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ABSTRACT. Two major determinants of the transparency of the lens are prepeatein interactions and
stability of the crystallins, the structural proteins in the 1882 is the most abundayptcrystallin in the

human lens and is important in formation of the complex interactions of lens cryst#@liy@sreadily

forms a homodimer in vitro, with interacting residues across the monemenomer interface conserved
amongS-crystallins. Due to their long life spans, crystallins undergo an unusually large number of
modifications, with deamidation being a major factor. In this study the effects of two potential deamidation
sites at the monomemonomer interface on dimer formation and stability were determined. Glutamic
acid substitutions were constructed to mimic the effects of previously reported deamidations at Q162 in
the C-terminal domain and at Q70, its N-terminal homologue. The mutants had a nativelike secondary
structure similar to that of wild typ@B2 with differences in tertiary structure for the double mutant,
Q70E/Q162E. Multiangle light scattering and quasi-elastic light scattering experiments showed that dimer
formation was not interrupted. In contrast, equilibrium unfolding and refolding in urea showed
destabilization of the mutants, with an inflection in the transition of unfolding for the double mutant
suggesting a distinct intermediate. These results suggest that deamidation at critical sites degBilizes
and may disrupt the function ¢giB2 in the lens.

Cataract formation is the leading cause of blindness specific deamidations have been associated with cataractous
worldwide and affects an estimated 16 to 20 million people lenses inyS (11, 12). Interestingly, in Alzheimer’s, Hun-
(). Crystallins are highly soluble structural proteins that tington’s, and Parkinson’s diseases the aggregated proteins
comprise 90% of lens protein®)( The highly ordered, tightly ~ characteristic of these debilitating diseases are increasingly
packed crystallins make up the transparent structure of thedeamidated(3), although it is not known if deamidation is
lens and allow it to focus light onto the retina. These proteins causative or a correlation in these cases.

undergo little turnover during the human life span, allowing The crystal structures for twé-crystallins,$B1 andfB2,
for accumulation of modifications that may decrease crys- ,qve peen determined4—17). A-Crystallin subunits have
tallin solubility, alter lens transparency, and diminish vision. 5 domain regions joined by a connecting peptide. Each
During normal aging, crystallins are modified by trunca- ¢ these tightly folded domains has two Greek key motifs
tion, oxidation, deamidation, and disulfide bond formation composed of fourf-pleated sheet strands and N- and
(3-9). Most notable by two-dimensional gel electrophoresis _grmina| extensions of varying lengths. Althoygl and
are trains of deqm|d§ted spem@. (anh of the major sR> share high sequence homology, differences in the
crystallin polypeptldgs in the lens IS deam@ated during adiNg, jnterface and linker regions of the proteins lead to different
and most are deamidated at multiple residues. Deamidationyiye i ation properties. Both form domain-swapped dimers
introduces a negative charge at physiological pH by replacing where the domain of one subunit interacts with the opposite
an amide with a carboxyl group and causes some isomer'domain of the second subunit. HowevetB1 has an
ization. These changes potentially disrupt protein structure. intradomain interface that is not observeddg2. The two

in Izegien ntllg’c?ﬁafggfogé (Ij:r??:?l;d?;lggstoh?r\]/: gi?f?(?ul'tdeg;'ﬂed differing conformations have been referred to as “open” and
detecting a single mass unit c'hange resulting fromydeami-“do.sed” fprﬂBZ and/B1, respectively .18)' H'omologous .
dation, quantitative data associating deamidation with catarac re5|due§ in these two crystallm S part|0|pate. " hydrophobic
format,ion is limited. The large numbers of modifications that nteractlons across the domain and.subunlt interfaces. We
occur during aging complicate the analysis. However have prew_ou_sly reporteq that replacing a GIrj@il at the
' ' intradomain interface with a Glu markedly decreased the

"Funding provided by the National Institutes of Health, National stability OfﬁB;L without dlsruptlng the dime, 20). Othe-rs
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500 e e o Eamei avas s Interface ofyD-crystallin @1-23). In general, mutations at
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Q70 Q162 Madison, WI). Cells were lysed by repeated freeze/thaw in
D chromatography buffer appropriate for first step chromatog-
raphy for each protein.

All gB2 proteins were purified fronk. coli protein by
successive ion-exchange chromatography. Cell lysates from
WT B2, Q70E, and Q162E were applied to a MacroPrep
DEAE anion exchange column (BioRad, Hercules, CA)
equilibrated in a Tris buffer (pH 8.0) for the first step of
purification and a DEAE Sepharose Fast Flow anion

Ficure 1: The crystal structure ¢gfB2 shown in ribbon representa- exchange column (Amersham Biosciences, Piscataway, NJ)

tion with interface glutamines 70 and 162 shown in spacefill (PDB €duilibrated in a Tris buffer (pH 7.4) for the second step.
code, 1blb, refl5, 16). Cell lysate from Q70E/Q162E culture was applied to a SP

) ) ) ] Sepharose cation exchange column (Amersham Biosciences)

/B2 is thought to play an important role in hetero-oligomer  equilibrated in a phosphate buffer (pH 5.9) for the first step
formation in the lens. It is the majgt-crystallin in the lens  gnd a MacroPrep DEAE anion exchange column equilibrated
(24) and is the least modified during agingf. B2 is also  in a Tris buffer (pH 7.4) for the second step. A 20 mM Tris
the most soluble of thes-crystallins, remaining soluble  pyffer with 1 mM EGTA, 0.16 mM EDTA, and 1 mM DTT
during aging £6), and is needed to maintain the solubility  of was used for anion exchange columns and a phosphate
of hetero-oligomers during isolatio@7). There is atendency  pyffer of 6.6 mM NaHPQ,, 6.6 mM KH,PQ,, 23.0 mM KCl,
for other S-crystallins to precipitate when separated from 16 mM EDTA, 1 mM EGTA, and 1 mM DTT was used

B2 (25, 27). This has led to the proposal of arole fi82  for the cation exchange chromatography. Proteins were eluted

in maintaining the solubility of othef-crystallins that are  \yith a 0-500 mM NacCl gradient. Mass spectrometry was

heavily modified during aging. _ performed to confirm the deamidation sites as previously
The purpose of this study was to determine the effect of gescribed 29).

deamidation on the proteirprotein interactions and stability Circular Dichroism Measurement<Circular dichroism

of B2 by introducing charges at the proteiprotein spectra in the far- and near-UV range were obtained using a
interface. The effects of two deamidation sites were measuredjasco J500-A spectropolarimeter (JASCO, Easton, MD).
both independently and in combination. Deamidation at Q162 samples were dialyzed into 5 mM NaPDy, 5 mM Na-

and Q70 were studied because they were recently found ingpq, (pH 6.8), containing 100 mM NaF, and measured in
vivo from a cataractous lenslq, 28). Glutaminel62 is 3 0,01-cm cell for far-UV and in a 1-cm cell for near-UV at
located at the C-terminal domain interface and is highly oq oc. Spectra were measured at 0.1 nm resolution and
conserved among all the crystallins in thly family, averaged over 30 scans. V)§B2, Q70E, and Q70E/Q162E
suggesting a critical role in crystallin structure. The topologi- \yere analyzed in triplicate, and Q162E was analyzed in
cally equivalent site in the N-terminal domainfiB2 is Q70.  qyplicate. Protein concentrations between 0.1 and 0.5 mg/
Glutamines 70 and 162 and two Glu-Arg ion pairs appear m|_ were determined by amino acid analysis. Estimates of

to orient the docking of the N-terminal to the C-terminal gecondary structures were made using the variable selection
domains around a hydrophobic cluster of residues (Figure method g0).

1, ref 15, 16). Deamidation at both sites was studied to  agggciatie Behaior of Expressed ProteinsUsing a

determine the effects pf accumulated deamidatiqns. This iSmuItiangIe light scattering (MALS) instrument (miniDAWN,
the first study addressing the effects of deamidatioyB2 Wyatt Technology, Santa Barbara, CA), the association state
structure. of B2 was observed based on the measured molar masses.
The instrument was placed in line with a UV detector and a
EXPERIMENTAL PROCEDURES guasi-elastic light scattering detector (QELS, Wyatt Technol-
Expression and Purification of Recombinant Proteins. ogy) while performing size-exclusion chromatography (SEC).
Deamidations at residues 70 and 162 were introduced bySEC was performed with a Superose 12 10/300 GL column
replacing a glutamine with a glutamic acid by site directed (Amersham Biosciences) equilibrated in buffer containing
mutagenesis using internal primers containing the desired29 mM NaHPGO,, 29 mM KH,POy, 100 mM KCL, 0.7 mM
mutation (Quick Change Mutagenesis, Stratagene, CedarEDTA, 1 mM DTT (pH 6.8) with a flow rate of 0.4 mL/
Creek, TX) as previously described f@B1 (19). The min. Samples were concentrated to between 0.3 and 15 mg/
forward primers contained the sequence TAA TAC GAC mL using 10 000 MWCO cellulose centrifugal spin filters
TCA CTA TAG GG and T GGA CTG GAG TAC CTG  (Amicon, Millipore, Billerica, MA), filtered to remove
CTG to generatefB2 Q70E and Q162E, respectively particulate matter, and 5L injected. Samples were
(GenBank accession No. L10035). The expression plasmid,analyzed at each concentration step to avoid dilution effects.
a pET 3a, containing the wild type (WPBB2 sequence, was MALS experiments were performed as previously de-
kindly provided by Drs. Nicolette Lubsen (University of scribed 29). Software provided by the manufacturer (AS-
Nijmegen) and Orval Bateman (University of London). The TRA IV, Wyatt Technology) was used to calculate the
Q70E/Q162E mutant was made with the primer introducing weight-averaged molar mass of a species in a very narrow
the Q162E mutation into the vector containing the Q70E eluting volume every 25 s from the intensity of the
mutation. Plasmids were sequenced and mutagenesis wascattered light according to Rayleigh light scattering prin-
confirmed (Nevada Genomics Center). Recombinant humanciples. Concentration was determined from the UV absor-
B2 was expressed as previously describedsBt in ref bance at 280 nm and a molar extinction coefficientiB2
19 using theEscherichia colistrain BL21(DE3) (Novagen, of 40 210 (Mt cm™%). An in-line refractive index detector
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(Opti-lab, Wyatt Technology) was also used to determine using the manufacturer’s supplied software, FeliX (Photon
concentration. The molar masses using either method agreed’echnology International, Lawrenceville, NJ). Emission
within 5%. spectra were recorded between 300 and 400 nm with an
Signals from the UV and MALS detector were normalized excitation wavelength at 283 nm and repeated at 295 nm.
using bovine serum albumin. Monodisperse regions under Slit widths were set to 2 nm. Emission spectra were corrected
the peak were analyzed. The weight-averaged molar masse$or the buffer signal. The percent of unfolded protein was
(My) were reported based on the concentration of the calculated either from the normalized intensities at 320 nm
recovered protein and the average protein concentration foror the ratios of the 360 to 320 intensities (FI 360/320) and
the peak area analyzed. The peak area analyzed wadit to a two-state model by the methods of Page)(or a
approximately 75%. The uncertainty, due to noise in the three-state model according to the methods of Flaugh et al.
signal, was generally below 2%. (22) and Clark 84). Curve fitting was performed using
Size of Expressed Protein@ELS was used to measure Kaleidagraph software (Version 4.0, Synergy Software,
the translational diffusion constari?{). The QELS detector ~ Reading, PA) in order to calculat®G®s for a three-state
was attached to the 90angle detector of the MALS  model (two-step transition). Initial parameters were provided,
instrument. For a single species undergoing translationaland best fit of the averaged data was chosen by the smallest
diffusion, the autocorrelation functions are expected to follow distribution of residuals. The following three-state model was
a simple exponential function and the data were fit to this €mployed:
model with software provided by the manufacturer. The
software reported the radius of hydration assuming a spheri- v _ (y s ureal)+ (YK,) + (Yy + SlurealK K,
cal conformation Ry). The frictional coefficient,f, was N I 1+ K; + KK,
determined from this value using Stokes’s ldws 6z7Ry, (1)
where 5 is the viscosity of the solvent. The frictional
coefficient forfB2 was compared to the theoretical frictional
coefficient of fB2, f,, in a spherical conformation and the
predicted axial ratio determine@3). K, = glmurea-AGIR (3)
Stability of Expressed ProteinStability of deamidated
mutants relative to WBB2 was measured by fluorescence whereY is the observed FI 360/320 nm signil and Yy
spectrometry during protein unfolding in urea. A stock are the intercepts of the native and unfolded baselifgs,
solution d 8 M urea in phosphate buffer was made according andS; are the slopes of the native and unfolded baselines,
to the method of Pac&g). An Abbe refractometer was used andY; is the signal of the intermediate. Additionalty, and
to measure the urea concentration (VEE GEE Scientific, Inc., AG, are them value andAG® for the native to intermediate
Kirkland, WA). The phosphate buffer (pH 7.0) contained transition, andn, andAG; are them value andAG® for the
50 mM NaHPQ,, 50 mM NaHPQ,, 5 mM DTT, and 2 mM intermediate to unfolded transitioif.is the temperature in
EDTA. Experiments were also performed with 300 mM kelvins, andR is the gas constant in units kcal mélK 1
(NH,)2SO, to stabilize the double mutardd). Proteins at 1 (34).
uM were incubated in urea for 24 h at ZLC. Protein Stability of HeterodimersHeterodimers were formed
concentrations were determined by absorbance at 280 nmaccording to previously published metho@&37). Equal
and a calculated extinction coefficient of 1.72. For refolding molar amounts of recombinant proteins were mixed, unfolded
experiments, proteins were incubatedt M urea for 5 h, in 6 M urea overnight, and then refolded by removing the
then diluted to the desired urea concentration and incubatedurea by exhaustive dialysis for 24 h into phosphate buffer
for a total of 24 h. Initial timed fluorescence experiments (pH 7.0) containing 50 mM N#&PQ,, 50 mM NaHPQ;, 5
determined that the proteins had completely unfolded in 6 mM DTT, and 2 mM EDTA. Samples were then unfolded
M urea after 5 h. in 0, 1.5, or 2.0 M urea in the same buffer, and the
Fluorescence measurements were made on a Photorfluorescence emission was measured as described above.
Technology International QM-2000-7 spectrofluorimeter These urea concentrations were chosen because these

Kl — e(ml[urea}Ael)/(R‘l) (2)
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FIGURE 2: Mass spectra of peptide 16267 from recombinangB2-crystallin containing a Q162E mutation. High-resolution zoom scan

(A) of the isotopic distribution of the parent ion and tandem MS/MS spectra (B) used to determine the deamidation site location. The parent
ion of peptide 166-167 was singly charged with a measured monoisotoje®of 964.6 (unmodified peptide monoisotopiéz is calculated

to be 963.5). The asterisk indicates the site of deamidation.
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MW 1 2 3 4 Table 1: Secondary Structure Composition of WT, Q70E, Q162E,
7.4/ and Q70E/Q162[BB2 as Determined by the Variable Selection
G6.2/ 1. Method @0)
45.01 = percent of structure
310/ mutant helix  antiparallel  parallel  turn  other
WT B2 21 27 9 15 28
-
b N—— Q70E 23 22 8 18 29
|- Q162E 22 21 9 21 27
14.4) Q70E/Q162E 22 22 6 20 30
. 10.0 —
Ficure 3: Gel electrophoresis of WT (lane 1), Q70E (lane 2), = X -—8/7T0E
Q162E (lane 3), and Q70E/Q162E (laneB2. One microgram S a0k - — _Q162E
of each protein was visualized with Coomassie stain on a 1.0 mm x | 42X SN Q70E/Q162E
thick, 10% Bis/Tris gel. "8’ 6.0
concentrations gave the greatest differences between WT and 5 40
the mutants during unfolding. g '
Electrophoresis.Electrophoresis was performed using € 20
precast, 1.0 mm thick & 8 cm, polyacrylamide NuPAGE 0 . . . . . .
10% Bis-Tris gels (Invitrogen, Carlsbad, CA). Proteins were 260 280 300 320 340 360 380 400
visualized by staining with SimplyBlue SafeStain (Invitro- Wavelength (nm)
gen). FiIGUrRe 5: Excitation and emission spectra of WT, Q70E, Q162E,
and Q70E/Q162BB2. Excitation spectra were measured from 240
RESULTS to 300 nm with emission wavelength at 336 nm. Emission spectra
o were measured from 300 to 400 nm with excitation at 283 nm.
The Effect of Deamidation on the Structure @B2- Proteins were analyzed agM in 100 mM sodium phosphate, 5

Crystallin. In order to study the effect of deamidation on mM DTT, 2 mM EDTA, and 300 mM (NE).SQ, (pH 7.0).
the structure offB2-crystallin, deamidation was simulated
by replacing the amino acid residues glutaminyl with ~ Fluorescence spectra of WT and the mutants were
glutamyl by site directed mutagenesis. Protein expressionmeasured using an excitation wavelength of 283 nm (Figure
yields were notably lower for only the double mutant, which 5). There was a similar emission maximum between 327 and
also required a different purification protocol. The presence 330 nm without urea and red-shift to 350 nm after unfolding
of Glu at residues 70, 162, and at both residues in the doublein urea for WT and the single mutants. The double mutant
mutant was confirmed by mass spectrometry. Representativéad a slight shift in emission maximum compared to WT
spectra of the parent ion isotopic distributions and the MS/ that was more pronounced after 24 h. The shape of the
MS fragment ions used to deduce the sequence for theémission scan for the Q162E mutant was extended to the
peptide containing Q162E are shown in Figure 2A and Figure right of the peak. The significance of this is not known. The
2B. The proteins were purified te-98% homogeneity  circular dichroism and fluorescence spectroscopy suggest that
(Figure 3). introducing a single charge at the interface did not disrupt
The circular dichroic absorption in the far-UV showed the overall fold of the protein. In contrast, introducing both
characteristics typical fof-crystallins with a minimum at ~ charges may have disrupted the tertiary structure and to a
~218 nm (9, 32) (Figure 4A). The similar spectra and lesser extent the overall fold of the protein.
minima for all proteins suggest similar secondary structure. Associatie Behaior of Expressed Proteingntroducing
Differences in ellipticity were greatest between the wild type a negative charge across the interface ofB& dimer did
(WT) and double mutant (Table 1). The near-UV CD spectra not alter dimer formation. Both singly deamidated mutants
were similar between WT and the single mutants, whereasand the double mutant formed dimers with the same molar
the spectrum for the double mutant clearly differed from that mass and size as W3B2 at all concentrations tested (Figure
for the WT, indicating differences in tertiary structure (Figure 6A and Figure 6B). A wide range of concentrations was used
4B). in order to facilitate aggregation at high concentrations and

8.0 0.01
—wrpB2 B
6.0 —aroe 0.00472%,

4.0 —Q162E =
£ 20 Q70E/Q162E € 0.01
i =
<-2.0 Q70E
4.0 -0.03 Q162E
Q70E/Q162E
6.0 -0.04
180 190 200 210 220 230 240 250 260 260 270 280 290 300 310 320

Wavelength (nm) Wavelength (nm)

Ficure 4: (A) Far-UV and (B) near-UV circular dichroism of WT (blue), Q70E (red), Q162E (purple), and Q70E/Q162E (g&#n)
Samples contained 10 mM sodium phosphate and 100 mM NaF (pH 6.8) and were measured in a 0.01-cm cell for far-UV and in a 1-cm
cell for near-UV at 20°C. Spectra shown are representative of experiments performed in triplicate.
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Ficure 6: Molar mass (A) and radius of hydration (B) of the WX)( Q70E @), Q162E (), and Q70E/Q162E<¥) 5B2 determined by
SEC in line with MALS or QELS. Column was equilibrated in 58 mM Na/K phosphate, 100 mM KCI, 0.7 mM EDTA, 1 mM DTT (pH
6.8) with a flow rate of 0.4 mL/min. Predicted molar mass for \882 dimer is 46.6 kDa. Error bars are standard deviations; Bl

25

dissociation at low concentrations. The double mutant, Q70E/ A L '
Q162E, was not analyzed at the higher concentrations 20 _.1:""
because it tended to precipitate during concentration. There E o
were no differences in elution behavior of the dimers. g'® ,,A‘x*"

Taking anRy for B2 as 2.8 nm with a weight-averaged g 1.0 Lot XWT
molar massM,, of 45 kDa (Figure 6) gave a calculated * I o AQ70E
frictional coefficient,f, of 4.7 x 10—11 kg/s. The ratio of 08 e x o 62E
thisf to that predicted for a sphere of the salg, f,, would 0.0
give aflf, of 1.1 and a predicted axial ratio of-3. The 00 05 1.0 15 20 25 30 35 40 45 50
overall shape of the dimer for all mutants more closely Concentration Urea (M)

approximated that of a sphere than what was previously FiIGURe 7: Unfolding of WT (x), Q70E @), Q162E (J), and Q70E/
reported for the3B1 dimer with a predicted axial ratio of Q162E ) /B2 in 0.0-5.0 M urea at 283 nm excitation. Proteins

_ : . were analyzed at zM concentration in the same buffer as in Figure
4-5 (29). B2 is @ more compact dimer thgiB1, even 5. Samples were excited at 283 nm and emission intensities recorded

with an extended linker. This can likely be attributed to the as described in the text. Data are shown as the ratio of fluorescence
shorter N-terminal extension g#B2. intensities at 360/320 nm (FI 360/320 nm).

Stability of Expressed Proteingn order to determine

whether or not deamidation altered the stability of fiB2 29 1
dimer, the relative stabilities of the mutants were compared £ 20

to WT B2 during unfolding in urea. The double mutant S s

was found to have a slight shift in wavelength, even in the Q '

absence of urea (Figure 5). Therefore, a high salt buffer 8 10

(including 100 mM phosphate and 300 mM (NFEO,) was T —4+—Unfolding
initially used to facilitate comparison of all four proteir&sy. 05T ¢ Refolding
In this buffer all proteins had approximately the same 0.0

I I I 1 I 1 I 1 I
0.0 05 10 15 20 25 30 35 40 45 50

absorbance and emission gl (Figure 5). An excitation Concentration Urea (M)

wavelength of 283 was chosen to monitor global unfolding
of the proteins and to compare with previously published FIGURE 8: Equilibrium unfolding and refolding of Q70E/Q162E
results for bothgB2 and AB1 (19, 33). The data were mBe%h'Qdof?o_rﬁ'%grﬁrsta‘a‘?%%esc”bed in Figure 7. Curve is fit with
analyzed by using the ratio of intensities of 360 to 320 nm -
(23, 34), in order to include differences in the shapes of the indicates decreased stability of all the mutants, with a stable
emission scans noted in Figure 5. Using these fluorescencantermediate for the double mutant.
intensities, a sigmoidal unfolding curve with a transition Since a plateau was present in the unfolding of Q70/162E
midpoint of~2.9 M urea was observed for WIB2 (Figure B2, the free energy was calculated assuming a three-state
7) similar to that which others have reportezil(33, 38). model @2, 34, Table 2). While the data appeared to fit the
The cooperativity of unfolding was diminished for the curves, the actuahG® calculations were difficult to solve
Q70E, Q162E, and Q70/162E mutants (Figure 7), as reflectedwithout large error in one of the two transitions (Table 2).
in the differences in slopes of the transitions compared to Quantitative analysis was hindered by the inability to set the
WT. The midpoints of the equilibrium unfolding/refolding pre- and post-transitions for two transitions when only a
transitions for the mutants were similar to WT when a two- single transition was apparent. Nonetheless, appa&fis
state model of native to unfolded protein was assumed. were calculated for comparisons. For the double mutant, the
However, this did not reflect differences in the unfolding AG°®s for both transitions of unfolding were lower than those
curves between 0.75 and 2.5 M urea (Figure 7). In contrastestimated for WT, with the greatest difference in the first
to WT, there was a slight inflection in the transition of transition.
unfolding of Q70E/Q162E at-1.75 M urea, indicating a Since assuming a two-state model did not account for an
two-step transition with the first step occurring between 0.5 intermediate and assuming a three-state model resulted in
and 1.5 M urea (Figure 8). This mutation-induced shift to poor fits of the data, comparisons were made using the
lower urea concentrations in the unfolding equilibrium midpoint of the first transition where the greatest differences
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Table 2: Equilibrium Unfolding Free Energy for WT, Q70E, 100,000 —
Q162E, and Q70E/Q162EB2 ’_5‘ —aTE
— — £ 80,000 o .
transition 1 transition 2 .__c_i) Experimental: 41 - 45 kDa — TOERIEZE |
protein AG°2 erroP AAG°S AG°2 erroP AAG°® ;'60,000 Predicted: 46 kDa "'U;o
WT B2 72 04 78 54 @ <
Q70E 2.5 1.6 —4.7 3.8 0.7 -39 = 40,000
Q162E 2.9 06 —43 8.0 0.5 0.2 &
Q70E/Q162E 3.7 20 -35 4.6 07 -31 ©20.000
a Apparent free energy\G° (kcal/mol), of unfolding based on urea =

curve.® Error of fit to determineAG® value, as reported by Kaleida- 18 5 1 - 2 13-0 13-5 14- 5 1-4: = 5 0
graph software? AAG” = AGyiam — AGyiid yype IN UNits of kcal/mol. ) ' : ' ) ) )
Volume (mL)

were seen. The inflection point seen for the double mutant FIGURE 9:  Chromatogram of molar masses of recombinant WT

: ] . blue), Q70E (red), Q162E (purple), and Q70E/Q162E (gr8BR)
was used to evaly_ate the comparatlvg post .tranS|t|0n Va.luesfjetermined by SEC-MALS in 100 mM sodium phosphate, 5 mM
of the first transition for all the proteins (Figure 8). This  pTT and 2 mM EDTA (pH 7.0). The line tracing represents the

midpoint for WT was~2.25 M urea and was decreased for signal from the UV detector. The individual data points represent
the single mutants te-1.75 M urea, with a further decrease the molar masses in a narrowly eluting volume. A/g0sample

to ~1.25 M urea for the double mutant. The two single ©f ~1 mg/mL was analyzed for each protein.

mutants had similar midpoints, but differed in their slopes 25

with the greatest difference between WT and Q70E.
Results indicated that unfolding is reversible for all four E A 1 3 : ¥
proteins, and Q70E/Q162E appears to refold via an inter- S 15 ?AQ" x X
mediate similar to that observed during unfolding. At urea S ayix
concentrations<1 M urea, there was no sharp increase in 6 101 Le00 oot x X
intensity as would have been expected from light-scattering w Y ‘g Bxxx*
aggregates. The shift in wavelength during unfolding was
also reversed during refOlding, inClUding for Q7OE/Q162E 0'%.0 05 1.0 15 20 25 3.0 35 40 45 50
(data not shown). The high salt in the buffer may have Concentration Urea (M)
prevented formation of aggregates or intermediates detecteq:IGURE 10: Unfolding of WT (), Q70E ), Q162E (), and
by other researcher$3. Q70E/Q162E ¢) AB2 in 0.0-5.0 M urea at 283 nm excitation.

To determine whether or not greater differences could be Proteins were analyzed atM concentration in the same buffer
observed, the unfolding ¢fB2 was compared at excitation ~as Figure 9.
wavelengths of 283 and 295 nm (data not shown). The 40

tryptophan fluorescence intensities at 295 nm were used to —3s| —wT

follow changes in the microenvironment during unfolding. 2 20 A L
B2 has five tryptophans, three of which are buried, one is 22‘5

partially buried, and one is expose&dl7J. Unfolding was also A T

analyzed using intensities at 320 nm, rather than the ratio of 2 20

intensities at 360/320. Similam and Cy» values were s "°F

obtained by both of these methods. However, the slight = 10F

inflection of the transition was not as apparent using these 0-5300 3'20 340 3;50 3;30 200
parameters for analysis. The reason for this is not known, Wavelength (nm)

but has also been observed by Sathish et2d). o _
. . . Ficure 11: Fluorescence emission spectra of mixed WT:Q162E

A high salt buffer previously used to stabilize the expressed spowing the decrease in intensity and shift in maximum wavelength.
N-terminal domain was also used in our system to stabilize WT (—), mixed WT:Q162E ¢ — —), and Q162E (- - -)3B2 in
the double mutant3@). In order to determine whether or 2.0 M urea at 283 nm excitation. Proteins were analyzed;avl1
not the high salt buffer masked the effects of the introduced concentration in the same buffer as Figure 9.
charges, experiments were repeated in the absence @f,fNH in the fluorescence spectrum for the double mutant was
SO, First, it was determined by MALS that the proteins present in this buffer, even without urea, and all four proteins
formed dimers under these conditions (Figure 9). AukO0 unfolded in lower urea without changing the pattern of
injection of 1 mg/mL of each protein was analyzed by SEC- unfolding (Figure 10). Experiments were repeated in a low
MALS in the same mobile phase as the fluorescence ionic strength buffer of 10 mM phosphate with similar
experiments. All proteins formed a dimer with molar masses results. Because WTB2 also unfolded at lower urea
between 42 and 44 kDa, although the molar masses wereconcentrations, the differences among all four proteins were
slightly lower at the tailing edge of the peak (Figure 9). All only slightly increased in this buffer. ThAG°s were not
four proteins eluted-0.3 mL later in this buffer than in the  calculated because a true pretransition was not seen for the
“stabilizing” buffer, suggesting a column interaction. During double mutant.
chromatography, proteins eluted in 1 mL with concentrations A 50:50 mixture of WT and Q70E, Q162E, or Q70E/
under the peak ranging from 20 to 2g/mL or about 1 Q162E resulted in a greater shift in wavelength than with
uM. Therefore, proteins formed dimers in the new buffer at WT alone at either 1.5r02 M urea (data shown for WT:
1 uM, the concentrations used to measure unfolding. A shift Q162E at 1uM, Figure 11). The shift in wavelength of the
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mixtures was intermediate between that of the WT and domain GIn at Q54 or Q143 ipD decreased the apparent
individual mutants alone. free energy AG®) by 0.2 to 0.5 kcal/mol 22). These
decreases in stability may be enough to alter crystallin
DISCUSSION interactions in the lens. In another study, a marginally
Effects of Deamidation ofiB2 StructureBoth Q70 and destabilize¢tB2 mutant,3B2 L164A, bound tax-crystallin,
Q162 lie at the interface of theB2 dimer and participate in  indicating formation of an intermediate that was not detected
H-bonds with residues of the opposite domain from the in the unfolding curveZ1). Even minor changes in stability
partner subunit in the crystal structurg6]. Q70 interacts ~ may be enough to alter crystalierystallin interactions.
with L164 and F176, and Q162 interacts with V7P6). When both interface GIn residues were replaced with
Simulating deamidation at these sites did not alter dimer charged residues iiB2, there was a further decrease in
formation, with changes in the overall structure observed stability that could be explained by the observed effect on
most notably for the double mutant. the tertiary structure and appearance of a possible intermedi-
Our findings are consistent with several other studies ate. Likewise, inyD when both interface GIn residues were
probing the interface interaction2% 23, 39). Replacing mutated, the difference iAG°s increased to 1.4 kcal/mol
hydrophobic or ionic residues at the monomeronomer and a distinct intermediate was seen in the unfolding curve
interface inB2 or the domain-domain interface yD or (22). Several other sites of deamidation/iB2 have been
yB with alanines resulted in only minor changes to the detected in vivo § 10). It may be that either a single
overall fold of the protein, and did not disrupt dimer strategically located deamidation or an accumulation of
formation in fB2. In yD, mutating the homologous GIn  deamidation at several sites may lead to detrimental changes
mutated in this study did not alter the nativelike structure of in the lens.
yD (22). However, a mutation observed in congenital A greater percentage of the possible deamidation sites have
cataracts eliminating 51 residues from the C-terminal domain been reported isB1 andBA3 than inSB2 (8, 10, 28). This
of fB2 was enough to disrupt dimer formatiod(}. is consistent with other reports thaB2 is more resistant to
Together, these results indicate that mutating specific modifications than the other crystallir25j. Preliminary data
interface residues iiB2 alone may not be enough to alter suggest that the extent of deamidation may be greater in the
the dimer formation of3B2. insoluble than the soluble proteins. The deamidation levels
Despite the absence of changes detected by MALS andappear to be between 5% and 15%. The effects of this
QELS, changes in secondary and tertiary structure, particu-amount of deamidation g§B2 in the complex mixture of
larly of the doubly deamidated mutant, while not dissociating other modified crystallins in vivo are not known.
the dimer, led to differences in stability. In summary, deamidation in the major lefsrystallin,
Effects of Deamidation oy¥B2 Stability. Deamidation B2, altered protein stability and structure. Glutamine
decreased the stability $B2-crystallin. Deamidation atone  residues 70 and 162 iiB2 are located at the monomer
or both of the homologous sites, Q70 in the N-terminal monomer interface in the dimerl§). As a result of
domain or Q162 in the C-terminal domain #B2, shifted  deamidation at these key sites, newly introduced charges on
the equilibrium of unfolding preferentially in the early the side-chain groups decreased protein stability without
segment of the unfolding curves. This was associated with dissociating the dimer. Deamidation also led to changes in
a loss of cooperativity, which was more apparent for the secondary and tertiary structure, particularly of the doubly
Q70E mutant. deamidated mutant. These changes may facilitate further
The unfolding curve of WTBB2 did not show a discrete  modifications and may contribute to insolubilization3B2,
intermediate, previously seen with a low ionic strength buffer although these studies do not rule out the possibility that
(41) or when GdnHCI was used as the denaturdat 43). other lens modifications such as oxidation and disulfide bond
The monophasic nature of the unfolding curve for WT formation are principally responsible for insolubilizatict0(
suggests a highly cooperative unfolding from the native to 44). Deamidation may also alter the function#B2 in vivo
the unfolded protein or a spectroscopically silent transition by compromising the ability g8B2 to maintain the solubility
from native to intermediate or intermediate to unfolded of other more modifie@-crystallins. Alternatively, changes
protein. The nature of the intermediate for the double mutant in structure may facilitate the interaction 6B2 with other
was not determined in this study, but it can be inferred from g-crystallins in the complex mixture in the len&lj. Future
previous reports thg8B2 unfolds in a two-step transition  studies will explore the interactions between the deamidated

(33, 42, 43). The unfolding of ratB2 is dominated by  proteins described here and ottfecrystallins.
simultaneous dissociation of the dimer and unfolding of the

N-terminal domain followed by the unfolding of the C- ACKNOWLEDGMENT
terminal domain 3). Therefore, the intermediate state is
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