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ABSTRACT: Crystallins, the major structural proteins in the lens of the eye, are maintained with little turnover
throughout the lifetime of the host. With time, lens crystallins undergo post-translational modifications
that may play an important role in loss of vision during aging and cataract formation. Specific modifications
include deamidation and truncation. Urea-induced denaturation was studied for recombinantly expressed
wild-type fB1 (WT), the deamidated mutant (Q204E), an N-terminally truncated myt&it(AN41)),

and other truncated versions of these proteins generated by calpain Il digestion. Tryptophan fluorescence
was used to monitor loss of global tertiary structure. Loss of secondary structure was followed by circular
dichroism, and electron paramagnetic resonance site-directed spin labeling was used to monitor loss of
tertiary structure selectively in the N-terminal domain. Our results indicated that the deamidated mutant
was significantly destabilized relative to WT. Q204E showed a two-step denaturation curve with transitions
at4.1 and 7.2 M urea, whereas denaturation of WT occurred in a cooperative single step with a transition
midpoint of 5.9 M urea. Unfolding of WT was completely reversible, whereas Q204E failed to fully
refold. Prolonged incubation under denaturing conditions led to aggregation, which was also more
pronounced for Q204E dimers than for WT. Truncation of 41 residues from the N-terminus or 47 and 5
residues from the N- and C-termini did not affect stability. These studies indicated that a single-site
deamidation could significantly diminish the stability of le#B1-crystallin, supporting the idea that such
modifications may play an important role in age-related cataract formation.

Crystallins are the major structural proteins in the lens of structure with the3-crystallins. The difference betwe¢h
the eye. They are highly organized and maintained with little and y-crystallins is the presence of N-terminal extensions
turnover throughout the lifetime of the hosi)( The on theg-crystallin subunits. This suggests a possible role of
important physiological characteristic of crystallins is main- the N-terminal extensions in oligomerization®trystallins.
tenance of lens transparency by the short-range spatial order Lens crystallins are extensively modified during aging.
(2). Therefore, any modification that disrupts this order may These modifications include truncation of the terminal
be detrimental for lens function. extensions and deamidatiofi<11). /B1- andSA3-crystal-

Crystallins in the mammalian lens are divided into three lins lose 15 and 22 amino acids, respectively, from their
major classesu, 3, andy (reviewed in refl). a-Crystallins N-terminal extensions in the young human lefsl@). More
form very large oligomers<¢800 kDa) comprised of 20 kDa  extensive truncation ofB1 occurs during aging between
subunits and have chaperone-like activi®y. (3-Crystallins residues 33 and 44 and in the water-insoluble crystallins
exist as oligomers ranging from 200 to 50 kpeCrystallins (9). The role of the N-terminal extensions is not known, but
are 21 kDa monomers and share a two-domain folding has been proposed to facilitate interactions with other
crystallin subunits 13). Loss of the extension may then
T This work was supported in part by National Institutes of Health disrupt these interactions. During cataract formation in animal
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may be important factors contributing to senile cataract reversed-phase column in line with an electrospray ionization
formation (L0). To test this theory, the stability of modified mass spectrometer (ESI-MS; model LCQ, ThermoFennigan,
pB1ls was measured in the present study. San Jose, CA). The accuracy of mass determinations within
Previously, we have shown that elution of modifjgl1s an error of 0.01% was confirmed using horse myoglobin as
on size exclusion chromatography was unusual for their a standard. The N-terminal amino acid sequence analysis was
confirmed oligomer size, suggesting an altered sh@pge (  performed in the Genomics and Proteomics Facility at the
A deamidation was introduced at glutamine 204 in the University of Oregon (Eugene, OR).
C-terminal globular domain gfB1, a site predicted to be Circular Dichroism (CD). CD spectra of trWT and
in a hydrophobic cluster at the interface between two paired trQ204E (0.48 mg/mL) were recorded on a JASCO J-500 A
domains 22). This deamidation was identified in aged lenses spectrometer (JASCO, Easton, MD) in the far-UV range. To
by peptide mapping from two-dimensional electrophoresis remove autolyzed peptides of calpain Il, samples were
(6) and recently confirmed using tandem mass spectrometryapplied to a size exclusion column, 7.5 mm30 cm TSK
(23). This deamidation further resulted in decreased flexibility G3000SWXL (TosoHaas, Montgomeryville, PA), equili-
of the N-terminal extension as seen by nuclear magnetic brated with 5 mM NakHPQ,, 5 mM NgaHPQ,, 100 mM
resonance (NMR)studies 24). These data suggest modified NaCl, pH 6.8. The samples were then dialyzed against the
SB1s have altered conformations compared to wild-yBé same buffer containing 100 mM NaF instead of NaCl. CD
(WT). The stability of these altered structures was initially measurements were taken in a 0.1 mm cell at°20
measured by examining their resistance to precipitation Secondary structure was calculated using the variable-
during heating. They were found to be less heat-stébfe ( selection method26). Protein concentration was determined
In the present study we have examined urea-inducedby amino acid analysis.
denaturation/renaturation of WT and modifi@®81 using For the urea stability study, CD spectra of full-length WT
different spectrophotometric techniques. Since both trunca-and Q204E were measured on an AVIV 202 CD spectrom-
tion and deamidation occur during aging, it is necessary to eter (Protein Solutions, Lakewood, NJ) from 200 to 260 nm.
investigate their relative significance and whether both A 10 uM sample of protein (28Q:g/mL) was tested in
modifications would cause a synergistic effect 8B1 various concentrations of urea for unfolding/refolding studies
stability. Modified5B1s with an in vivo site of deamidation  as described in Fluorescence Spectrometry.
at glutamine 2044) and cleavage between residues 41 and  Fluorescence Spectrometifo study the stability of WT
42 (4) were recombinantly expressed, and a trunc@@l and other modified3B1ls, fluorescence spectrometry was
missing part of the N- and C-termini was generat2d).( used to measure protein unfolding and refolding patterns in
The goal of this study was to determine how the stability of urea. Proteins at kM (27.9 ug/mL for WT and Q204E,
/B1 would be affected by deamidation and/or truncation as 23.0 ug/mL for trWwT and trQ204E) were incubated in

measured by urea-induced denaturation. varying urea concentrations ranging from 0 to 7 or 8 M. A
stock solution 89 M urea was deionized and filtered, and
EXPERIMENTAL PROCEDURES a stock solution of 18 phosphate buffer was made. Sample

Expression and Purification of Protein&/T and Q204  buffers were made up by combining the two stock solutions
were expressed i. coliand purified as described previously 0 Yield a final concentration of 5 mM NHPO,, 5 mM
(21). Truncation of purified WT and Q204E was generated NaH:PQi, 100 mM NaCl, pH 6.8. Proteins were incubated
by calpain Il (Calbiochem, San Diego, CA) in the presence N uréa buffer overnight at 25C to ensure eq_umbnum in
of 2 mM C&". After a 1-2 h incubation at 37C, the urea had been reached. For refolding experiments, protein
reaction was stopped by exchanging the buffer for one sample_s were |_ncubated i M urea buffer overnlg_ht and
lacking C&* at 4 °C. A truncated8B1 missing 41 amino  then diluted with phosphate buffer to the desired end
acids from the N-terminus381(AN41)) found in vivo was ~ concentration of urea.
also recombinantly expressed as described previodshp. Fluorescence measurements were made on a Photon

Electrophoresis, Mass Spectrometry, and Sequence Analy-1€chnology International QM-2000-7 spectrofluorimeter
sis of Truncated WT (trWT) and Truncated Q204E (trQ204E). (Photon Technology International, Lawrenceville, NJ). The
Electrophoresis was performed using precast 10% polyacryl-absorption scan was measured between 240 and 320 nm,
amide minigels (NUPAGE, Invitrogen, Carlbad, CA). Pro- and th_e emission Wavelength_was set at 336 nm. For emission
teins were visualized by staining with Coomassie blue G-250 Scanning, proteins were excited at 283 nm, and the fluores-
(SimplyBlue SafeStain, Invitrogen). Mass spectrometry was C€Nnce emission was recorded between 300 and 400 nm at
performed to confirm the truncation sites. Approximately 25 °C with the excitation and emission slit width set to 2

0.17 nmol of tr'WT and trQ204E was injected into a C18 NM. Fluorescence measurements were analyzed with FeliX,
fluorescence analysis software (Photon Technology Inter-

1 Abbreviations: NMR, nuclear magnetic resonance; WT, wild-type national). The fluorescence emission spectrum was corrected

pB1-crystallin; Q204E, deamidatgtB1-crystallin; SB1(AN41), trun- by subtraqting the blank buffer spectrum for. each urea
catedpB1-crystallin missing 41 residues from the N-terminus; trWT, concentration and smoothed using the Savitz&play
truncated3B1-crystallin missing 47 residues from the N-terminus and equation.

5 residues from the C-terminus; trQ204E, truncated and deamidated

BBL-crystallin missing 47 residues from the N-terminus and 5 residues ~ FlUorescence measurements fi81(AN41) were taken
from the C-terminus$B1(AN41), truncateg@8B1-crystallin missing 41~ using a Shimadzu RF-5301 PC spectrofluorimeter (Shi-

residues from the N-terminus; CD, circular dichroism; ESI-MS, madzu, Kyoto, Japan). Emission spectra were measured

electrospray ionization mass spectrometer; EPR, electron paramagneti ; ; ot
resonance: MTSL, methanethiosulfonate spin label: SPAGE. between 300 and 400 nm (0.2 nm interval) with an excitation

sodium dodecy! sulfatepolyacrylamide gel electrophoresis; SDSL, site- Waveler_lgth of 285 nm. For the measurement of unfo_ldi_ng,
directed spin labeling. an excitation wavelength of 285 nm and an emission
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wavelength of 350 nm were used. The protein concentration been well-established thAG, varies linearly with denaturant
was 0.05 mg/mL in phosphate buffer (60 mMJN&CO,, 40 concentration, such that
mM NaH,PO,, pH 7.0) and urea at concentrations varying
between 0 and 8.5 M. Samples were diluted using a 10 M AG,* = AG, + mlurea] )
urea stock solution. _ _ )

Folding Calculations.The percent folded protein was Where m is the slope of a linear extrapolation of the
calculated from fluorescence and CD data by the following dependence of unfolding on denaturant concentration (see

equation: Figure 10) and\G,° is the reference-state Gibbs free energy
of unfolding in the absence of denatura@®{31). Dena-
% folded protein= (V; — V)/(V, — V,) x 100 turation curves (Figure 9) and linear extrapolations (Figure
10) were fitted by standard nonlinear and linear least-squares
whereV; is the data value at each urea concentrafiGns regression methods using the Origin software package. It has
the data value at the highest urea concentration,\4nd been suggested that the midpoint of the equilibrium transi-

the data value for native protein without urea. For fluores- tion, C.,, may be a more reliable experimental parameter than
cence data, fluorescence intensity at 357 nm was used, andhe extrapolated intercep81, 32). At 50% denaturation,
for CD measurements, ellipticity at 218 nm was used. These AG,° = mG,, providing an alternate method for determi-
wavelengths were chosen because they produced the largesiation of AG,°. In this study we found excellent agreement
difference between native and unfolded proteins. After the between free energies of unfolding calculated by these two
data were plotted, curves were fitted with Origin (Microcal methods.

Software, Inc., Northhampton, MA) using the nonlinear

sigmoidal-curve-fitting tool with the Boltzmann function or RESULTS

a modified Boltzmann function. The urea concentration at Secondary Structure of TruncatétB1-Crystallins. To
50% unfolding was calculated from the curve-fit equations investigate how the removal of the N- and C-terminal

as a parameter. ) extensions affects the structure and stabilityyBfL-crystal-
Electron Paramagnetic Resonance Spectrometry (EPR).”nS’ WT and Q204E3B1s were proteolyzed by calpain I

Samples for EPR analysis were spin labeled using the, ihe presence of 2 mM calcium. Previously, it was reported
methanethiosulfonate spin label (MTSL; Toronto Research ,a¢ caipain Il truncates 47 residues from the N-terminus and
Chemicals, Inc., Ontario, Canada) by incubating protein g asidues from the C-terminus of WABL (21), which

overnight at 4°C with a 10-fold molar excess of the spin  reqits in trWT with a calculated mass of 23040.8 and
label. Excess label was removed by exhaustive dialysis, andgqresponds within experimental error to what was observed

samples were concentrated to 3.0 mg/mL. Samplegu20 i this study (small panel, Figure 1B). On SBBAGE both
total volume) were contained in 5 glass capillaries placed 1\ and trQ204E migrated to similar positions between
ina standa_\rd 2 mm EPR tubg, and contained a final proteinihe 20 and 25 kDa standards (Figure 1A), suggesting the
concentration of 0.75 mg/mL in 10 mM phosphate, 100 MM g5me cleavage of the two proteins by calpain Il. The mass
NaCl, pH 7.2. EPR spectra were obtained on a Varian E-109 ¢ trQ204E was 23043.9 (Figure 1B), which corresponded
spectrometer (Varian, Palo Alto, CA) at 10 mW incident 4 the predicted mass of Q204B1 missing 47 amino acids
microwave power with a 1.0 G field modulation. Data  ¢om the N-terminus and 5 from the C-terminus (calculated

acquisition and analysis were carried out with software maqq of 23041.8). Protein N-terminal sequencing confirmed
written in LabView by C. Altenbach. Rotational correlation  ih5t the amino acids on the new N-terminus corresponded

times were estimated on the basis of the outermost hyperfine;y |asidues starting at alanine 48 for trQ204E as was
splittings @7) using the tensor parametags = 2.0076,0y previously determined for trWT2().

= 2.0050,g;; = 2.0023,Acc = 6.2G,Ayy = 5.9G, andA;, = Circular dichroism measurements were performed to
37G (28): i , investigate the secondary structure of trWT and trQ204E
_Quantitation of the fraction of denatured proteip.ata  (gigure 2). The data for full-lengtifB1-crystallins were
given urea concentration was done as previously described, . ded for comparison2(). The spectra showed double
(29). Briefly, a difference spectrum was generated by digital minima at 205 and 215 nm, characteristic of bathelical
subtraction of an appropriate amount of the EPR spectrum 45 nleated sheet conformation as was previously reported
obtained n 6 M urea until a line shape similar to that of the ¢, full-length 8B1 and bovines-high crystallins 21, 33).

native spe_ctrum_(_in the absence of urea) was obtained.Tpe average secondary structure for t'WT was T0¥elix,
Integrated intensities before and after subtraction were then41%ﬂ-structure 20% turns. and 29% other structures. and

compared. In general, difference spectra could be obtaineds,, trQ204E, 9%o-helix, 42%B-structure, 19% turns, and
that were essentially identical to the native spectra. For a5qo; other structures. These results indicated that the two
two-state equilibrium between denatured and native protein proteins have very similar secondary structure. Compared
K. =f/f 1) to their respective full-length proteins (see the inse_t, Figure
dn—d'n 2; 21), the a-helical content of the truncated proteins was
The Gibbs free energy of unfoldingG,, at any denaturant ~ |Ower. The CD spectrum of a recombinantly expressed
concentration is truncated protein3B1(AN41), also showed double minima
and a lower overall content @f-helical structure (data not
AG,= —RTIn K, 2 shown).
Absorption and Emission Spectra 8B1. Spectrofluo-
wheref, is the fraction of native proteirR the gas constant, rimetry was used to measure structural changes of proteins
andT the absolute temperature. For two-state systems it hasduring urea-induced denaturation. The UV absorption spec-
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ionization mass spectra of trQ204E and trWT (insertion). % 4r 8 2
S 2f 1<
<
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trum of WT showed maximum absorbance at 283 nm and a < b , 2
shoulder at 290 nm (Figure 3). Thus, the excitation wave- 240260 280 300 320340 360380 400"
length was set at 283 nm for the fluorescence emission scan. Wavelength (nm)

WT ShOWed a maximum ﬂuorescence emiSSion at 336 nm. FIGURE 3: Absorption (—) and emission (---) spectra of WﬁBl

Q204E, trWT, and trQ204E had similar absorption and A 1 uM (27.9 ug/mL) sample of WT was used. For the UV

emission spectra compared to WT. However, the absorptionabsorption spectrum, absorbance was measured from 240 to 320

and emission intensities were different among the four "M With emission wavelength at 336 nm. For the fluorescence
. - - emission spectrum, the protein was excited at 283 nm and the

proteins at a uM protein concentration. The order of  gnission was measured from 300 to 400 nm.

fluorescence intensity from highest to lowest was Q204E,

WT, trQ204E, and trWT (data not shown).

Fluorescence Emission Spectra of Unfoldjfig1-Crys-
tallin. To study the stability ofB1-crystallins in a denaturing
environment, the proteins atM were incubated in various
concentrations of urea. Protein unfolding/refolding was
detected by measuring fluorescence emission due to aromatic
residues likely dominated by eight tryptophan residues.
Fluorescence emission spectra in increasing concentrations
of urea showed a red shift as the maximum fluorescence
wavelength increased from 336 to 353 nm (data shown for 0 . . ) )
WT, Figure 4), indicating protein unfolding. As denaturation 300 320 340 360 380 400
progressed in increasing urea concentrations, the fluorescence Wavelength (nm)
intensity increased. Full denaturation occurred only at high Ficure 4: Urea-induced denaturation of W3B1 as measured by
concentrations of ureaz7 M (Figures 5-7). Higher  fluorescence SPettttrcz%%%pcy)f- L/#teléll gsgnrﬁileh?fa\t/.}gsvga& ilr}rcgl;)g{ed
concentratlo_ns (.)f protein, 1M, showed the same pattern I\’inl\\;l?r—lf;ug (I\:Acfnzfg.gal\l/l, O; 75 M, x. Thegfluorescence emission
of denaturation in urea as/iM (data not shown). was measured from 300 to 400 nm with excitation at 283 nm.

Unfolding/Refolding of WT and Q204Eluorescence
emission was compared between WT and Q204E at 357 nm,
where the maximum difference was observed between nativedenatured proteins refolded, renaturation curves as deter-
and fully denature@gB1 emission spectra, and the percent mined by fluorescence were superimposable on those
folded protein curves were generated (Figure 5). As the obtained during unfolding. This indicated reversible protein
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Ficure 5: Stability of WT and Q204E3B1-crystallins in urea
measured by fluorescence. Unfolding (filled symbols) and refolding
(open symbols) of WT (tilted squares) and Q204E (squares) were
monitored by fluorescence spectroscopy. Protep\) was excited

at 283 nm, and the fluorescence emission intensity at 357 nm was
used for the graph.
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denaturation and renaturation in urea. A decrease in folded
protein was observed starting&M urea for Q204E and 4

M urea for WT. WT showed a one-step transition yielding
50% unfolding at 5.9 M, whereas Q204E showed a two-
step transition with transition midpoints at 4.1 and 7.2 M . . . s s
urea (Figure 5). 0 2 4 6 8

. . Urea concentration (M)
CD measurements of the unfolding of WT (Figure 6A) c

and Q204E (Figure 6B), obtained by following ellipticity at 40
218 nm, were almost identical to the fluorescence data. The 30

50% unfolding for WT was at 5.9 M. For Q204E two
transitions were observed with midpoints at 4.2 and 7.1 M =
urea. However, in contrast to the fluorescence data, Q204E 5§
was not able to refold completely when the denatured protein s
<

% Folded protein
N
o

N
(=]
T

o
T

was diluted in buffer without urea, whereas the unfolding "

and refolding curves from WT spectra were superimposable. ) WEE"
Figure 6C shows that refolded Q204E3aM urea is more 20

denatured than that obtained during the initial unfolding. 230 .
These differences suggested the possibility of aggregation 205 215 225 235 245 255

by Q204E under denaturing conditions at the higher protein Wavelength (nm)

concentrations used in the CD experiments (dd) as FIGURE 6: Stability of WT and Q204E3B1-crystallins in urea
compared to fluorescence (). measured by CD. Unfolding (filled symbols) and refolding (open

Unfolding/Refolding of Truncate@B1-Crystallins. To symbols) of WT (tilted squares) and Q204E (squares) were
. . . . monitored by CD. Samples of 1M proteins were used, and the
investigate whether truncation of the extensions would gjinicity at 218 nm was used for the graph. (A) Urea denaturation

influence the stability ofB1, the N- and C-terminal  curve of WT. (B) Urea denaturation curve of Q204E. (C) Whole

extensions from WT and Q204E were cleaved by calpain spectra of unfolding and refolding Q204& 8 M urea.

II. Both trWT and trQ204E showed a reversible denaturation

measured by fluorescence (Figure 7). Truncation of exten- deamidation site. The rotational mobility of the nitroxide spin

sions did not change the stability of the proteins compared |ape| attached at Cys 79 reports selectively on the local

to fu”-length proteins. Similar to the fu"-length protein, tr'WT environment (See ref34 and 35 for reviews), and thus on

underwent 50% unfolding at 5.8 M urea with a one-step the loss of tertiary and/or quaternary structure at that site

transition. The denaturation curve @B1(AN41) was (29, 36). On the basis of homology to théB82 structure,

superimposable on that of full-lengfiB1 (data not shown).  cys 79 is predicted to be in a loop within the first Greek

TrQ204E showed a two-step transition with midpoints at 4.1 ey motif of the N-terminal domair3(). However, in3B2

and 6.5 M. The second transition of trQ204E was at a lower the Cys is between two prolines, whereagBi the Cys is

urea concentration compared to that of full-length Q204E petween a glutamate and a serine.

(7.2 M). EPR spectra of MTSL-labeled WT and Q204E after a 30
Denaturation of the N-Terminal Domaimhe fluorescence  min incubation at ambient temperature22 °C) in various

and CD data described above reflect the overall denaturationconcentrations of urea are shown in Figure 8. The uppermost

of the entirefB1 molecule. To investigate unfolding in a (control) spectra taken in the absence of urea were essentially

selected region offB1l, we employed site-directed spin identical, both indicating that the spin-label side chain was

labeling (SDSL) of cysteine 79. This native cysteine, by attached at Cys 79 residues in a buried environment with

analogy topB2-crystallin @), is located in the N-terminal interactions that limit the rotational motion of the nitroxide.

globular domain and thus is well separated from the During the initial denaturation phase, both samples retained
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Ficure 7: Stability of trWT and trQ204BB1-crystallins in urea.
Unfolding (filled symbols) and refolding (open symbols) of trwWT
(triangles) and trQ204E (circles) were monitored by fluorescence

spectroscopy. The same conditions were used as described in Figure

5. For truncation of WT and Q204E, proteins were incubated with
calpain Il in buffer containing 2 mM C4 at 37°C for 1-2 h.
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Ficure 8: EPR spectra of Q204E (Ieft) and WT (rightB1-
crystallins as a function of urea concentration. Samples containing
0.75 mg of protein/mL and the indicated final concentration of urea
were incubated for 30 min at room temperature {€2 before the

spectra were recorded. Samples contained (from top to bottom) O,

3.0,4.0,4.5, 5, aih6 M urea. Spectra were signal averagedl®
times each, with a scan width of 100 G.

the native structure at the spin-label site @p3t M urea.
Beginning at approximately 3.5 M urea, addition of increas-
ing concentrations of denaturant resulted in the appearanc
of three narrow lines arising from a population of spin labels
with relatively free rotational mobility (Figure 8). Denatur-
ation at Cys 79 was complet¢ @ M urea, with no further
changes &7 M being observed for either WT or Q204E.
Quantitation of the fraction of denatured protein (see the
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Ficure 9: Urea denaturation curves for WT (A) and Q204E (B)
pB1-crystallins derived from EPR data taken after 30 min of
incubation at room temperature. Midpoints of the transitions occur
at 4.88 and 4.62 M urea for WT and Q204E, respectively. The
percent denaturation was determined by double integration of the
spectra after the rotationally mobile component had been removed
by subtraction of spectra obtained Wi M urea as the fully
denatured reference (see Figure 8). Different symbols represent
independent experiments.
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Ficure 10: Free energy of denaturation for the N-terminal domain

region surrounding Cys 7RT In K values were calculated fa¢

= f4/f, from the transition region of the urea denaturation curves
for WT (circles) and Q204E (triangles). Extrapolation by linear
regression analysis to zero denaturant gives an estimate of the free
energy of unfolding in the absence of urea.

Experimental Procedures) yielded the denaturation curves

shown in panels A and B of Figure 9. Both curves are
indicative of highly cooperative denaturation, with unfolding

in Figure 10. Linear extrapolation to zero denaturant
concentration yielded free energies of unfoldidgs,°, of

occurring over a relatively narrow range of urea concentra- 12.3@0.7) kcal/mol for WT and 8.1 0.3) kcal/mol for

tions, and both fit well to a two-state equilibrium model (solid
lines in Figure 9). The unfolding of Q204E occurred at lower
denaturant concentrations than for WT, with midpoints of
the transitions@,) of 4.62(0.02) and 4.88£0.03) M urea

Q204E. Free energies of unfolding calculated from the
midpoints of the transitions and the slopes of the linear
extrapolations31, 32) were 12.30 and 8.13 kcal/mol for WT
and Q204E, respectively.

for Q204E and WT, respectively. The dependence of the free Extended incubation of samples containing intermediate

energy of unfolding (eq 2) on urea concentration is shown

amounts of denatured protein led to the formation of a
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Ficure 11: Prolonged incubation under denaturing conditions leads
to protein aggregation. EPR spectra of Q204E are shown in the
absence of urea (A) and in 4.25 M urea (B) after 30 min, (C) 2 h,
and (D) 24 h of incubation at 22C. The arrow in (C) indicates
the appearance of a strongly immobilized component due to
aggregation, with an outer hyperfine splittingT(2 of 62 G as
indicated in (D).

27,

strongly immobilized component in the EPR spectrum with
outer hyperfine splittings (B') of approximately 62 G

(Figure 11), as compared to 46 G in the native state. These

splittings correspond to rotational correlation times of 6.8
and 2.9 ns, respectivel27), indicating an increase in the
rotational radius of approximately 35%. This decrease in the
overall rotational motion could reflect increased protein
protein interactions (i.e., formation of tetramers or higher
aggregates) as observed by light scattering upon heat-induce
denaturation ofiB1 (24), although changes in the shape of
the5B1 dimer cannot be ruled out. For Q204E, this spectral
component became evident affeh for samples containing
between 4 ath 5 M urea, and &3 M urea in samples
incubated overnight. Higher concentrations of ure&.¢ M)
maintained the protein in the fully unfolded state. In contrast,
for WT this strongly immobilized component was only
observed after 24 h at urea concentrations between 4 and
M. Remarkably, WT samples containirg3 M urea were
found to be stable at ambient temperature for up to 10 days.

DISCUSSION

Deamidation ofB1-Crystallin Decreases Stabilitpur
studies indicated that a single-site deamidations8fl-
crystallin decreases its stability during urea-induced dena-
turation. Denaturation curves derived from both fluorescence

Kim et al.

data indicating a greater tendency of Q204E to possibly form
higher molecular weight species upon prolonged incubation
under denaturing conditions (Figure 11).

In contrast to CD and fluorescence data, results from EPR
spin-labeling studies report specifically on the local tertiary
and quaternary structure in the region of Cys 79. By
homology to the3B2 structure, Cys 79 is located in a loop
of the N-terminal domain37). In addition, these studies were
also conducted at a concentration whéi®l is almost
entirely in the dimeric oligomerization stat2l). Thus, it is
not surprising that the unfolding transitions occurred at
different urea concentrations compared to those observed
using CD or fluorescence. Indeefi5,° values determined
by EPR spin-labeling methods are highly specific for the
site examined, and can vary significantly even among
residues in relatively close proximity3§). Despite these
differences, the EPR data also indicated that Q204E is
destabilized relative to WT. Noteworthy is that destabilization
was observed at a site in the N-terminal domain, even though
the deamidation site was in the C-terminal domain.

Our EPR studies showing destabilization at a site in the
N-terminal domain upon deamidation in the C-terminal
domain suggested the presence of structural interactions
between the two domains. These interactions may be
intramolecular between the two domains of a given mono-
mer, intermolecular between domain-swapped regions in the
dimer (as observed f@#B2; 37), or both. Such interactions
may contribute to the remarkable stability of the crystallins,
which must exist with very little turnover in the lens. Both

- andy- crystallins have two domains comprised of two

Greek key motifs (reviewed in ré8). They-crystallins exist
as monomers with the two domains being paired, whBe

forms a dimer with the opposite domains pairing to form a

domain-swapped dimeB8). Nonetheless, interactions be-
tween the domains are similar for thecrystallins angiB2,
and are important for stability. Replacing an alanine with
an aspartic acid in the N-terminal domainy@ destabilized
the C-terminal domain39). Mutations in one domain can
affect the stability of the other. The relative contributions of
inter- vs intradomain interactions gB1 stability remain to

é)e determined.

In fB2-crystallin, the N- and C-terminal domains are
topologically similar. Yet, recombinant expression of the
individual domains showed that the N-terminal domain
unfolded at a lower urea concentrati@di). Our EPR studies
are consistent with the N-terminal domain being less stable
than the C-terminal domain, although additional sites in each
domain must be examined before any definitive conclusion
can be reached.

Deamidation of5B1 also led to the formation of an

and CD measurements showed similar results; in both casesintermediate state during unfolding not seen for WT, as
Q204E unfolded at lower urea concentrations than WT and indicated by the two-step denaturation curve observed for
the deamidated mutant exhibited a two-step transition. This Q204E. This may reflect alterations in domaiiomain
decreased stability upon deamidation is a potentially impor- interactions. This is consistent with a direct interaction
tant event that could ultimately alter proteiprotein interac- between GIn 204 and the N-terminal domain as predicted
tions and contribute to loss of clarity in the lens. from the 8B2 structure 22).

Previous studies using thermal denaturation indicated that Alternatively, the enhanced aggregation of deamidated
deamidation also causes an increased susceptibility to agfB1 following unfolding @4) may perturb the folding
gregation 24). This may explain our observation that, unlike unfolding equilibrium, thus producing an inflection in the
WT, Q204E did not completely refold in CD experiments denaturation curve. Aggregation would also preclude refold-
(Figure 6C). The increased susceptibility to aggregation and/ing of Q204E, as observed by CD (Figure 6). Our current
or irreversible denaturation is further supported by our EPR EPR data also suggest that proteprotein aggregation may
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occur upon prolonged incubation of samples containing
denatured protein (Figure 11), and as with heat-induced
denaturation Z4), this was more pronounced for Q204E
relative to WT.

Extensions orpB1-Crystallins Do Not Affect Stability.
Another important finding from the current study was that
loss of the N- and C-terminal extensions did not alter the
apparent stability ofyB1. Our fluorescence and CD data
indicated that the Greek key domains #B1 were main-
tained even in the absence of the terminal extensions, with
trWwT and trQ204E both showing very similar denaturation
patterns in urea compared to their full-length proteins. We
have also observed that loss of the \#B1 extensions does
not decrease its heat stabili®4). Our findings support those
of Coop et al. showing that an altered N-terminal extension
sequence or deletion of 16 amino acids from the C-terminal
extension did not change the heat stability of ctigid (41).
Similarly, the extensions ¢fB2 were observed to be flexible
and, thus, judged not to be involved in stabilizing the dimer
(42). This suggests that the stability of the domain interac-
tions contributes most to the stability 8B1 monomers and
dimers, as has been reported for other members gffthe
family (37).

Alternatively, the role of the extensions @81 may be
to facilitate interactions in thg-high assemblies comprised
of tetramers and octomer§, (13). The extensions have also

been proposed to serve as spacers preventing the formation20-

of higher homooligomers, but could promote heterooligomers
(42, 43). We, along with others, have shown that removal
of the extensions gfB1 resulted in delayed elution on size
exclusion chromatography, suggesting exposure of interactive
sites on the domain{, 25). We also observed that the
extensions iffB1 were critical to maintaining the solubility

of fB1—aA-crystallin complex during heating?8). These
observations indicate that the extensiongB1 may serve

to direct complex interactions with other crystallins, rather
than to maintain its intrinsic stability.

In conclusion, these studies demonstrate that a single-site 25-

deamidation results in a significant reduction in the stability
of fB1-crystallin. Deamidation was found to decrease the
stability of fB1 at concentrations at whighB1 would be
predominantly either a monomer or a dimer. Our observation
of destabilization of thggB1 monomer suggests that dea-
midation may alter the stability of the N- or C-terminal
domains and/or intramolecular interactions between them.
If true, this indicates that the domains/@B1 may be more
stable or interact more closely than thosg38R2, and may
partly explain the greater stability #B1 in urea than what
has been reported fgiB2 (40). The complexity of inter-
molecular interactions makes the effects of deamidation on
theSB1 dimer more difficult to interpret. The destabilization
that occurs upon deamidation 881 may render it more
prone to proteir-protein aggregation, and this may contribute
to cataract formation in vivo.
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