Biochemistry1999, 38, 1488714896 14887

The Nucleotide-Binding Site of the Sarcoplasmic Reticulum-8&Pase Is
Conformationally Altered in Aged Skeletal Mustle

Baowei Chen, Terry E. Jones, and Diana J. Bigelow*

Department of Molecular Biosciences, Biochemistry and Biophysics Section, Haworth Hakrsityi of Kansas,
Lawrence, KS 66045-2106

Receied May 17, 1999; Résed Manuscript Rece¢d August 9, 1999

ABSTRACT: Cellular conditions in senescent skeletal muscle have been shown to result in the loss of
conformational stability of the sarcoplasmic reticulum (SR}@dPase. To identify underlying structural
features of age-modified CeATPase, we have utilized the fluorescence properties of protein-bound probes

to assess both local and global structure. We find conformational changes that include an age-related
decrease in the apparent binding affinity to high affinity calcium sites detected by fluorescence signals in
both tryptophans within nearby membrane-spanning helices and fluorescein isothiocyanate (FITC) bound
distally to Lys;1s within the nucleotide-binding site. In addition, a substantial (80%) age-related increase

in the accessibility to soluble quenchers of fluorescence of FITC is observed without concomitant changes
in bimolecular quenching constantg)(for protein-bound IAEDANS, also within the nucleotide-binding
domain, and tryptophans within the membrane. Using fluorescence resonance energy transfer to measure
distances between IAEDANS and FITC across the nucleotide-binding domain, we find no significant
age-related change in the mean denacceptor distance; however, significant increases are observed in
the conformational heterogeneity of this domain, as assessed by the width at half-maximum (HW) of the
distance distribution, increasing with age from 29:4.8 A to 42.5+ 1.1 A. Circular dichroism indicates

that the average secondary structure is unaltered with age. Thus, these data suggest tertiary structural
alterations in specific regions around the nucleotide-binding site rather than global conformational changes.

Both genetically transmitted alterations in protein sequence as a means to refill the internal stores for the next excitation
and posttranslational modifications have been shown to leadcontraction event. Chronologically, one of the first contractile
to conformational instability, misfolding, and enhanced defects seen in aged muscle is a prolongation of the time
propensity for aggregation of proteins that, in turn, can lead required for relaxation that has been shown to be associated
to cellular and organismal dysfunction. Specific examples with decreased rates of calcium transport into the SR of some
where protein misfolding has been shown to be integral to muscle typesY, 8).
pathologies include:-amyloid in Alzheimer’'s disease, We have previously documented the age-related loss of
transthyretin in senile systemic amyloidosis, and prion protein functional and conformational stability of the €ATPase
in Creutzfeldt-Jacob diseasd {-4). In addition, qualitatively in SR isolated from hindlimb skeletal muscle of the mam-
similar conformational changes have been observed for amalian aging model, the Fischer 344 r&). (From measure-
number of proteins in senescent mammalian tissues. ments of tryptic digestion in vitro, the CeATPase isolated

Similarly, the sarcoplasmic reticulum (SRya—ATPase in intact SR membranes from senescent muscle exhibits
in senescent skeletal muscle has been shown to be conforincreased initial rates of proteolysis relative to the—Ca
mationally altered and less stable relative to this protein in ATPase from young muscle. The kinetics of this digestion
young tissue§, 6). These characteristics may contribute to suggests that10% of the protein mass associated with the
the prolonged relaxation times and muscle weakness ob-extramembranous cytoplasmic domain is more solvent
served in aging. Muscle relaxation is mediated by the SR exposed in aging. These conformational changes are associ-
Ca—ATPase that, in turn, mediates the rate-limiting rese- ated with enhanced rates of €ATPase inactivation, protein
questration of cytosolic calcium into the lumen of the SR, unfolding, and aggregation under conditions of mild heating,
suggesting that the combination of age-modified-8aPase
SGZE%Pﬁh(I):m co(;rg;)pgggéréczelsgoulqlbit?ddlress(sfd.l Telephokne: (7535)and in vivo conditions where tissue may be heated t6G& 1
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altered regions utilizing site-directed fluorescent probes out in a medium of 20 mM MOPS (pH 6.8), 80 mM KClI,
that provide measures of both local environment around 1mM CaC}, 5 mM MgCh, and 4 mg of SR protein/mL for
fluorophores and molecular dimensions across the protein.30 min at 25°C. The labeling medium included £A00-
From this work, focusing on the structure of the nucleotide fold excess IAEDANS (0.44 mM), ensuring complete
binding domain, we find local tertiary structural changes modification of the reactive sulfhydryls. SR vesicles labeled
around Lys;s within the nucleotide site and increased with IAEDANS were separated from free probe by centrifu-
conformational heterogeneity of the nucleotide-binding do- gation at 100008 for 45 min followed by resuspension in
main without significant alterations in average secondary sucrose buffer containing 0.3 M sucrose and 20 mM MOPS

structure. (pH 7.0), centrifuged again, and finally resuspended in
sucrose buffer. The CaATPase was labeled with FITC by
EXPERIMENTAL PROCEDURES incubation of SR with FITC for 10 min at 2ZC in a medium

_ ) _ ) consisting of 10 mM Tris buffer (pH 9.2), 0.1 M KCI, 0.1

Materials. 5-[[2-[(iodoacetyl)amino]ethyllamino]naph- M EGTA, 0.3 M sucrose. Unreacted label was removed
thalene-1-sulfonic acid (IAEDANS) was purchased from p cengrifugation of vesicles at 100a9fbr 45 min, the pellet
Molecular Probes (Eugene, OR); fluorescein S-isothiocyan- a5 resuspended in sucrose buffer and centrifuged and finally
ate, isomer | (FITC), 1,4-bis[5-phenyl-2-oxazolyl]-benzene o5y spended in sucrose buffer. The stoichiometry of labeling
(POPOP) were obtained from Sigma Chemical Co. (St for probes was determined in the medium of 1% SDS and
Louis). All other chemicals were of reagent grade. 0.1 M NaOH for both probes using molar extinction

Preparation of Rat Skeletal SR Membran®arcoplasmic  coefficients ofezso = 6100 M2 cm ! andeges = 8.0 x 10*
reticulum (SR) membranes were purified from the hind limb M~1 cm?, for IAEDANS and FITC, respectivelyl().

skeletal muscle of young (5 months), middle-aged (16  gtoaqy. State Fluorescence MeasuremeRitsorescence
months), and old (26 months) Fischer strain 344 rat (obtained g ission spectra were recorded with a FluoroMax-2 fluo-

from HarlanTSpragueD_awIe_y; Indlan_a_poh_s, IN) as de-  ometer (SPEX, Edison, NJ), using excitation and emission
scnped previously 10) with minor moQ|f|cat|ons 11) SR slits of 5 nm. In all cases, control samples (no fluorescent
vesicles were suspended in a medium contalnlngo 0.3 M probes present) were used to determine the contribution of
sucrose and 20 mM MOPS (pH 7.0) and stored-@0 °C. background fluorescence and/or scattered light to the ob-
Protein concentrations were determined by the method of goryeq spectra. Control samples demonstrated that these
Lowry (12), using bovine serum albumin as a standard. contributions were minimal (i.e56%).

Assay of Enzymatic Aetty. Calcium-dependent ATPase Calcium-Dependent Fluorescence of FITC and Tryp-

activity was assayed at 2& by colorimetric determination  ,onans changes in fluorescence due to calcium dependent
of the time dependence of the release of inorganic phosphatechanges in the environment of EITC bound to the—Ca

from vesicles made leaky to Ca'Ci“_”? by the addition OT the ATPase or intrinsic tryptophans within the SR-C&TPase
|ono_phore AZ?’.187](3)' ATPase activity was measured in a were measured by addition of small aliquots of a 0.2 M GaCl
medium containing 0.05 mg SR protein/mL, 0.1 M KCl, 5 stock into 3 mL of medium containing final concentrations
mM MgClz, 44M A23187, 5 mM ATP, 25 mM MOPS (pH ¢ 45 g SR/mL, 100 mM MOPS (pH 7.0), 80 mM KCl, 5
7.0), 1 mM.E'GTA or 0.1 ”."V' CaGl CaIC|um.-depender.1t. mM MgCl,, and 1 mM EGTA. Free calcium concentrations
ATPase activity was determined from subtracting the activity were calculated based on total ligand and EGTA concentra-
assayed in the presence of EGTA (basal activity) from the ;< correcting for pH and ionic conditiond4 18).
act?v@ty assayed in the presence of CaQibtal ATPase Emis,sion of FITC-SR was monitored at 518 nm with
activity). excitation at 495 nm, and emission of tryptophan was
Determination of Free Calcium Concentrationsree monitored at 333 nm with excitation at 290 nm.
calcium concentrations were determined from total ligand

and .E.GTA concentrations, correcting for pH and ionic mational changes were assessed by changes in the acces-
conditions (4). sibility of fluorophores to water-soluble quenchers of fluo-
Trypsin DigestionSR vesicles labeled with either FITC  rescence. Acrylamide or KI was used as efficient quenchers
or IAEDANS were subjected to mild tryptic digestion of JAEDANS, FITC, and tryptophan fluorescence. Quench-
incubating 0.05 mg trypsin/mg SR protein for 20 min in 20 jng of probes bound to the CaTPase was measured by
mM MOPS (pH 6.8), 80 mM KCI at 23C. The reaction  steady-state fluorescence intensities as a function of quencher
was stopped by addition of soybean trypsin inhibitor (Type concentration in 4@g SR/mL, 20 mM MOPS (pH 7.0), 0.1
1-S, Sigma) at an inhibitor/trypsin ratio of 2:1 (wt/wt). mM EGTA, and sufficient CaGlto provide the desired
ElectrophoresisSodium dodecyl! sulfate-polyacrylamide concentrations of free calcium.

gel electrophoresis (SDS-PAGE) was performed according  Frequency-Domain Fluorescendérequency domain data
to the method of Laemmlil). Fluorescence of IAEDANS  \yere measured using an ISS K2 frequency domain fluorom-
or FITC associated with the polypeptides separated by SDS-eter described previouslyt9). The instrument was equipped
PAGE was detected atop a UV light boke{= 366 nm)  wijth a Marconi signal generator (2022A & C) and ENI
before staining with Comassie blue. Emission was monitored proad-band amplifiers (325LA and 403LA), which operate
with a Corning 3-70 cutoff filter placed in front of the camera conjunction with a Pockels cell to obtain intensity-
lens (Polaroid MP-4 Land Camera). modulated light from either a 300 W xenon arc lamp (ILC

Labeling with Spectroscopic Prob&he Ca-ATPasewas  Technology PS3001) or, alternatively, a CW argon ion laser
labeled with IAEDANS or FITC as previous describddb equipped with extended UV capabilities (Coherent Innova
Modification of the Ca-ATPase with IAEDANS was carried  400/2/0.2, Santa Clara, CA).

Fluorescence Quenching MeasuremeRttein confor-
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Fluorescence lifetimes were determined using 351 nm for Modeling the distance distribution as a Gaussian prob-
excitation of IAEDANS with an Oriel interference filter  ability (P(r)), the observed intensity decay is fit as:
centered at 460 nm at 2%C, using 1,4-bis[5-phenyl-2-
oxazolyl]-benzene (POPOP) in absolute ethanol as a refer- . n e w .
ence having a lifetime of 1.35 n2@). The fluorescence lp, = j:ZOP(r)Z(aDi) o~ W) (R” g (5)
lifetime of FITC was obtained at 488 nm for excitation using 1=
a Schott OG-530 cutoff filter and glycogen for relative
standard (lifetime= 0). The frequency-domain data were  To recoverP(r) from the intensity decay, and minimize
analyzed by the method of nonlinear least-squa2ésa?). the number if parameters, a uniform Gaussian distribution
The time-dependent decagt) of fluorescence is generally ~ of donor-acceptor distances is generally assumed:
fitted to a sum of exponentials,

0= o™ n o )

wherer,, is the average donefacceptor distance andis

Where i 1S the. preexponent_lal fac?or ang is the decay the standard deviation of the distribution. The width of the
time, the intensity decay law is obtained from the frequency distribution is reported as the full width at half-maximum

response of the amplitude-modulated light and is character- L — L X
ized by the frequency-dependent values of the phase Shifté?(\alva)ﬁ/gggreIselgglv?/ﬂe%gw_ 2.354. Additional details

and the extent of demodulation. The values are compared ™ .. : . .
. .~ Circular Dichroism.Spectra of SR proteins were measured
with the calculated values from an assumed decay law until . ) i
using a Jasco J-710 spectropolarimeter with a temperature-

a minimum of the squared deviatiorygf) is obtained. . !
Explicit expressions have been provided for calculation of Jacketed spectral cell with a path length of 0.5 cm. CD spectra
were collected from 205 to 260 nr2%).

o and ;.
Fluorescence Resonance Energy Transfédre intensity RESULTS
decay for a fluorescence donor in the presence of an acceptor
can provide information regarding both (1) the average Chemical Modification of the SR CsATPase with
distance between donor and acceptor and (2) the distributionlAEDANS and FITC.Conditions have been previously
of distances that reflects the static and dynamic conforma- reported for the specific derivatization of the SR-@elPase
tional heterogeneity of the molecule to which donor and isolated from rabbit fast twitch muscle with both IAEDANS
acceptor are bound. For example, for a single acceptorand FITC (5, 16). These conditions result in modification
present at a distance r from a donor, the intensity delgay (  Of Lyssisby FITC (28) and of Cysro, 674by IAEDANS (29).
is given by: Identical sequences around these sites in the d@Pase
of rat skeletal muscle (previously characterized as®%%
n fast-twitch (SERCA1) and 1015% slow-twitch (SERCA2a)
Ioa(rit) = (o) 70 2 isoforms suggests that the same sites will be modified using
1= these labeling conditions applied to SR isolated from the
hindlimb skeletal muscle of Fischer 344 ratkl), This
suggestion is confirmed by the following results. We find
that derivatization of rat SR in the presence of excess
IAEDANS results in the progressive incorporation of probe
Urpa, = Lrp, + 1/rDi(RO/r)6 ®3) to a saturating level of 9.Z 0.4 nmol/mg of SR protein
with the maintenance of 90% of the enzyme’s activity. On
Ro is the Faster critical distance that defines the distance the basis of the relative abundance of the-@ZPase in
where the efficiency of resonance energy transfer is 50% SR, this level is equivalent to approximately two moles of

where, individual decay times observed in the presence of
an energy transfer acceptor are:

for a given donot-acceptor pairRy is calculated as: IAEDANS per Ca-ATPase polypeptide chain. For the
experiments described in this study, we have used labeling
R,=(9.79x 103)(/<2n_4QJ)1/6 4) conditions resulting in modification with approximately one

mole of IAEDANS per mole of CaATPase. On the other
wherex? is the orientation factom is the refractive index, hand, labeling with FITC results in label saturation at 4.4
Q is the quantum yield of the donor in the absence of the 0.8 nmol/mg of SR protein, corresponding to approximately

acceptor, and is the spectral overlap integré2@. In our one mol FITC/mol ATPase. Progressive modification with
experiments, the quantum yield for IAEDANSR was FITC correlates with a concomitant loss of -CATPase
determined using quinine bisulfate as a stand@re-(0.54); activity, consistent with modification of a site that blocks

the refractive indexr() was estimated to be 1.40 based on access of nucleotide to the active site of the-BdPase

the refractive index measuredrfa 1 mg/mL solution of (29).

serum albuminZ3). «? was assumed to be 2/3, corresponding  Probe specificity was assessed after electrophoretic separa-
to random orientation between donor and acceptor dipoles,tion of SR proteins (Figure 1). Fluorescence of both
because of the range of conformations, the possibility of IAEDANS and FITC is associated primarily with the 100
rotational diffusion, and the mixed polarization of the species kDa Ca-ATPase protein band and with the B tryptic
(24). The use of? = 2/3 is not likely to result in significant ~ fragment (Al@os—LyS1001) consistent with the sites of
error if donor and acceptor can adopt a range of conforma- modification previously reported for the rabbit skeletal
tions 25). muscle enzyme2g, 29). Neither labeling stoichiometries nor
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Ficure 1: IAEDANS and FITC modification of the SR Ga

ATPase. SR vesicles were labeled with IAEDANS (lanes 1 and
2), and with FITC (lanes 3 and 4) before separation of protein on
7.5% SDS-PAGE. The left panel (a) depicts Coomassie blue
staining before (lanes 1 and 3) and after (lanes 2 and 4) mild
digestion with trypsin (see Experimental Procedures). The right

panel (b) depicts protein and peptide-associated fluorescence from ™"

Chen et al.

Relative Fluorescence

[Ca”].., (uM)

Ficure 2: Calcium dependence of relative fluorescence changes
entailing (panel A) the quenching of fluorescence of bound FITC
and (panel B) enhancement in the fluorescence of intrinsic
tryptophans within the SR CGaATPase from skeletal muscle of
young (5 mo) adult®) and aged (26 mo)X¢) Fischer 344 rats.
Relative fluorescence is calculated frof € Fpin)/(Fmax — Fmin),
whereF is fluorescence intensity under any experimental conditions,
FmaxandFnyin are maximum and minimum intensities, respectively.
These measurements were carried out in a buffer consisting of 40
#g SR/mL, 100 mM MOPS (pH 7.0), 80 mM KCI, 5 mM Mgg£l

1 mM EGTA. Each data point represents the mean of three
measurements from SR isolated from young and aged muscle where
probe stoichiometries were 622 0.4 and 6.4+ 0.8 nmol FITC/

mg SR protein, respectively. Emission of FIFSR was measured

at 518 nm with excitation at 495 nm; emission of tryptophan was
onitored at 333 nm with excitation at 290 nm.

the same samples. Fluorescence was detected using a Corning 3-70

cutoff filter before staining with Coomassie blue. A and B indicate
tryptic fragments resulting from the initial cleavage at R50%; A

and A indicate tryptic fragments derived from further cleavage of
A at R198.

specificities of either probe differ for preparations isolated
from rats of different ages (data not shown).
Calcium-Dependent Structural TransitioriBhe fluores-
cence of FITC covalently bound to Lys within the
nucleotide site of the CaATPase has been shown to be

or total fluorescence changes. Thus, the age-related decrease
in the apparent calcium affinity, i.e., either calcium-binding
itself, or calcium-dependent activation steps, are manifested
in structural changes at spatially distal sites within the-Ca
ATPase.

Sokent Accessibility of Intrinsic and Extrinsic Fluoro-
phores.We have assessed possible changes in the local
environment around IAEDANS, FITC, and tryptophans with
respect to the extent to which these groups are buried within

sensitive to calcium binding at the distal transmembrane sitesthe protein structure measuring the accessibility of these

within the Ca-ATPase, exhibiting a 89% decrease of
fluorescence intensity upon calcium bindirg9(31). In this

fluorophores to water-soluble quenchers of fluorescence.
Increased solvent accessibility is suggested from the increas-

study, we have compared these calcium-dependent structuraing slopes of the SternVolmer plots Ksy) of iodide

transitions in SR isolated from skeletal muscle of young with
those from aged animals (Figure 2A). All data were fit using
the Hill equation resolving the half-saturation calcium
concentrationsK/,) and Hill coefficients (). FITC quench-
ing induced by calcium binding occurs at lower<(@.05)

guenching of protein-bound FITC with age (Figure 3A).
Since changes in the quenching can also result from changes
in probe lifetime, which alter the time available for collisional
guenching, fluorescence lifetimes of FITC were measured
in order to derive the bimolecular quenching constakgs (

free calcium concentrations for SR membranes isolated from= K, x 771), as a true measure of solvent accessibility (Table

young skeletal musclég,, = 1.5+ 0.1uM) relative to that
observed from aged skeletal musdig/4 = 2.4+ 0.2 uM).

In contrast, the Hill coefficients (1.9 0.2 and 2.1+ 0.3

for young and old samples, respectively) do not significantly

1). Comparison of the bimolecular quenching constégt (
of FITC to Kl for the SR Ca-ATPase from aged muscle
relative to those from middle-aged and young muscle
indicates a progressive increase up to nearly 1.8-fold in the

differ. Neither is the total extent of the fluorescence change solvent accessibility of this fluorophore within the nucleotide

(8—9%) different with age. Another structural transition in
response to high affinity calcium binding was examines, i.e.,
the 4-5% enhancement of intrinsic fluorescence that origi-
nates from some or all of the 12 tryptophans within
membrane-spanning helice®2]. The same relative shift to

higher calcium concentrations is observed for this fluores-

cence signal for the CaATPase from aged muscle (Figure
2B). Recovere; values of 1.2+ 0.1 uM and 1.7+ 0.1
uM for young and aged samples, respectively, are signifi-
cantly different (p<0.1), with no change in Hill coefficients

site. However, in all cases, the solvent accessibility of
protein-bound FITC remains less than that of FITC free in
solution, indicating only partial loss of structure around
Lyssis In contrast, IAEDANS, covalently bound to a distal
site within the B tryptic fragment of the CeATPase, exhibits

no significant changes in solvent accessibility to either Kl
or the neutral quencher, acrylamide, with age of the animal
(Figure 3B). Similarly, quenching of intrinsic tryptophan
fluorescence was unchanged with age (Figure 3B). Thus,
these results, in combination with the observation that there
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domain measurements of lifetimes of bound IAEDANS in

16 1.4
B the presence and absence of FITC in order to recover
1.5¢ information regarding the extent of heterogeneity in denor
1al 13r acceptor distances and thus conformations within the cyto-
' plasmic domain of the CaATPase. From the donor’s
L oqiaf 12l TWP‘°°“Q emission, the phase lag and demodulation of intensity-
[T

modulated light relative to the excitation was measured at
20 different frequencies between 2 and 100 MHZ (Figure
4). The intensity decay of both IAEDANSSR and

IAEDANS—FITC—SR are adequately described as the sum
of three exponentials, as shown by the random distribution
of the weighted residuals and the relative reduction in
chi-squared values (Table 2). A near 60-fold improvement
in the goodness of fit (i.ey%& ) for a model involving three-

exponentials relative to the two-exponential model is ob-

! served, indicating that three-exponential model is statisticall
bound to the CaATPase. Quenching was measured from fluo- g P y

rescence intensities of (panel A) bound FITC, or (panel B) bound JqSt'T'_ed' F't_tmg to a fo_ur-exponer]tlal r_nod_el does not
IAEDANS (open symbols) or intrinsic tryptophans (solid symbols)  Significantly improve the fit. The relative shifts in demodula-
(panel B) as fluorescence intensities (F) relative to unquenchedtion and phase of IAEDANS toward higher frequencies in
samples fo) at various Kl concentrations. Samples consisted of the presence of FITC is indicative of a decreased lifetime as

40 ug SR/mL and 20 mM MOPS (pH 7.0), 0.1 mM EGTA, 56.2 .
M CaCl, ([C8Jree = 0.54M, and sufficient KCI (up to 0.2 M) gartzs(u_ll_zglferliET that can also be seen from the lifetime

to maintain a constant ionic strength in solution. SR from 5 month . L
(squares), 16 month (circles), and 26 month-old (triangles) animals ~ These data has also been modeled as a Gaussian distribu-
was derivatized with 4.3 0.1 nmol FITC/mg SR or 5.8 0.1 tion of donor-acceptor distances that reflects the degree of
nmol IAEDANS/mg SR. Fluorescence was measured at 518 nm static or dynamic disorder resulting from either multiple

with excitation at 495 nm for FITC, at 480 nm with excitation at : :
340 nm for IAEDANS, and 333 nm with excitation at 290 nm for conformations or structural fluctuations of the-GaTPase

tryptophan. Data points represent the mean of two FITC and POlypeptide chain 33). From this analysis, we find the
IAEDANS or three tryptophan measurements. average recovered donoacceptor distancerq) between

IAEDANS and FITC is not significantly different as a result
of age as evidenced by overlapping error surfaces within one
standard deviation (Figure 5C). In contrast, the extent of

.

IAEDANS

1.0
200 ©

0 50 100 150 50 100 150 200

[KI] (mM)

FiGure 3: Accessibility to quenching by iodide of fluorophores

Table 1: Age-Related Differences in the Solvent Accessibility of
FITC Bound to the CaATPase in SR

sample Kev (M) <¢> (nsyf Ky (1079 M1 573y conformational heterogeneity progressively increases with
FITC-SR age as evidenced by the width at half-maximum (HW) of
5 months 1.35£0.10)  3.34 £0.03) 0.40 £-0.03) the distance distribution with the greatest change occurring
16 montES 1'93£0'12; 3.49 EEO-12; 0.54 gEO.O4; between 16 and 26 months of age (Figure 5, Table 3).
26 months  2.4240.14F  3.36 @0.03 0.72 £0.04 ) - P
eTC 408 6040)  3.11£0.04) 131 £0.05) These age-related conformational modifications were

also compared with those produced by the global unfolding

induced by the denaturant urea. Like aging, exposure to
derivatized by FITC under conditions described in Experimental y ging P

Procedures that specifically modifies the-G@rPase (FITC-SR), or urea results in only minimal changes in the average distance
lysine alone was derivatized (FITC) before quenching with iodide or (Ta) between IAEDANS and FITC, but substantial increases

lifetime measurements were made. These measurements were madin the HW of the distance distribution. As indicated by
under the buffer conditions described in Figuré’&v, the slope of the arrows in Figure 6, the extent of the increased HW
the Sterr-Volmer plot, was obtained from the relationstigF =1.0 occurring in middle-aged and senescent muscle corresponds
+ Ksv (Q), whereFo andF is the fluorescence intensity in the absence to that d d by in vitro treat twith 1.4 Mand 2.7 M
or presence of added quencheg,is the quencher concentration; 0 that pro UCQ Yy IN VIO trea men wi : a_n_ .
Stern-Volmer plots are as in Figure 3Fluorescence lifetimes<{r>) urea, respectively. However, unlike age modifications,
are expressed &5 fi 7i. kg is the bimolecular quenching constant, exposure to urea results in substantial inactivation of the
wherekq =Ks, <z>"% Errors (in parentheses) represent the mean of Ca—ATPase (approximately 80% & M urea). In contrast,
two measurements each from two individual animalsdicates 540y results in little or no loss of activity under optimal
significance calculated from Student’s t-test of@O1 relative to . h | f ility i

samples from 5 month animals. gg)say conditions; however, a loss of stability is obsertéd (

is an age-related loss in sensitivity to calcium binding,  Circular Dichroism Measurement®ossible age-related
suggest that while the environment around tryptophans in changes in secondary structure of the—@& Pase, were
membrane spanning helices undergoes changes with ageassessed with circular dichroism (CD) spectroscopy. In view
these changes do not affect their position with respect to theof its age-related loss of conformational stability, further

aSR isolated from skeletal muscle of various aged rats was

aqueous medium.

Fluorescence Resonance Energy Transfer
IAEDANS and FITC, and Distance Distribution Analysis.
The modification of the CaATPase with both IAEDANS
and FITC provides a sensitive doraacceptor pair for the

purification of the Ca-ATPase with its requisite removal

Betweenfrom the stabilizing influence of the SR membrane would

likely result in artifactual results. Therefore, the apparent
o-helical content was estimated from CD of native SR
membranes in which the CaATPase comprises the major

estimation of molecular distances across the nucleotide-(>50%, based on gel densitometry), but not only, component
binding domain from fluorescence resonance energy transfer(Figure 7). CD spectra were measured from 206 to 260 nm
(FRET) measurements. Therefore, we have used frequencyat 1 nm intervals for SR vesicles isolated from the skeletal
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Ficure 4: The frequency response of the emission of IAEDANS bound to theAJ#@ase of SR isolated from 5 month animals at’25

Data are shown for IAEDANSSR (left panel) and IAEDANSFITC—SR (right panel) for the differential phase andi® Gnd modulation

(®). The fits correspond to one (dashed line), two (dotted line), and three (solid line) exponential components. Weighted residuals (phase
and modulation) are shown below the frequency domain data, and from top to bottom, correspond to one-, two-, and three-exponential fits
to the data. The weighted residuals correspond to the difference between the experimental data and the calculated fit divided by the standard
error of the individual measurements, which was assumed to be 0.20 and 0.005 for phase and modulation data, respectively. The reduced
chi-squared¥%) values for fits of IAEDANS-SR are 964, 16.9, and 1.3 for one-, two-, and three-exponential models, respectively. Chi-
squared values for fits of IAEDANSFITC—SR are 1410, 23.8, and 2.9 for one-, two-, and three exponential models, respectively. Lifetime
measurements were made in medium containedu0BR/mL, 20 mM MOPS (pH 6.8), 80 mM KCI, 5 mM Mg£10.5 mM EGTA. Probe
stoichiometries were 5. 0.1 nmol IAEDANS/mg SR or 2.3 0.3 nmol FITC/mg SR.

Table 2: Lifetime Data for IAEDANS-Modified SR CaATPasé

sample o 71 (NS) o2 72 (NS) o3 73(NS) >oiti (nS) 2R

IAEDANS-SR

5 months 0.228 19.3 0.175 6.56 0.597 0.570 5.89 21
(0.009) (0.5) (0.025) (0.62) (0.016) (0.181) (0.30)

16 months 0.280 18.1 0.141 4.79 0.579 0.479 6.02 2.2
(0.006) 0.3) (0.001) (0.28) (0.006) (0.053) (0.04)

26 months 0.281 18.9 0.179 6.34 0.540 0.64 6.79 2.7
(0.025) (0.2) (0.012) (0.46) (0.012) (0.098) (0.56)

IAEDANS-FITC-SR

5 months 0.117 16.0 0.217 4.87 0.666 0.532 3.28 4.4
(0.009) (0.8) (0.024) (0.81) (0.03) (0.223) (0.64)

16 months 0.137 14.8 0.200 4.21 0.663 0.463 3.17 3.3
(0.009) (0.2) (0.010) (0.04) (0.019) (0.055) 0.17)

26 months 0.136 15.9 0.216 491 0.648 0.548 3.58 3.3
(0.010) (1.0) (0.025) (0.77) (0.016) (0.208) (0.40)

agxperimental conditions: 100g SR/mL, 20 mM MOPS (pH 6.8), 80 mM KCI, 5 mM Mggland 0.5 mM EGTA at 25C with excitation at
351 nm using an Oriel interference filter centered at 460 nm. The probe stoichiometry of the IAEDANS-labeled sampledwasl sol/mg
SR, that for FITC was 2.3 0.3 nmol/mg SR. Average amplitudes;X and lifetimes ¢;) were obtained from three-exponential fits to frequency
domain data collected for donor only and donacceptor SR CaATPase isolated from different aged skeletal muscle (5 months, 16 months, and
26 months). Errors (shown in parentheses) are the mean of three measurements.

muscle of 6, 17, and 26 month old Fischer 344 rats. The secondary structure of SR proteins. In contrast, exposure of
resulting spectra show no age-related changes, detectabl&R to urea results in a substantial loss in secondary structure
within the experimental variability of 3%, in average as evidenced by the spectrum of SR3 M urea, and the
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£ 10 Ficure 6: Effect of urea on average distaneg) (O) and width
at half-maximum (HW) @) in distribution of distances from
1.00 25 e 0 IAEDANS to FITC. Arrows indicater,, and HW obtained from
similar measurements of the €ATPase (in the absence of urea)
] corresponding to SR isolated from 5 month (A), 16 month (B),
110 and 26 month (C) Fischer 344 rats (see Table 3). The medium
C contained 10(g SR (isolated from 5 month animals)/mL, 20 mM
< 105 MOPS (pH 6.8), 80 mM KCI, 5 mM MgGJ and 0.5 mM EGTA,
and probe stoichiometries were 300.1 nmol IAEDANS/mg SR
1.00 L NEN T , , . or 3.8+ 0.2 nmol FITC/mg SR.
20 25 30 35 40 45 50 55 60
o (A) 2
Ficure 5: Distribution of distances from IAEDANS bound to €a < 0 B
ATPase to FITC (panel A) and normalized chi-squaneg)(error % r
surfaces for the width at half-maximum (HW) (panel B) or the g -2
average doneracceptor distance4) recovered for protein-bound ~ ° L
probes. Lines in panels B and C indicate one standard deviation. £ -4 (¢
The samples were measured under buffer conditions as in Figure ;
4. SR vesicles were isolated froa 5 month (dashed lines), 16 o 6 r
month (dotted lines), or 26 month-old (solid lines) rat. g o
o L
Table 3: Distance Distribution Analysis of Resonance Energy ‘; -10
Transfer Between IAEDANS and FITC Bound to the-G&TPasé = L
= .12
sample E RA  ra® HW (A) 2 °
5months  0.44:0.09 47+3 33.7+0.8 29.4+0.8 4.4 Mo 0 20 20 o2 o0 1 3 3 4
16 months 0.4 0.03 47+3 38.8+1.1 32.0+1.2 43
26 months 0.420.07 48+3 383+1.2 425+11 1.5 Wavelength (nm) [Urea] (M)

aExperiments were carried out at 26 with excitation at 351 nm Ficure 7: Panel A: Circular dichroism spectra of native SR
using an Oriel interference filter centered at 460 nm. The medium buffer vesicles isolated from 6X), 17 ©), and 26 §) month Fischer
contained 10Q«g modified SR/mL, 20 mM MOPS (pH 6.8), 80 mM 344 rats compared with the spectrum from SR isolated from 6

KCI, 5 mM MgCl,, 0.5 mM EGTA. The errors associated wil month animals treated wit3 M urea ¢©). Panel B: The effect of
are propagated using the equatiarf/x? = a2/u? + b%v? (34). ray and urea concentration on ellipticity values at 222 nm. Molar ellipticity
HW values are derived from a global fitting of data from two individual was measured for 0.04 mg/mL SR suspended in 20 mM MOPS
animals for each age group. (pH 6.8), 80 mM KCI, 5 mM MgC}, and 0.5 mM EGTA and

calculated based on average residue molecular mass of 115 Da.

. . s . Data points represent the mean of three measurements.
increases in molar ellipticity at 222 nm induced by up to P P

4 M urea shown in Figure 7B. That urea so S|gn|f|cantly DISCUSSION
alters the secondary structure of SR proteins while age does
not further suggests that age modifications of-@d Pase Summary of Resultsin the present study, we have
structure are distinct from those due to global unfolding. identified conformational alterations of the SR-&aTPase
We also specifically examined the €ATPase with associated with aging. The differential alterations in solvent
respect to any age-related differences in its sensitivity to urea-exposure of fluorophores, FITC and IAEDANS indicate
induced unfolding, comparing calcium-dependent ATPase structural changes that are localized aroundslgym the
activities of SR isolated from young adult with that from nucleotide site without perturbation at the distal G¥ss74
senescent animals (Figure 8). The urea-induced loss-of Ca (Figure 3). Moreover, the overall conformation of the
ATPase activity occurs with a half-point of approximately nucleotide binding domain is unaltered as indicated by the
2 M without significant age-related differences. mean distance between IAEDANS at Gys74and FITC
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T fashion as soluble proteins is suggested by the observation
1.0} - that urea titration induces changes in fluorescence signals
ﬁ associated with the CaATPase that exhibit sharp transitions

0.8 \% ] characteristic of highly cooperative unfolding processes and
' N

. having free energies of denaturatiahGp) (~4 kcal moi™
at room temperature) typical of the denaturation of soluble
proteins 85). Similarly, guanidinium chloride, another
chaotrope, has been shown to produce unfolding specifically
of an extramembranous domain of the-QsrPase 86).
Thus, the contrast between structural effects on the Ca
ATPase of a known global process with that of age
modification emphasizes their differences. For example,
while 2.75 M urea simulates the effects of age on the
distribution and average of molecular distances between
IAEDANS and FITC, its effects on other structural param-
eters are quite distinct (Figure 6). For example, this extent
I T T S of unfolding induced by urea results in almost complete
0 1 2 3 4 (80%) inactivation of the GaATPase, significant (12%) loss
of secondary structure (Figure 7), and a 20% loss of total
[Urea] (M) tryptophan _fluorescence signal. All of these are consistent
with extensive effects on CaATPase structure and function

FIGURE 8 Sensitivity of the CaATPase to urea-induced dena- In contrast to undetectable changes of secondary structure,
turation. Calcium-dependent ATPase activity was measured astryptophan fluorescence, and enzyme activity with age.
described in Experimental Procedures for SR vesicles isolated from nderlying Basis for Age-Related Conformational Modi-

the skeletal muscle of 5 montld) or 26 month @) Fischer 344 s
rats incubated with the specified (final) concentration of urea: Ca fications. A number of hypotheses have been proposed,

ATPase activity is normalized relative to the activity measured in '€levant to the CaATPase, regarding the underlying mech-
the absence of urea, i.e., 2.270.02umol Pi/mg/min. Data points  anism for alterations in conformational stability and function

represent the meank S.E.s of two activity measurements each with aging. These include: (1) changes in the cellular
for SR membranes isolated from three animals each. environment which allow partial unfolding of proteins which
(Figure 5). However, the structural changes aroundsdsys  in their native form, although transiently stable, may not be
are likely to provide a substantial contribution to the dramatic at the minimum free energy of folding; (2) posttranslational
increases observed in the conformational heterogeneity ofmodifications of the CaATPase protein; and (3) especially
the nucleotide-binding domain. In addition, residues within in the case of membrane proteins, changes in lipid composi-
transmembrane helices show subtle modifications with agetion (37). The latter factor has potential to be an important
as demonstrated by the loss of structural coupling betweenfactor for the Ca-ATPase whose activity has been shown
calcium binding and tryptophan fluorescence (Figure 2). The to be sensitive to the physical properties of the surrounding
lack of any detectable change in solvent accessibility of lipid bilayer (38—41). However, previously we have dem-
tryptophans in membrane spanning peptides implies that theonstrated that with age the SR lipid bilayer maintains physical
structural changes that occur are such that they do not affectcharacteristics that provide for optimal transport activity and
the disposition of the transmembrane helices with respect tostability of the Ca-ATPase despite measurable changes in
the lipid bilayer. Together, these results are consistent with fatty acyl chain compositiond@).
previous work demonstrating age-related increases in tryptic Therefore, in view of the preponderance of oxidative
sensitivity of an estimated 10% of the cytoplasmic protein modifications that are associated with the-@ar Pase from
mass that suggest localized exposure of buried gral)s ( senescent muscle, we favor the hypothesis that posttransla-
In the present study, we also find that the average secondarytional oxidative modifications are the most likely basis for
structure is not altered by the sum of structural changes inthe observed age-related changes in the functional stability
either transmembrane or cytoplasmic domains (Figure 7). of the Ca-ATPase. And, a causal relationship is suggested
Previous rotational diffusion measurements utilizing protein by the simulation of age-related differences in functional
bound spin labels have demonstrated that neither does agingtability, increased propensity for aggregation, and increased
alter the association state of the-C&TPase 6). proteolytic susceptibility by mild oxidation of the €a
We have contrasted the protein modifications resulting ATPase by exposure to low concentrations of reactive oxygen
from age with those produced by a nonselective perturbant, species¥). Chemical analysis has revealed the accumulation
urea (Figure 6, 7). Urea acts on soluble proteins as aof numerous oxidative modifications to the €ATPase
nonspecific denaturant inducing global unfolding and likely with age. These include the accumulation of substantial
induces a similar type of unfolding within the large cyto- amounts (stoichiometric with the €& TPase) of modified
plasmic domain of the CaATPase which represents ap- cysteines and, specifically for SERCAZ2a, tyrosinds)(
proximately 60% of the protein’s mass. Urea does not Additionally, smaller increases in other amino acid modifica-
solubilize SR vesicles or perturb the fluorescence of mem- tions are observed that are cumulatively detected as their
brane bound fluorophores indicating that despite denaturationaldehydic (carbonyl) compoundS)( In the absence of the
of the cytoplasmic domain, these unfolded peptides remain complete identification of the multiple oxidatively modified
tethered to structurally unperturbed membrane-spanningamino acid residues modified within the primary sequence
peptides 85). That the cytoplasmic domain unfolds in similar of the Ca-ATPase, the detection of structural changes in
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aging suggests protein regions relevant to functional stability.

While the specific sites of oxidatively modified cysteines
have not been identified, likely candidates might include
Cysus Or Cyssos Since these cysteines lie within sequences
predicted to fold agi-sheets just N-terminal and C-terminal, 6
respectively, to the predicted-helix containing the FITC-
modified Lysis (44); similarly, in SERCA2a, a nearby
tyrosine (Yao7) may be involved. Future analysis should focus
on these sites. Definition of the pattern of chemical modi- g
fications and structural consequences will provide an oxida-
tive “footprint” that will permit identification of the cellular 9.
reactive oxygen species that are responsible for age-related
accumulation of oxidized protein.

Physiological Releance of Ca-ATPase Structural Changes.
In this and previous studies, we have documented the age- 11.
related loss of conformational stability of the SR-&IPase
isolated from the both fast- and slow-twitch muscles 12-
comprising the hindlimb muscles of the Fischer 344 6t ( 13
9, 44). Without any significant decrease in either ATP '
hydrolytic activity or calcium transport activities, as assayed 14,
under optimal conditions, the €aTPase in SR isolated 15.
from senescent muscle undergoes a more rapid inactivation 16.
with mild in vitro heating which is accompanied by increased
noncovalent aggregation and unfolding).(We speculate
that, with age, a larger fraction of €& TPase polypeptides 18
undergo this inactivation process in vivo during moderate
to extensive muscle activity when tissue temperatures become 19.
elevated. Skeletal muscle is unique in its ability to undergo
temperature elevations with activity and comprises the major
source of nonshivering thermogenesis in animals without 5,
brown fat @5—47). Thus, in senescence an increased fraction
of less active CaATPase molecules in the SR is likely to 22
contribute to reduced calcium transport activity with a
concomitant prolongation of muscle relaxation times. That
decreased activity in SR isolated from aged animals is not
observed may relate to extensive aggregation of these inactive
species, which precludes copurification with active-Ca 25
ATPase. In addition, the fast-twitch (SERCA1) and slow-
twitch (SERCA2a) isoforms of the GaATPase appear to ~ 26.
be differentially affected by age8(44). Using SR isolated
from selected fast or slow-twitch muscles, we find that
SERCAZ2a exhibits more dramatic decreases in function with
age, which may be related to different posttranslational 28.
modifications with age relative to that of SERCA44j.
Therefore the structural changes we observe in this study 29-
may be a reflection of predominantly changes of SERCA2a.
Distinguishing the precise origin of age-related structural
changes of the CaATPase will require the ability to purify 31.
(or enrich) vesicles with each isoform in sufficient amounts  32.
for structural studies.
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