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Abstract: The eye lens protein cD-crystallin contributes to cataract formation in the lens. In vitro

experiments show that cD-crystallin has a high propensity to form amyloid fibers when denatured,
and that denaturation by acid or UV-B photodamage results in its C-terminal domain forming the

b-sheet core of amyloid fibers. Here, we show that thermal denaturation results in sheet-like

aggregates that contain cross-linked oligomers of the protein, according to transmission electron
microscopy and SDS-PAGE. We use two-dimensional infrared spectroscopy to show that these

aggregates have an amyloid-like secondary structure with extended b-sheets, and use isotope

dilution experiments to show that each protein contributes approximately one b-strand to each
b-sheet in the aggregates. Using segmental 13C labeling, we show that the organization of the pro-

tein’s two domains in thermally induced aggregates results in a previously unobserved structure in

which both the N-terminal and C-terminal domains contribute to b-sheets. We propose a model for
the structural organization of the aggregates and attribute the recruitment of the N-terminal

domain into the fiber structure to intermolecular cross linking.

Keywords: amyloid; crystallin; cataract; cross-linking; aggregate; infrared; isotope labeling; 2D IR
spectroscopy

Introduction
Cataracts are a common protein aggregation disease

of the eye lens, resulting from the formation of insol-

uble deposits of lens crystallin proteins that blur

vision.1,2 Aggregation may result from mutations3 as

well as accumulated damage from sources such as

UV radiation,4–8 oxidative stress,5,9 and a variety of

post-translational modifications1,10 that induce pre-

cipitation or misfolding of lens crystallins. Although

the causes of damage are well known, the resulting

structures of aggregated lens crystallin proteins are

poorly understood. In vitro denaturation studies

have shown that crystallins can form a variety of

different kinds of aggregates, but that they have a

high propensity for the formation of amyloid

fibers.7,11–15 In fact, acidic conditions,11–13 chemical

denaturants, UV radiation,7 and thermal denatura-

tion16 have been shown to result in amyloid fiber

formation.

Human gD-crystallin is a structural eye lens

protein containing two domains with similar folds17

but very different stabilities and behaviors during

aggregation.7,8,11–13,18–21 In the native state, each of

the domains of gD-crystallin is made up of a b-

sandwich composed of two Greek key subdomains.17

Equilibrium unfolding and fluorescence studies have

shown that the protein’s N-terminal domain is less

stable than its C-terminal domain, and that a fold-

ing intermediate with a disordered N-terminal

domain and native-like C-terminal domain exists.19

The hydrophobic interface between the domains
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contains specific residue contacts that stabilize the

native fold, and the presence of this interface allows

the C-terminal domain to act as a template for the

folding of the N-terminal domain.21 The specific

association between N- and C-terminal domains can

also result in the formation of dimers or polymers

through a domain-swapping mechanism that has

been hypothesized as a possible route to precipita-

tion and cataract formation.22,23 In addition to

domain swapping, amorphous aggregation and amy-

loid fiber formation have been observed.7,11–13,24

Amyloid fiber formation is the dominant in vitro

mode of aggregation for gD-crystallin and a number

of other crystallins.7,11–16,25 Both the isolated N- and

C-terminal domains of gD-crystallin, as well as the

full-length protein, can form amyloid fibers in vitro

upon denaturation with acid.11–13 Previously, we

found that the acid-induced fibers formed by the

full-length protein behave differently than might be

expected from examination of the isolated

domains.11,12 Full-length, acid-induced gD-crystallin

aggregates only contain core b-strands from the C-

terminal domain, while the N-terminal domain

becomes highly disordered.12 In fact, nearly the

entire C-terminal domain forms amyloid b-sheets.11

We also observed similar domain behaviors in UV-B-

induced aggregates of gD-crystallin, in which amy-

loid fiber formation by the C-terminal domain is

accompanied by extensive side chain oxidation, pep-

tide bond cleavage, and covalent protein cross-link-

ing.7 The results of these studies suggest that the C-

terminal domain has a higher intrinsic amyloid pro-

pensity than the N-terminal domain, independent of

the mode of denaturation.

In this paper, we show that gD-crystallin can

form alternative aggregate structures upon thermal

denaturation. Using transmission electron micros-

copy and SDS-PAGE, we show that the aggregates

formed by thermal denaturation have sheet-like

morphology and may contain covalently cross-linked

proteins. To study the structure of these aggregates,

we use a combination of two-dimensional infrared

(2D IR) spectroscopy26 and segmental 13C labeling,

which we implement through expressed protein liga-

tion.7,11,12 2D IR spectroscopy is a useful technique

for determining protein structures in complex sys-

tems such as aggregates or membranes because

spectra can be collected straightforwardly in hetero-

geneous samples.7,11,12,27–36 Like FTIR spectroscopy,

2D IR spectroscopy is sensitive to the secondary

structure, solvent exposure, and dynamics of a pro-

tein based on IR frequencies and line shapes.26 Fur-

ther structural resolution can be obtained using

isotope labeling of a single amino acid,28–35,37–40

labeling of an entire sequence segment,7,11,12,41 or

through the incorporation of non-natural vibrational

probes.27,42–47 2D IR spectroscopy has a number of

important advantages over FTIR spectroscopy. First,

it allows the resolution of cross-peaks, which reveal

coupling between different vibrational

modes.26,31,36,48 Second, 2D IR signal strengths scale

with the fourth power of the transition dipole

moment, which results in increased resolution of the

various peaks in a 2D IR spectrum.26,38 Third, the

relative contributions of inhomogeneous and homo-

geneous broadening can be resolved from 2D line

shapes, revealing important information about struc-

tural order and dynamics.12,29,32,45,49,50 Finally, all of

these advantages can be obtained in kinetics studies

that take advantage of rapid-scan technology based

on mid-IR pulse shaping.38,51 Here, we use 2D IR

spectroscopy, segmental 13C labeling, and isotope

dilution to show that the aggregates formed from

thermal denaturation of gD-crystallin contain b-

strands from both the N-terminal and C-terminal

domains, a result we tentatively attribute to inter-

molecular cross-linking. These results are strikingly

different from those obtained from acid11,12 and UV-

B7-induced denaturation, and demonstrate that dif-

ferent structural isoforms may be produced depend-

ing on the mode of denaturation that induces

aggregation. With this information, and comparisons

to acid-induced amyloid fibers of gD-crystallin,12 we

propose a model for the thermally induced aggre-

gates of the protein. Finally, we discuss the implica-

tions of this model for the possible role of amyloid-

like crystallin aggregates in cataracts.

Results and Discussion

In this section, we present the results associated

with the aggregation of human gD-crystallin (S84C)

as induced by thermal denaturation. We also present

a comparison of the thermally induced aggregates to

acid-induced amyloid fibers of gD-crystallin, for

which we have developed a structural model in pre-

vious publications using 2D IR spectroscopy,12 and

which is consistent with mass spectrometry.11

Thermal denaturation of human gD-crystallin

(S84C) resulted in visible turbidity of the samples

within 30 min, followed by continued formation of

visible precipitates over the course of 3 h of incuba-

tion at 80�C. Transmission electron micrographs

showed aggregates as either twisted [Fig. 1(A)] or

flat sheets [Fig. 1(B)]. Analysis of the samples by

SDS-PAGE [Fig. 1(D)] reveals that the aggregates

are composed not only of monomers (�20 kDa), but

also dimers and a small amount of trimers and

higher-order oligomers. Based on integration of the

gel band intensities and the presence of some high

molecular weight species that did not enter the gel,

we estimate that a minimum of 25% of the total pro-

tein is cross-linked. Because SDS-PAGE samples

were prepared by incubating the aggregates at 95�C

in the presence of detergent and a thiol reductant,

non-covalent and disulfide-based oligomers are

unlikely to be present. Aggregates prepared in the
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presence of 2-mercaptoethanol [Fig. 1(D), Lane 4]

also showed the formation of oligomeric or cross-

linked species. Thus, we tentatively conclude that

the oligomers are produced by covalent, non-

disulfide cross-links between protein molecules.

However, exceptionally stable disulfide-based

oligomers52 and stable non-covalent assemblies53

cannot be ruled out. Wild type protein was analyzed

in the same manner and resulted again in identical

band patterns, showing that the S84C mutation,

which is required for expressed protein ligation in

segmentally labeled proteins, does not influence the

product distribution. For the purpose of comparison,

we present a typical TEM image of acid-induced

aggregates [Fig. 1(C)], which form uniform suspen-

sions of fibers with diameters of �5–10 nm.11 UV-B-

induced aggregates also form fibers with similar

diameters.7 The amyloid fibers formed by acid and

UV-B-induced denaturation are much narrower than

the sheets formed from thermal denaturation, which

have irregular dimensions that range from �50 to

1,000 nm across. Previous SDS-PAGE analysis of

acid-induced aggregates showed neither cross-

linking nor polypeptide cleavage,11 while UV-B-

induced aggregates showed both kinds of protein

modifications.7

To characterize the secondary structure of the

thermally induced aggregates, we turn to 2D IR

spectroscopy. The secondary structure sensitivity of

infrared spectroscopy is largely a result of the differ-

ences in vibrational coupling between peptide bonds

in a-helices, b-sheets, and random coil struc-

tures.26,54,55 The relative orientations of the vibra-

tional transition dipole moments and their respective

coupling constants associated with each secondary

structure cause delocalization of vibrational motions

that results in frequency shifts and intensity

changes.26 The 2D IR spectrum of unlabeled, ther-

mally induced human gD-crystallin [Fig. 2(A)] shows

features that are typical of amyloid fibers, including

a narrow, low-frequency peak pair (xpump 5 1614

cm21) assigned to b-sheets and a broader, high-

frequency peak pair (xpump 5 1625–1700 cm21)

assigned to disordered structures.12 In 2D IR spec-

tra, peaks come in pairs because the pulse sequence

probes both the (0–1) and (1–2) vibrational transi-

tions.26 The characteristic amyloid b-sheet peak at

1614–1620 cm21 appears at low frequency because

coupling constants between adjacent residues in b-

sheets are strongly negative,39,54,55 resulting in a red

shift of the amide band that scales with the size of

the b-sheet.54,55 The b-sheet amide I band is also

very narrow compared to that of the native protein

and the disordered signal in the aggregates, reflect-

ing a relatively small inhomogeneous contribution to

the line width that reveals a highly uniform environ-

ment for these b-sheet modes.12,26 The 13C-labeled

aggregates [Fig. 2(B)] contain similar sets of peak

pairs at 1570 cm21 and 1580–1660 cm21, respec-

tively, consistent with the �40 cm21 shift in fre-

quency that occurs upon replacement of 12C with
13C.12

For comparison, the 2D IR spectra of unlabeled

(12C) and labeled (13C) gD-crystallin fibers prepared

by acid denaturation are reproduced in Figure

2(C,D) from data reported previously.12 Slices

through the diagonals of the acid- and thermally

denatured 2D IR spectra [Fig. 2(E,F)], which reflect

the same modes that would be observed in FTIR

spectra, aid in their comparison. The spectra are

similar but the frequency of the b-sheet feature near

1620 cm21 in the thermally induced aggregates is

Figure 1. Characterization of thermally induced gD-crystallin aggregates. A. TEM image of thermally induced aggregates with

twisted sheet morphology. B. TEM image of thermally induced aggregates with flat sheet morphology. C. Acid-induced amyloid

fibers. D. SDS-PAGE analysis of thermally induced gD-crystallin aggregates. Lanes from left: (1) Molecular weight marker; (2)

native gD-crystallin (S84C); (3) thermally induced aggregates of gD-crystallin (S84C); (4) thermally induced aggregates of gD-

crystallin (S84C) with 2-mercaptoethanol; (5) native wild type gD-crystallin; (6) thermally induced aggregates of wild type gD-

crystallin; (7) thermally induced aggregates of wild type gD-crystallin with 2-mercaptoethanol. Image C is reproduced from data

described in Ref. 11.
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lower than that in the acid-induced fibers. This fre-

quency difference, though small, reflects structural

differences between the thermally induced and acid-

induced fibers. The frequency of this mode depends

on the size and structural order of the b-sheets,

which indicates that the thermally induced fibers

are larger and more ordered than those formed from

acid denaturation.

Another difference between the thermally

induced and acid-induced aggregates is apparent in

the broad peak pairs that are observed between

xpump � 1625–1700 cm21 in unlabeled aggregates

and xpump � 1585–1660 cm21 in the labeled aggre-

gates. These signals are due to disordered regions of

the proteins in the aggregates.11,12 It is clear from

the diagonal slices in Figure 2(E,F) that the disor-

dered structures in the thermally induced aggre-

gates have greater relative intensities than their

acid-induced counterparts, and also appear to con-

tain multiple discrete peaks. Because the samples

were cooled to room temperature for analysis, some

refolding of denatured structures is possible, and

may explain the presence of multiple features in the

disordered region of the spectrum. Thus, the unla-

beled spectra in Figure 2 provide an overview of the

secondary structure of the proteins, but do not

Figure 2. 2D IR spectra of gD-crystallin amyloid aggregates. A. Thermally induced 12C gD-crystallin aggregates. B. Thermally

induced 13C gD-crystallin aggregates. C. Acid-induced 12C gD-crystallin amyloid fibers. D. Acid-induced 13C gD-crystallin amy-

loid fibers. E. Diagonal slices of spectra in A (solid lines) and C (dashed lines). F. Diagonal slices of spectra in B (solid lines)

and D (dashed lines). Dotted lines though the maxima of the b-sheet peaks reveal frequency differences between thermally

induced and acid-induced b-sheets. Spectra of the acid-induced aggregates are reproduced from data described in Ref. 12.
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reveal which residues contribute to the b-sheets or

the disordered regions. To locate these regions

within the proteins, we turn to isotope labeling.

To obtain additional information about the

architecture of the aggregates, we use isotope dilu-

tion. The frequency of the amide I b-sheet signal is

related to the extent of vibrational delocalization in

the aggregates.12,55 The vibrational coupling in amy-

loid b-sheets is very strong and so if all strands are

composed of the same isotopes, the vibrational

modes will extend over many b-strands in the b-

sheets. The larger the delocalization of the vibra-

tional mode, the lower the b-sheet frequency.26,54,55

If the strands are not all composed of the same iso-

topes, then the couplings do not delocalize vibra-

tional modes as effectively, giving rise to a higher

frequency.12,28,55 We can use this fact to provide an

estimate of the number of b-strands each protein

molecule contributes to each b-sheet.12 By mixing
12C- and 13C-labeled proteins in various proportions

prior to aggregation, we observe a 13C b-sheet fre-

quency trend in the aggregates that reflects the cou-

pling between 13C-labeled b-strands (Fig. 3). Thus,

the frequency of the 13C amide I band provides a

measure of the number of b-strands each protein

contributes to the b-sheets. We quantify the fre-

quency as a function of the number of contributed b-

strands using transition dipole coupling simula-

tions,55 described in detail in a previous publica-

tion.12 Shown in Figure 3 are the frequency trends

for 13C amide I maxima for amyloid b-sheets in

which each individual protein contributes between

one and four b-strands to each b-sheet. We find that

the frequencies are consistent with approximately

one b-strand per b-sheet for each protein molecule

in the aggregates. We previously found a similar

result for the acid-induced fibers.12

We have also learned that each of the two

domains contribute b-strands to the amyloid b-

sheets of the thermally induced aggregates. Using

expressed protein ligation, we generated a variant of

gD-crystallin (S84C) in which the N-terminal

domain is 13C-labeled and the C-terminal domain is

unlabeled (12C).7,11,12 The spectrum of segmentally

labeled, thermally induced aggregates of gD-

crystallin is shown in Figure 4(A). First, we consider

the signal from the unlabeled C-terminal domain. In

the thermally induced aggregates, this signal

appears at xpump 5 1624 cm21, a much lower fre-

quency than the native 12C C-terminal domain

[which appears at xpump � 1640 cm21, Fig. 4(B)]

and within the typical frequency range for amyloid

fibers.7 Thus, we conclude that the C-terminal

domain still forms amyloid b-sheets. Turning to the
13C-labeled N-terminal domain, we see a peak with

a maximum at xpump � 1600 cm21, similar to the

native frequency.12 However, we also see a low-

frequency shoulder at xpump 5 1591 cm21. To better

visualize the appearance of this shoulder, we sub-

tracted the native protein spectrum [Fig. 4(B)] from

the spectrum of the thermally induced aggregates

[Fig. 4(A)], each of which was normalized to the

most intense diagonal amide I signal. This difference

spectrum [Fig. 4(C)], which is useful as a qualitative

indicator of frequency shifts, contains three differ-

ence peak pairs along the diagonal. The lowest fre-

quency pair, centered at xpump 5 1591 cm21, results

from the structural transition of the N-terminal

domain. The two other peak pairs, at xpump 5 1625

cm21 and with opposite sign at xpump 5 1638 cm21,

are the signal from the amyloid-like C-terminal b-

sheets and the loss of the native b-sandwich fold of

the C-terminal domain, respectively. Thus, it is clear

that both the N- and C-terminal domains form b-

sheets upon thermal denaturation, and that both

domains undergo conformational changes from the

native state to the aggregated state.

Also shown in Figure 4 is the spectrum of acid-

induced amyloid fibers with the 13C N-terminally

labeled [Fig. 4(D)].12 The acid-induced spectrum

indicates that only the C-terminal domain is

involved in amyloid formation, since sharp peaks

only appear at xpump 5 1617 cm21 and are identical

to that in the unlabeled acid-induced amyloid fibers

[Fig. 2(C)], as previously reported and confirmed

with mass spectrometry.11,12 Thus, it is immediately

apparent that both domains contribute to the amy-

loid b-sheets of the thermally induced aggregates

whereas in acid denaturation only the C-terminal

domain forms amyloid b-sheets. Moreover, in the

Figure 3. Isotope dilution study of thermally induced

gD-crystallin aggregates (solid black line, closed circles)

compared to acid-induced amyloid fibers (dashed black line,

open circles) and transition dipole coupling simulations

(colored lines, closed circles) for aggregate models with

n 5 1–4 strands per b-sheet per protein. Acid-induced fiber

data and simulation results are reproduced from Ref. 12.
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thermally induced aggregates, there is a �10 cm21

difference between the unlabeled amyloid b-sheet

peak in Figure 2A and the amyloid signal from the

unlabeled C-terminal domain in Figure 4A. Because

the frequencies do not match but the protein struc-

tures are identical, we must conclude that it is the
13C labeling of the N-terminal domain that causes

the frequency shift in the 12C C-terminal domain. In

other words, the 13C labels of the N-terminal domain

disrupt the vibrational coupling between the 12C res-

idues of the C-terminal domain. In order for one

domain to alter the frequency of the other domain,

both domains must contribute to the same amyloid

b-sheets, as we describe below.

Three hypothetical structural models for

thermally-induced aggregates of full-length gD-crys-

tallin (and its cross-linked products) are postulated

in Figure 5 assuming parallel b-sheets, which are

common in amyloid aggregates.56 Corresponding

models with antiparallel strands could also be con-

structed, but because b-sheets containing parallel

and antiparallel b-strands have similar amide I fre-

quencies, our conclusions (described below) would be

the same. We consider simple models in which the N-

terminal domain and C-terminal domain form inter-

acting amyloid b-sheets, consistent with our data

above. These models, shown in Figure 5, are: (A)

amyloid aggregates with the N-terminal and C-

terminal domains forming non-interspersed b-sheets;

(B) amyloid aggregates in which the N-terminal and

C-terminal domains of the same protein are

hydrogen-bonded to one another in the same b-sheet;

and (C) amyloid aggregates in which the N-terminal

and C-terminal domains of different proteins are

hydrogen-bonded to one another in the same b-sheet.

Models like these have been proposed for other

amyloid-forming proteins, and so might be thought

of as representative of the canonical set of plausible

amyloid aggregate structures.52,56–58 Based on the

frequencies of both the N- and C-terminal domains

in Figure 4(A), we exclude model (A), because

although b-strands may interact at the boundary of

labeled and unlabeled regions the intra-strand cou-

pling constants are too weak to cause a significant

shift in b-sheet frequency.39,54,55 Additionally, the

frequency of the shoulder on the labeled N-terminal

domain signal [Figure 4(A,C)] is too high for exten-

sively coupled N-terminal domains. We can also

exclude model (B) because the isotope dilution data

obtained from uniformly labeled proteins shows a

single strand per b-sheet per protein, whereas a

lower frequency would be expected in dilute 13C

aggregates with more than one consecutive b-strand

from each protein.12 Based on the exclusion of mod-

els (A) and (B), we are thus left with model (C) as

the most likely explanation for our data. Model (C) is

the only model that is consistent with the low-

frequency b-sheet peaks in the 2D IR spectra of uni-

formly labeled samples, the b-sheet frequency trend

observed upon isotope dilution of uniformly labeled

aggregates, and the frequency shifts of b-sheet peaks

that occur when the N-terminal domain of the aggre-

gates protein is 13C labeled.

It is known that both the N-terminal domain and

C-terminal domain can individually form amyloid

structures after denaturation with acid,13 which may

not be surprising given the sequence and native struc-

ture similarity of the N- and C-terminal domains.17

However, in our previous studies of full-length gD-

crystallin, only the C-terminal domain formed amy-

loid b-sheets.11,12 In fact, even when the polypeptide

backbone is cleaved by UV-B radiation, thereby sepa-

rating N- and C-terminal sequences, no amyloid struc-

tures containing N-terminal domain residues were

observed.7 Moreover, it is clear from our SDS-PAGE

results that polypeptide cleavage does not occur upon

heating, so domain separation cannot explain the

inclusion of both domains in the aggregate b-sheets.

Figure 4. 2D IR spectra of segmentally labeled gD-crystallin aggregates. A. Thermally induced amyloid aggregates of N-

terminally 13C-labeled gD-crystallin. B. Native N-terminally 13C-labeled gD-crystallin. C. Difference spectrum of thermally

induced aggregates (A) minus native (B) N-terminally 13C-labeled gD-crystallin. Features in the difference spectrum clarify the

amide I peak shifts associated with thermally induced aggregation: (i) additional low frequency intensity in the 13C-labeled (N-

terminal domain) region; (ii) additional low-frequency intensity in the unlabeled (C-terminal domain) region; (iii) loss of intensity in

the region of the native, unlabeled C-terminal domain indicated by a difference peak with opposite sign. D. Acid-induced amy-

loid fibers of 13C N-terminally labeled gD-crystallin. Spectra B and D are reproduced from data described in Ref. 12.
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Additionally, because the N-terminal domain is less

stable than the C-terminal domain under our experi-

mental conditions,19 the ratio of N-terminal and C-

terminal strands cannot be explained by the relative

proportions of unfolded domains at 80�C. Thus, we

hypothesize that the observed cross-linking drives the

formation of mixed-domain amyloid structures. Simi-

lar recruitment of peripheral b-strands into the amy-

loid fiber core, driven by cross-linking, has been

observed before.52 Also, amyloid cross-seeding and co-

polymerization experiments have shown that amyloid

proteins with different sequences or modifications can

co-localize in the same fibers.59–62 Thus, it is possible

that the N- and C-terminal domains can both contrib-

ute to the same b-sheets, even though they have dif-

ferent amino acid sequences. Our data supports that

conclusion.

Based on the relative shifts of the signals from

the N-terminal and C-terminal domains, we con-

clude that the amide I vibrations of the unlabeled C-

terminal domain are more delocalized in the aggre-

gates (14 cm21 red shift vs. native Greek key) than

those of the N-terminal domain (7 cm21 red shift vs.

native Greek key). This observation indicates that

the proportion of C-terminal domains in the aggre-

gate b-sheets is larger than the proportion of N-

terminal domains (Fig. 3). Because vibrational cou-

pling constants are invariant with 13C labeling,12,63

it is reasonable to assume that the 13C b-sheet fre-

quency trend observed upon isotope dilution is iden-

tical to that of 12C b-sheets. Referring to this trend

in Figure 3, we estimate that the b-sheets contain

approximately 30–40% N-terminal strands and 60–

70% C-terminal strands. This result is similar to the

proportion of putatively cross-linked products

observed in our SDS-PAGE results [Fig. 1(D)], and

thus corroborates our cross-linking hypothesis.

Although this difference in domain content may

seem small, we note that the frequency shift and

intensity increase due to vibrational coupling is

dependent on the proximity of multiple b-strands of

the same carbon isotopes. This may lead to large dif-

ferences in the 2D IR spectra based on small differ-

ences in the number of labeled N-terminal and

unlabeled C-terminal strands. For example, in a

randomly formed aggregate containing 65% unla-

beled (12C) b-strands, the probability of producing

three consecutive 12C strands is (0.65)3 5 0.275 while

the probability of producing three consecutive 13C

strands is (0.35)3 5 0.043. Of course, cross-linked

samples are not random; in our model [Fig. 5(C)]

labeled and unlabeled strands come in pairs. How-

ever, because we observe a greater shift in unlabeled

C-terminal amide I frequency, we know that the

aggregate b-sheets contain more C-terminal strands

than N-terminal strands. This fact may be explained

by the exclusion of some cross-linked N-terminal b-

strands from the aggregate b-sheets, or from the

incorporation of C-terminal strands from the non-

cross linked portion of the sample. Both of these pos-

sibilities can be explained by the greater intrinsic

amyloid propensity of the C-terminal domain, which

we have observed in our previous studies.7,11,12

Thus, in model (C) of Figure 5, we draw a higher

proportion of C-terminal domain than N-terminal

domain in the b-sheets.

Conclusions

In this paper, we demonstrate the formation of

sheet-like aggregates from thermally denatured

human gD-crystallin with extended, ordered b-

sheets that are similar to those that occur in amy-

loid fibers.56 Although the morphologies of these

aggregates are very different from amyloid fibers

formed by acid11,13 and UV-B7-induced denaturation

of the protein, one might conclude that the aggre-

gate structures are the same based on the similarity

of their FTIR (not shown) or 2D IR spectra. Aside

from small differences in amide I frequency and line

shape, 2D IR spectra of uniformly labeled aggregates

produced by thermal and acid denaturation are

indistinguishable. However, that is far from correct.

Segmental isotope labeling of the N-terminal domain

shows that that the amyloid-like b-sheets of the

thermally induced aggregates are actually very

different from those in the acid-induced fibers. In

Figure 5. Structural models for the thermally induced aggregation of gD-crystallin. Native gD-crystallin (left) is denatured by

heat, and undergoes both cross-linking and aggregation into amyloid-like b-sheets. Three general aggregate structures are pos-

sible. A. N-terminal (yellow) and C-terminal (blue) domains form consecutive, non-hydrogen-bonded b-strands. B. Both the N-

terminal and C-terminal domains of a single protein form b-strands in the same b-sheet. C. N-terminal domains of a minority of

proteins are recruited into a C-terminal domain b-sheet, possibly as a result of intermolecular cross-linking (red).
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the thermally induced aggregates, both the N- and

C-terminal domains contribute to the same b-sheets.

The C-terminal domain constitutes the majority of

the b-strands in these aggregates, consistent with it

being the more amyloidogenic of the two

domains.7,11,12 The identification of this alternative

aggregate structure highlights the importance of iso-

tope labeling in structural studies of protein aggre-

gates; without the resolution of domains provided by

segmental 13C labeling, the participation of the N-

terminal domain in the aggregate b-sheets could not

have been observed. Our results also prove that

ordered amyloid fibers can accommodate b-strands

with sequences that are not identical, which is an

important observation because sequence mismatches

between b-strands are relevant to amyloid polymor-

phism,64 amyloid cross-seeding,65 co-aggregation62 of

amyloid proteins, and some proposed amyloid struc-

tures of proteins with repeat sequences.66 The 2D IR

and isotope labeling methods presented here provide

a way to understand b-strand organization in these

and other complex amyloid aggregates.

These results indicate that amyloid-like aggre-

gates of gD-crystallin can occur in a variety of differ-

ent isoforms depending on the mode of denaturation.

In previous studies, we showed that only the C-

terminal domain forms amyloid b-sheets after acid-

or UV-B-induced denaturation. Here, we attribute

the recruitment of N-terminal domain sequences

into the b-sheets to the formation of highly stable

associations between protein molecules we observed

in the SDS-PAGE analysis of the thermally induced

aggregates, a phenomenon that is not observed in

acid-induced aggregates12 but has been identified in

other systems.52 We tentatively attribute these asso-

ciations to covalent cross-linking, which can result

from the incubation of proteins at elevated tempera-

tures.67 However, some amyloid aggregates, such as

those formed by Ab, also form non-covalent SDS-sta-

ble dimers upon disruption,53 suggesting that strong

non-covalent interactions between gD-crystallin mol-

ecules may account for the observed dimers and

oligomers. Although some cross-linking was also

observed in UV-B-induced fibers, the presence of

other modifications such as side-chain oxidation and

peptide bond cleavage may prevent the recruitment

of the N-terminal domain into the UV-B-induced

fiber b-sheets.

The differences between amyloid fibers formed

from thermal and acid denaturation highlight the

complexity of amyloid aggregation processes. The

final structures of amyloid aggregates likely depend

on the details of the misfolding pathway, including

the structural characteristics of the initial denatured

state, barrier heights between folding intermediates,

and the stability of the final aggregates. In gD-

crystallin, the N-terminal domain is less stable to

chemical and thermal denaturation than the C-

terminal domain,68,69 but it is the C-terminal

domain that forms the majority of the amyloid b-

sheet core in aggregates prepared by a variety of

denaturation methods.11,70,71 Additionally, Brubaker

et al.72 showed that the thermal stabilities of

mutants of the closely related protein gS-crystallin

do not predict their aggregation propensities.

Because the final gD-crystallin amyloid aggregates

prepared by thermal and acid denaturation are dif-

ferent at both the morphological and molecular

structure level, it is clear that a detailed analysis of

the entire aggregation pathway is required to under-

stand how the different structural isoforms are

favored under different conditions. Rapid-scan 2D IR

spectroscopy38 provides a possible means of deci-

phering the structural evolution of lens crystallin

proteins during amyloid aggregate formation.

The results presented here also have important

implications for the study of g-crystallin aggregation

in cataracts. To date, amyloid fibers have not been

observed in protein aggregates taken from cataractous

lenses, despite the apparent high propensity for crys-

tallins to form amyloid fibers in vitro.1,7,11–16,20,25,73

However, in a few cases where the infrared spectra

of such aggregates have been measured, low-

frequency absorption near 1620 cm21, which is char-

acteristic of extended amyloid b-sheets, have been

reported.74 The fact that such spectral features are

observed for aggregates that form sheets instead of

fibers indicates that amyloid-like aggregation may

occur even where fibers are not observed. In fact,

amyloid-like infrared spectra of g-crystallins, with-

out the presence of fiber morphology in TEM

images, has been observed in vitro.6 In addition, the

presence of intermolecular cross-links in thermally

induced gD-crystallin aggregates mirrors the cross-

linking observed in heavily damaged, aged

lenses.2,9,75,76 Although the nature of our in vitro

cross-links remains to be determined, our results

suggest that the presence of intermolecular cross-

links may influence morphologies and molecular

structures of lens crystallin aggregates.

Materials and Methods
All chemicals were purchased from Sigma-Aldrich

and used as received, unless otherwise specified.

Human gD-crystallin, and its segmentally labeled

variants, were expressed in Escherichia coli and

purified as described previously.12

Samples of human gD-crystallin were dissolved to

�20 mM in 20 mM sodium phosphate buffer (pH 7.0)

with 100 mM NaCl. For samples used in 2D IR experi-

ments, buffers were prepared with D2O instead of

H2O. All samples were thermally denatured by plac-

ing them in microcentrifuge tubes on a heating block

set to 80�C, and incubated for 3 h. The resulting pre-

cipitates were gently resuspended by pipetting. Trans-

mission electron micrographs of methylamine
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tungstate stained samples were collected at the Uni-

versity of Wisconsin Medical School Electron Micro-

scope Facility, using a Philips CM 120 transmission

electron microscope. SDS-PAGE samples were pre-

pared by immediately dissolving the aggregates in

Laemmli sample buffer (containing 20 mM 2-mercap-

toethanol), and were heated for 10 min at 95�C to dis-

perse the aggregates. Band intensities on the SDS gel

were integrated using ImageJ software, which is

available free of charge from http://rsbweb.nih.gov/ij/.

Samples of gD-crystallin were cooled to room

temperature and placed between CaF2 windows sep-

arated by a 56 mM Teflon spacer. 2D IR spectra were

collected and analyzed as described previously.12,38

In addition to uniformly labeled and segmentally

labeled samples, samples were prepared with mix-

tures of 12C and 13C proteins for an isotope dilution

study. Proteins were mixed prior to denaturation,

with compositions ranging from 10 to 90% 13C-

labeled gD-crystallin. Frequencies of the 13C-labeled

amyloid b-sheet peaks were obtained from the spec-

tra directly or through the subtraction of the unla-

beled (12C) aggregate spectrum from dilute (10–20%)
13C aggregates.
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