a
maximal difference of 0.2 Hz.

NMR chemical shifts are exquisitely sensitive to local
structure, whereas RDCs report on internuclear vector ori-
entations that provide information on global conformation
and long-range angular order. SAXS data permit the
generation of overall shapes and were included in the
ASTEROIDS calculations as a complement to the NMR
data. Because the unfolded NTD exists as an ensemble of
dynamically interconverting, random conformers, the over-
all molecule does not have a single, well-defined global
shape as natively folded proteins do. The experimentally ob-
tained SAXS curve and the ensemble-averaged curve for the
200-structure ASTEROIDS ensemble are displayed in Fig. 7
B. The two curves show excellent agreement at low and
middle g-values, with some minor divergence at high
g-values. Possible reasons for this discrepancy may be
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related to imperfect buffer subtraction or inaccuracies in
modeling a random conformation’s solvent shell by small-
angle scattering prediction programs. Indeed, although
SAXS prediction works well for native, globular proteins,
it is not clear whether the same holds when the protein com-
prises both a well-packed, globular component and a large
unstructured part. Furthermore, the structural models gener-
ated by flexible-meccano that were used to calculate the
ensemble scattering assume that the CTD structure retains
the native conformation, a reasonable approximation given
that the CTD transition midpoint lies at a much higher
urea concentration than the one used here (Fig. S1) and
that resonances from the CTD are well dispersed in the
"H-'>N HSQC spectrum and very similar in position to those
of the protein without urea, in contrast to the NTD. Howev-
er, small structural changes in the CTD cannot be excluded,
and they may contribute to the discrepancy at the highest
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scattering angles, which report on shorter-distance structural
details. However, because the NMR evidence indicates that
the CTD is still folded into a near-native conformation, we
believe that the likelier explanation for the modest discrep-
ancy between the ensemble-averaged and experimental
curves is sub-optimal buffer subtraction, a problem well
known to manifest specifically at high scattering angles.

We also tested whether any subset of the 25,000 starting
structures could reproduce the experimental SAXS curve
accurately for all g-values. Five independent 200-structure
ensembles were selected using only the experimental
SAXS data (no chemical shifts or RDCs). The result for
one of the ensembles is shown in Fig. S3, but similar
outcomes were present for all five ensembles. Only
modest improvement was observed in the mid-g range
(0.15-0.20 A™1), and no improvement at high g, compared
to ensembles that were optimized using all the experimental
data. This indicates that the agreement between experi-
mental and ensemble-averaged SAXS data is not negatively
affected when all the experimental data are included in the
selection process. Furthermore, the agreement between the
ASTEROIDS ensembles and the experimental SAXS data
is clearly superior to the agreement between the starting
pool of structures and the SAXS data, demonstrating that
ASTEROIDS has made meaningful structure selections.
Overall, it can be concluded that excellent agreement
between the experimental and ensemble-averaged chemi-
cal-shift, RDC, and SAXS data is reached, providing confi-
dence that the modeled ensemble accurately reflects the
partially unfolded V75D ensemble.

Characterization of structures in the ASTEROIDS-
optimized ensemble

Fig. 8 depicts a comparison between the normalized distri-
bution of the radius of gyration of the 25,000 structures
(black bars) in the starting pool and the ASTEROIDS-opti-
mized ensemble of 200 structures (green bars). The starting
distribution is unimodal, with most structures exhibiting a
radius of gyration of 27-30 A, which corresponds to a
folded CTD with a modestly extended NTD. After selection
of an ensemble of 200 structures by ASTEROIDS, based on
the experimental data, the distribution becomes trimodal.
The first and most populated mode, around R, = 22 A, is
highly enriched in the ASTEROIDS ensemble compared
to the starting pool of conformers. One possible explanation
for the abundance of this mode in the selected ensemble is
that it may reflect the modest loss of compactness compared
to the native state (Rg = 17 A), which is frequently observed
in experimental studies of mono- and multimeric proteins
exposed to chaotropic agents (60). The second and third
modes represent successively more extended structures,
with R, values of ~30 and 38-40 A, respectively. Although
the experimental chemical shifts and residual dipolar cou-
plings demonstrate that no residual secondary structure is
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present, the ensemble’s relative enrichment in extended con-
formations is itself noteworthy. Whether this is a conse-
quence of using urea as a chaotropic agent or is of any
biological significance for promoting aggregation cannot
be ascertained at present. Illustrative structures belonging
to each of the three modes are displayed above the
histogram.

Validation of the ASTEROIDS ensembles

To assess the quality of our models, we employed a cross-
validation strategy. An additional series of ASTEROIDS se-
lections was carried out, in which subsets of the NTD chem-
ical-shift and RDC data were systematically withheld from
the ASTEROIDS calculations. The omitted experimental
data were then compared with data back-calculated from
the ASTEROIDS ensembles. For the chemical-shift valida-
tions, the chemical shifts of 16 randomly selected residues
distributed throughout the NTD sequence were withheld
from ASTEROIDS. The results of this cross-validation are
provided in Fig. S4. For all four atom types, (Ca, CB,
N, and HN), the withheld chemical shifts are accurately
predicted by the selected ensemble.

For the RDC validations, a different approach was used.
Instead of withholding RDCs randomly throughout the
NTD sequence, a series of ASTEROIDS selections was per-
formed in which experimental RDCs were withheld for
stretches of 10 consecutive residues (i.e., all available
RDC:s for residues 20-29, 30-39, 4049, ..., 70-79). This

systematic approach allowed us to test whether the distance
from the structured CTD plays any role. For the stretches of
sequences close to the CTD, the withheld experimental and
back-calculated RDC values agree well, whereas for
stretches farther away from the CTD, less perfect agreement
is noted, a trend that was not observed when validation was
carried out using the chemical-shift data. The data for the
RDC validations are provided in Fig. S5.

Overall, the agreement between experimental chemical-
shift and RDC data omitted from ASTEROIDS and these
data back-calculated from the selected ensembles is very
good, demonstrating that the ASTEROIDS-optimized en-
sembles reflect the characteristics of the partially un/folded
V75D ensemble.

DISCUSSION

In this study, we performed a comprehensive structural
assessment of the folding intermediate of human V75D
yD-crystallin in 4.2 M urea, combining experimental and
computational methodologies. Although no high-resolution
x-ray or NMR structure is available for the folded V75D
mutant protein, all existing NMR spectroscopic data suggest
that its native structure is very similar to that of the WT and
that no gross structural perturbations are present that could
explain the mutant’s cataractogenicity. Because previous
work established that a partially folded, stable intermediate
for this mutant can be observed in the presence of modest
chaotrope concentrations, the possibility existed that this
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partially folded state might promote aggregation and cata-
ract formation. Therefore, we evaluated whether any resid-
ual conformational preference exists in the unfolded NTD
of the intermediate that may serve as the initiation site for
aggregation. Indeed, many proteins, including apomyoglo-
bin (61), barnase (62), CheY (63), and a-lactalbumin (64),
are known to retain residual secondary structure under a va-
riety of denaturing conditions. However, as evidenced by all
the available data for V75D in 4.2 M urea, no residual struc-
tural propensity was detected in the unfolded NTD. At this
juncture, we stress that urea-induced unfolding is clearly not
identical to unfolding under native conditions. However, the
fact that this destabilized mutant can easily populate such a
stable unfolding intermediate over a wide range of chaot-
rope concentrations, in contrast to the WT protein, suggests
that this or a similar intermediate could also possibly exist
and could contribute to cataractogenesis under physiolog-
ical conditions.

V75D aggregation

At least three mechanisms for crystallin aggregation and
cataract formation have been proposed, each supported by
different types of evidence for different crystallins. The first
is an amyloid-based mechanism, in which misfolding of part
or all of the native crystallin structure leads to the formation
of fibrils made from oligomeric (-strand structures.
Amyloid fibrils of crystallin have been proposed for WT
vD (65-68), G61C yD (33), and WT ~C-crystallin (69),
among others. Aggregates of WT yD created in vitro under
acidic conditions (pH < 3) were reported to possess amyloid
characteristics; however, such conditions are very different
from those found in the eye lens, where the pH lies between
6 and 7, calling into question the physiological relevance of
these in vitro crystallin amyloids. A second proposed mech-
anism for cataract formation involves aggregation via 3D
domain swapping. The domain-swapping mechanism of ag-
gregation results in the exchange of one segment of the pro-
tein between two or more monomers, resulting in identically
structured pseudo-monomers, and in some cases, this
mechanism involves complete unfolding and refolding of
the protein (70). Such domain-swapped yD-crystallin ar-
rangements have been proposed previously (71,72). In
contrast to domain swapping, amyloid formation generally
involves the association of unfolded or misfolded protein
segments into non-native intermolecular 3-sheet structures,
although aggregates can also form directly from reorganiza-
tion of pre-associated, natively folded monomers (73).
Finally, a condensation mechanism has been suggested.
For this mechanism, no major unfolding or misfolding is
required. Instead, subtle alterations in the physiochemical
surface properties of the protein are thought to increase
self-association and aggregation. This process has been sug-
gested as the aggregation mechanism for R76S yD (27),
P23T vD (74), and V41IM vS-crystallin (75).
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For the V75D D variant investigated here, the NTD is
thermodynamically destabilized, as evidenced by the obser-
vation of a stable folding intermediate (29), and the NMR
data demonstrate that the NTD is completely unfolded in
4.2 M urea and lacks any residual structure. Aggregates of
V75D «D that form under physiological conditions (pH 7)
appear amorphous by negative-stain electron microscopy
(unpublished data), suggesting a non-amyloid structure.
Therefore, further experimental work is needed to charac-
terize the structure of the aggregate and the molecular mech-
anism of aggregation. Such studies are ongoing in our
laboratory.
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Figure S1: Equilibrium denaturation curve for V75D human yD-crystallin recorded as the
ratio of fluorescence intensity at 370 and 320 nm as a function of urea concentration.
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Figure S2: Superposition of the 1H-1>N HSQC spectra of V75D human yD-crystallin in the
absence (black) and presence (red) of 4.2 M urea. Several amide resonances associated
with the folded N-terminal domain (black) are labeled by residue name and number. The
corresponding resonances for the unfolded N-terminal domain reside in the central,
crowded region of the red spectrum.
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Figure S3: Experimental SAXS data (black), the calculated curve for the entire 25,000-
structure starting ensemble (light blue), and the calculated curve from the 200-structure
ASTEROIDS-ensemble optimized based on the SAXS data alone (red). The agreement
between the experimental and ASTEROIDS-derived calculated data is only modestly
improved compared to an ASTEROIDS-optimized ensemble in which all the experimental
data were used (compare to Figure 7B). Note that all ASTEROIDS ensembles agree
significantly better with the experimental data than does the starting pool ensemble.
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Figure S4: Validation of the ASTEROIDS-optimized ensembles using chemical shifts. Black
data points were used in ASTEROIDS, whereas the cyan data points were withheld from the
ASTEROIDS selection process. The ASTEROIDS ensembles reproduce the withheld data
points with high accuracy.
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Figure S5: Validation of the ASTEROIDS-optimized ensembles using RDCs. Black data
points were used in ASTEROIDS, whereas the cyan data points were withheld from the

ASTEROIDS selection process. The panels labeled “Xval 20s,” “

Xval 30s,” and so on, show

the correlation between calculated and experimental RDCs when, in the calculation, the
experimental RDCs of residues 20-29, 30-39, and so on (cyan) were omitted.
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