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ABSTRACT:. We used single-molecule polarization modulation methods to investigate the activation of the
plasma membrane €aATPase (PMCA) by oxidized calmodulin (CaM). Oxidative modification of
methionine residues of CaM to their corresponding sulfoxides is known to inhibit the ability of CaM to
activate PMCA. Single-molecule polarization methods were used to measure the orientational mobility
of fluorescently labeled oxidized CaM bound to PMCA. We previously identified two distinct populations
of PMCA—CaM complexes characterized by high and low orientational mobilities, with the low-mobility
population appearing at a subsaturating'Ceoncentration [Osborn, K. D., et al. (2008jophys. J. 87
1892-1899]. We proposed that the high-mobility population corresponds to PMCTa#M complexes

with a dissociated (and mobile) autoinhibitory domain, whereas the low-mobility population corresponds
to PMCA—CaM complexes where the autoinhibitory domain is not dissociated and therefore the enzyme
is not active. In the present experiments, performed with PMCA complexed with oxidatively modified
CaM at a saturating CGa concentration, we found a large population of molecules with an orientationally
immobile autoinhibitory domain. In contrast, native CaM bound to PMCA was characterized almost entirely
by the more orientationally mobile population at a simila®Ceoncentration. The addition of 1 mM

ATP to complexes of oxidized CaM with PMCA reduced but did not abolish the low-mobility population.
These results indicate that the decline in the ability of oxidized CaM to activate PMCA results at least in
part from its reduced ability to induce conformational changes in PMCA that result in dissociation of the
autoinhibitory domain after CaM binding.

Calmodulin (CaM) is a small, water-soluble, €& allowing CaM to recognize and bind a wide variety of protein
signaling protein found in all eukaryotic cells and involved targets 4, 5). Among these is the plasma membranéCa
in a variety of signaling pathway4{3). With a structure ~ ATPase (PMCA) ), a transmembrane €apump that plays
that consists of two globular domains connected by a centralan important role in the maintenance of the intracellulai"Ca
linker region, CaM is able to bind four €aions through concentration. The hydrolysis of ATP at the nucleotide-
two EF-hand binding motifs in each domain. Upon?’Ca  binding site provides the driving force for €atransport
binding, each globular domain exposes a hydrophobic cleft, across the plasma membrane. The activity of PMCA is self-
regulated by an autoinhibitory domain, which is located near
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AG17996, and NIH P01 AG12993. P : : : . :
* Address correspondence to this author. Phone: 785-864-4219. binding domain 7, 8). In the inactive enzyme, this domain

Fax: 785-864-5396. E-mail: ckjohnson@ku.edu. is believed to associate with the active site containing the
* Department of Chemistry, University of Kansas. nucleotide and phosphorylation domains of the enzyme, thus
S Department of Molecular Biosciences, University of Kansas. blocking its ability to bind or utilize ATP §-10). CaM

'Present address: Department of Molecular Physiology and Bio- . . S L . .
physics, Vanderbilt University Medical Center, Nashville, TN 37232, binding to the autoinhibitory domain is believed to induce

U Department of Pharmacology and Toxicology, University of structural changes in the CaM binding domain, triggering
Kansas. dissociation of the autoinhibitory domain from sites near the

#Present address: Department of Biochemistry and Molecular : . T
Biology, University of Georgia, Athens, GA 30602. catalytic core of the enzyme, removing self-inhibition of the

2 Mass Spectrometry Laboratory, University of Kansas. enzyme and resulting in severalfold stimulation of PMCA
1 Abbreviations: CaM, calmodulin; Caj oxidized calmodulin; activity (7, 8, 10).
CaM-TMR; calmodulin fluorescently labeled with tetramethyl- o L . . . .
rhodamine; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene ~ OXidative modifications in proteins involved in €a
glycol bis(2-aminoethyl ethe);N,N',N'-tetraacetic acid; ESI-MS,  regulatory pathways have been linked to biological aging

electrospray ionization mass spectrometry; HERE@-hydroxyethyl)- -~ and a multitude of age-related diseases associated with a
piperazineN'-2-ethanesulfonic acid; PMCA, plasma membranéfCa decli f the ability of cells t t b line2Cevel
ATPase; R inorganic phosphate; TMR, tetramethylrhodamine-5- O€CIIN€ OT (€ ability Ot cells 1o restore baselin vels

maleimide. following cell stimulation (reviewed in ref1). CaM isolated

10.1021/bi048806p CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/18/2004



12938 Biochemistry, Vol. 43, No. 40, 2004

Osborn et al.

from senescent rat brains showed a progressive decline inPMCA results from a reduced ability of CaMto induce

its ability to stimulate PMCA activity 12). In vitro studies

of CaM oxidized by HO, showed a 30-fold decrease in the
affinity of oxidized CaM for C&" (13). More recent work
has shown that oxidized CaM (CaM binds to the PMCA

in a nonproductive manner that does not result in PMCA
activation (L4). Oxidation of CaM in vivo has been suggested

to serve as a metabolic regulatory mechanism to help to

maintain cellular viability under conditions of oxidative stress
through the suppression of metabolic and other ATP-utilizing
transport processes within the celly).

Single-molecule spectroscopic methods provide research-

ers with new tools to study intrinsically heterogeneous
systems such as proteiris-19). One of the advantages of

single-molecule fluorescence methods is the ability to
characterize the distribution of structural and functional

release of the autoinhibitory domain.

MATERIALS AND METHODS

Materials. The sample for single-molecule measurements

was prepared in a standard 10 mM HEPES buffer (pH 7.4)
with 0.1 M KCI, 1 mM MgChk, and 0.214 mM CaGl
yielding a final concentration of 1 mM free Mfand 0.1

mM free C&" in solution as calculated with a computer
program R9) taking into account the composition of the
PMCA storage buffer added to the final sample. LowCa
buffers were made by addition of 10 mM EGTA and
appropriate adjustments in the added Mgé&hd Cadl to

yield the desired free ion concentrations. The pH was

adjusted to 7.4 after addition of EGTA. All reagents used

properties that are hidden by the ensemble averaging inherent'©'® purchased from Sigma-Aldrich, St. Louis, MO.

in conventional bulk studies. The resolution of these hetero-
geneities is necessary for the full understanding of structural

and dynamic features underlying complex biomolecular
processes.

Several optical methods can be implemented at the single-

molecule level {8—20). One of these is single-molecule

polarization modulation spectroscopy, which samples the

orientational dynamics of single molecule®l{-27). We
recently applied single-molecule polarization modulation
spectroscopy to investigate the orientational mobility of CaM
bound to the autoinhibitory domain of PMCARY, 28). By
continuously varying the orientation of the polarization
exciting the sample, the reorientational mobility of the
fluorescently labeled CaM bound to the autoinhibitory
domain of PMCA can be monitored. Previous results
suggested that the orientational mobility of CaM bound to
the autoinhibitory domain is correlated to the activity of
PMCA (28). At a saturating C& concentration (2%M),

an orientationally mobile population of PMCACaM was
observed. At a lower Ca concentration (0.15M), however,

a population of PMCA-CaM complexes with a low orien-

Binding of CaM labeled with tetramethylrhodamine to
PMCA was carried out in the dark at°€ for at least 30
min or at room temperature for 15 min. For samples
containing ATP, the nucleotide was added immediately after
the binding of CaM to PMCA and prior to mixing with the
agarose gel (Sigma, type VIIA). Samples were mixed with
agarose gel held slightly above the gelling temperature to
yield a final gel concentration of 2.2%. This mixture was
placed on a clean, dry coverslip held over a cold block to
facilitate rapid setting of the gel. Once the gel was set, a
clean coverslip was placed on top of the gel to minimize
drying of the sample during the experiments.

Calmodulin Mutagenesis, Expression, Purification, and
Fluorescence Labeling@ he gene encoding wild-type chicken
CaM was amplified by PCR using pEX1-CaM as the
template. To facilitate cloning into pBluescript Il SK&)
(Stratagene), Kpnl site, along with arNcd site, was added
at the 5 end of the gene. At the @nd of the gene, the native
stop codon, TGA, was changed to TAA, andBanHI
restriction site was also added. The sequence of the cloned
gene was confirmed by DNA sequencing. Using this new

tational mobility appeared, revealing an intermediate state construct as the template, residue 34 of CaM was mutated

in the binding and activation of the PMCA by CaM at low
C&" levels. We attributed this state to CaM bound to the
autoinhibitory domain without releasing it from the nucleo-
tide-binding site, so that the pump remains inacti28) (

from threonine to cysteine by a PCR method previously
described 30). The mutation was confirmed by DNA

sequencing and then cloned into pET-15b (Novagen). CaM
overexpression and purification were performed as previously

In the present paper, single-molecule polarization modula- déscribed 1). T34C-CaM was fluorescently labeled with
tion spectroscopy has been extended to investigate thel MR (Molecular Probes, Eugene, OR) following standard

mechanistic origin of the nonproductive binding of oxidized
CaM to the PMCA. Whereas PMCACaM complexes
displayed a high orientational mobility at a saturating'Ca
concentration, we find that Cal\lbound to PMCA leads to

a large population of orientationally less mobile CaM
molecules. We also find a large orientationally immobile
population of CaNy for PMCA—CaM.x complexes in the
presence of 1 mM ATP. In contrast, our previous results
showed that, in normal PMCACaM complexes, the pres-
ence of ATP resulted in an exclusively orientationally mobile
population, consistent with a dissociated autoinhibitory
domain and an active enzym28j. Thus, binding of Calk

to the autoinhibitory domain is insufficient in itself to fully

protocols provided by the supplier, as previously described
(28). CaM labeled in this fashion is denoted CaM-TMR.
Labeled protein was stored at80 °C immediately after
dialysis. Samples were removed from cold storage im-
mediately prior to experimental measurements.

Plasma Membrane Ca-ATPase Purification and Aatity
AssaysPMCA for single-molecule measurements was puri-
fied from freshly drawn human blood with a CaM
Sepharose column (Amersham Biosciences) and reconstituted
into micelles following previously described procedur&® (
The storage buffer for the PMCA contained 10 mM HEPES
adjusted to pH 7.4, 120 mM NacCl, 2 mM EDTA, 2 mM
MgCl,, 0.5 mM CaC}, 0.4 mg/mL GzEg, and 5% (v/v)

activate the enzyme. This result is consistent with the glycerol.

previous suggestion that CaMbinds to PMCA in a

Activity measurements of CaM, T34C-CaM, and CaM-

nonproductive manner that does not lead to enzyme activa-TMR were carried out with PMCA in porcine erythrocyte

tion (14). Our findings suggest that the loss in activation of

ghost membranes3B). PMCA activity assays were per-
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formed as previously described®8) with 0.05 mg/mL 05 A B C
porcine erythrocyte ghosts in a buffer containing 100 mM = | wild-type CaM © T34C-CaM CaM-TMR ©
HEPES (pH 7.5), 0.1 M KCI, 5 mM MgGJ) 0.1 mM EGTA, § 0.4

0.44 mM CaC}, 5 mM ATP, and 4uM calcium ionophore g £

A23187 (Sigma-Aldrich, St. Louis, MO) and the desired % g 03

concentration of CaM. Aftea 5 min preincubation period, EE 02]

the reaction was started by the addition of 1 mM ATP, g2

continued for 20 min at 3?C, and then stopped by the 3 o1l °
addition of Malachite Green dye solutio4). The contents §

were made acidic by addition of 19.5%%$0, and incubated 0010=g% vy

for 45 min, and the absorbance was measured at 660 nm in 10° 10° 10° 0™ 10° 10°  10° 10° 10°

a microwell plate reader. The PMCA activity was defined [CaM], M

as the C#&'-activated ATP hydrolysis and expressed as fgure 1: CaM-dependent activation of the PMCA by wild-type
micromoles of inorganic phosphate)(Rberated per milli- CaM (A), T34C-CaM (B), and CaM-TMR (C) befor©] and after

gram of ghost-membrane vesicle per hour, based on valued®) oxidation of CaM by hydrogen peroxide. ATPase activity was
from a standard curve of the absorbance for various TEs8er B B o e o e s between
concentrations 01_‘ free inorganic phosphate. A control as_sayactivity in the presence of CaM and the average basal activity in
was performed with free TMR at the same dye concentrationsthe absence of CaM. Average errors in ATPase activity measure-
as present with the labeled CaM samples to test for any ments were 6% of indicated values.

spectrophotometric interference from the dye. No changes

were seen between phosphate standards containing dye anBESULTS

phosphate standards without dye when the absorbance at 660 o -~ ) ]

nm was measured following addition of the Lanzetta reagents Actizity of Modified CalmodulinPrevious results showed
(34). Calculations of free CaM concentrations for activity that oxidation of native CaM with hydrogen peroxide ()
assay purposes were carried out as previously desciaiid ( decreases its ability to maximally stimulate PMCE3(31).

The concentration of free Gawas calculated as described Figure 1 shows the activity of PMCA present in porcine
in ref 29. ghost membranes with increasing concentrations of CaM.

PMCA activity was stimulated by wild-type CaM and wild-
type CaMy (Figure 1A), T34C-CaM and T34C-CaM
(Figure 1B), and CaM-TMR and CaMTMR (Figure 1C).
Values for the measured PMCA activity and apparent CaM
. o . affinity are listed in Table 1 for native CaM, T34C-CaM,
to cysteine 34 was oxidized after dye labeling. Free TMR and gaM-TMR and for the corresponding oxidized CaM
was also sub]_ectgd to 100 mM,&; as a cqntrol, and only species. The results indicate comparable levels of PMCA
a sma_lll reduction in overall fluorescence yield was observed, activation by the wild-type CaM, T34C-CaM, and CaM-
showing that only a small fraction of TMR molecules were g “showing that neither the introduction of the T34C
oxidized. mutation nor the TMR dye label alters the properties of CaM
Mass SpectrometryESI-MS was performed to verify as determined by its ability to activate PCMA (Figure 1).
whole protein sample masses and to confirm complete oxi- By demonstrating that neither the mutation of threonine 34
dative modification of methionine residues within CaM. The to cysteine nor the covalent addition of TMR to the mutated
ESI mass spectra in positive mode were acquired on a Q-TOFcysteine alters the activity of CaM, we can be assured that
2 quadrupole, time-of-flight hybrid instrument (Micromass a biologically representative model is being tested. When
Ltd., Manchester, U.K.). Parameters for mass spectrometryPMCA activity was determined in the presence of CaM
were the same as previously describa)( oxidized with HO,, it was obvious in all three cases that
Single-Molecule InstrumentationThe single-molecule ~ CaMox does not activate the enzyme to the same extent as
instrumentation used for these experiments has been dethe reduced protein. Wild-type CaM T34C-CaM,, and
scribed in detail previously2g). Briefly, a 543 nm polarized =~ CaMwTMR each show roughly a 60% decreaseVigax
helium—neon laser beam was passed through an electroopticcompared to the native reduced CaM (Table 1). The CaM
modulator (M-350, ConOptics) and a quarter waveplate, concentration required for half-maximal activation, [CaM.
resulting in a continuously rotating linear excitation-beam Wwas substantially increased upon oxidation, from a value of
polarization at 25 revolutions per second. An excitation filter 6—10 nM for wild-type CaM, T34C-CaM, and CaM-TMR
(D543/10x, Chroma) removed any unwanted excitation 0 64—69 nM for the corresponding oxidized species.
wavelengths from the<1l uW beam, which was then Since the protocol for oxidation of the CaM required
reflected by a dichroic mirror (Q555LP, Chroma) into a 1.3 exposure of the sample to room temperature conditions for
numerical-aperture objective in an inverted fluorescence 24 h, it was also necessary to determine if such exposure at
microscope (TE300, Nikon). Fluorescence collected by the room temperature leads to any decrease in CaM activity.
objective lens was directed through the dichroic mirror and Parallel exposure of T34C-CaM to the same room temper-
an emission filter (HQ600/80m, Chroma) to an avalanche ature conditions (but without exposure te®4) revealed no
photodiode (SPCM-AQR-14, Perkin-Elmer Optoelectronics). discernible loss in activity. Oxidative conditions may also
Single-molecule fluorescence trajectories were analyzed toalter the fluorescence properties of the TMR dye. To
determine the modulation depth period by period as describeddetermine if this is indeed the case, we took the emission
in detail elsewhere?({). spectra of control and oxidized CaM-TMR. The results show

Oxidative Modification of CalmodulinTo oxidize all nine
methionines in CaM to methionine sulfoxides, samples were
exposed to 100 mM D, for 24 h at 25°C as described
previously 81). CaM-TMR with TMR covalently attached
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Table 1: CaM Apparent Binding Affinity and Activation of Plasma Membrane Ca-ATPase

[CaM]lIZ freeb Vrnax(caM)b [CaMox] 1/2 freeC Vmax(calvl)x)c
CaM sample (nM) (umol of R mgth™1) (nM) (umol of R mgth™1)
wild type 6+ 1 0.42+0.01 64+ 18 0.16+ 0.01
T34C-CaM 10+ 1 0.44+0.01 69+ 5 0.16+ 0.01
CaM-TMR 10+ 3 0.47+0.02 66+ 16 0.12+0.01

aValues obtained from data in Figure 1. [CaM].cis the concentration of CaM required for half-maximal activation of the PMCA \4and
is the CaM-dependent activation of the PMCA at saturating CaM concentrati@adl samples prior to oxidatios.CaM samples after exposure
to 100 mM HO; for 24 h.
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FIGURE 2: Fluorescence spectra of CaM-TMR before (full line) Molecular Mass (Dattons)

and after (dashed line) oxidation by hydrogen peroxide to generate FIGURE 3: ESI mass spectra of T34C-CaM (left curve), CaM-TMR
CaMw-TMR. (center), and CaM-TMR (right). The uncertainty in the experi-
mentally determined masses49.8 amu. The predicted masses
are 16708.5 for T34C-CaM, 17208.0 for CaM-TMR (with an
opened maleimide ring), and 17352.0 for C&MMR (with an
opened maleimide ring). See text for analysis of mass spectra.

a small drop in fluorescence intensity in CaMMR in
comparison to the control. Figure 2 displays the fluorescence
spectra of the control and CaMTMR samples, showing a

14% drop in emission intensity but no perceptible shift i scopic measurements, we measured the bulk fluorescence
fluorescence wavelength or in the shape of the quorescenceamsotroon decay of Ca\tTMR samples and found rota-
spectrum. Since oxidation of dyes results in complete 0SS tjgnal correlation times of 0.6 0.1 ns (representing 48%
of fluorescence (“bleaching”), the fluorescence loss observed . 404 of the anisotropy decay amplitude) and82 ns
in Figure 2 is likely due to oxidation of a small fraction of (representing 52% 4% of the anisotropy decay amplitude).
dye molecules. Because these molecules are not fluorescentrpese values are close to those for native CaM-TMR of 0.7
they are invisible in single-molecule experiments and | g1 ns (34%: 6% of the anisotropy decay amplitude)
therefore do not contribute to the reported measurements.gnd 11 + 2 ns (66% + 6% of the anisotropy decay
Mass Spectrometry of Oxidized Proteif® verify that  amplitude) as reported previousBg). These measurements
there were no other modifications of CaM-TMR upon permit assessment of the extent of independent mobility of
oxidation by peroxide beyond the conversion of all nine TMR with respect to the protein to which it is attached. For
intrinsic methionine residues into methionine sulfoxides, this purpose, the important factor is the relative amplitudes
whole-protein ESI-MS was performed on the sample. In of the fast and slow rotational correlation times. The shorter
addition to the nine methionine residues, it is also possible rotational correlation time for both CaM-TMR and CaM
that the non-native cysteine introduced at site 34 and labeledTMR can be assigned to orientational motion of the dye itself,
with an extrinsic dye might offer another potential site of and the longer rotational correlation time represents rotational
modification by HO,. Figure 3 shows the mass spectra of motion of CaM-TMR or CaM,-TMR as a whole, showing
T34C-CaM, CaM-TMR, and CaMTMR. The observed  that the orientational motion of TMR in both cases is partially
masses correspond within the resolution of the instrumentrestricted relative to CaM or CaM Thus we find no
(+£0.8 amu) with the predicted masses in each case (seedecrease in mobility of TMR relative to CaM on the
Figure 3 caption). The mass observed for GalPMR shows  contrary, the mobility of TMR with respect to Calvappears
the presence of nine additional oxygen atoms, consistent withif anything to be slightly greater than the mobility of TMR
the oxidation of all nine methionine residues as seen in relative to CaM, as shown by the slightly larger relative
previous work on CaM 31). Thus, the mass spectrum amplitude of the fast rotational component for CGRNIMR.
indicates that the labeled cysteine residue was not oxidized.Hence, the increased population of the low-mobility state
A mass difference of 18 amu for both CaM-TMR and GaM  that we observe for PMCACaM.-TMR cannot result from
TMR can be attributed to a ring opening hydrolysis reaction a decrease in the mobility of TMR relative to CaMand
of the succinimide linkage3g) after the reaction of male-  therefore reports the mobility of CajdTMR complexed
imide with the sulfhydryl group of the cysteine. As the level with PMCA.
of PMCA activation was nearly the same regardless of  Single-Molecule StudiesSingle-molecule polarization
labeling by an extrinsic fluorophore, it can be concluded that modulation experiments permit measurement of the orien-
the ring opening does not affect the function of the CaM. tational mobility of the fluorophore27). Modulation depths
Anisotropy Decay MeasurementBo further check the  for native CaM bound to PMCA were determined by single-
possible effect of maleimide ring opening on the spectro- molecule polarization modulation as described previously
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(28). In the present studies, a similar strategy was used with —— Mobility
CaMox-TMR added to samples of PMCA, which were then A B
immobilized in a 2.2% agarose gel. Single PMEBaMo- 50 native Cam 40 1 native CaM

20

Molecules

[=1=]

10

Molecules

TMR complexes were located by scanning a8 x 10 40 25 uM Ca®* 015 uM Ca”
several micrometers above the surface of the coverslip. We
found previously that CaM-TMR by itself cannot be im-
mobilized in an agarose gel but rather diffuses through the 10 10
gel (30). Thus, single-molecule images observed in a scan A oo 0 L
of the gel result only from CaM-TMR immobilized by 0 02 04 06 08 1.0 00 02 04 06 08 10
molecule images in the absence of PMC8)( Fluorescence 15 25uM Ca”" g b 25 uM Ca™
trajectories from PMCA-CaM,,-TMR complexes located in . 20 |
this way were recorded, and the modulation depth was l | .5 -:
determined by maximum-likelihood analysis as described ! ]
previously @7, 28). The average modulation depth for each [I 10
' 5 I

Single-molecule polarization modulation spectroscopy 04 gl | T'h 0 ik HH 1l
determines the orientational mobility of molecules on the 00 02 04 06 08 1.0 00 02 04 06 08 10
time scale of the period of modulation of the excitation beam Modulation Depth Modulation Depth
polarization, 40 ms in this case. Fluorophores that rapidly FIGURE 4: Modulation depth histograms for complexes of native
reorient on this time scale explore a range of orientations PMCA with (A) CaM-TMR at 25M Ce*", (B) CaM-TMR at 0.15
with respect to the incident polarization. The fluorescence ¢ 25,M Cz2* in the presence of 1 mM ATP. The histograms
emission of orientationally mobile molecules therefore shows show the occurrences of modulation depths for single molecules
little or no modulation. Immobile molecules, however, show determined by polarization modulation at 25 Hz. The modulation
strong modulation in their emission, as the probability of depth for each molecule was determined from the average modula-
absorbing a photon is related to the relative orientations of tion depth in the single-molecule polarization modulation fluores-
the transition dipole of the dye molecule and the orientation gjstribution (A) or a double Gaussian distributionB). The
of the excitation polarization. The modulation depth is a value Gaussian fits yield peak positions at modulation depths of 0.38
between 0 and 1 giving the fraction of the average fluores- (panel A), 0.39 and 0.61 (panel B), 0.39 and 0.64 (panel C), and
cence intensity that is modulated over each period of 0542 and 0.62 (panel D). Infpineli—lﬂ)t;lthe dashed fl_meshshé)w .
modulation 27). Restricted orientational motion results in a the Gaussian components of the double Gaussian fit. The data in
modulation depth>0. Orientationally immobile molecules  for comparison purposes.
therefore have a high modulation depth. However, unmodu-
lated contributions to the signal (for example, background (and therefore the PMCA is inactive) even though CaM is
counts and polarization components along ztais in the bound. The addition of ATP was found to abolish the low-
focal region) result in measured modulation depths<af mobility population, even at a subsaturatinggCeoncentra-
have been addressed in greater detail elsewt2e ( The modulation depth histogram for PMEALaMx

Histograms of single-molecule modulation depths for complexes (Figure 4C), also at aZaoncentration of 25
PMCA—CaMo complexes at a Ca concentration of 2aM uM, reveals a dramatic increase in the population exhibiting
are shown in Figure 4. Earlier work has shown that there is a higher modulation depth>Q.5), indicative of a low
only a slight increase in the amount of Tanecessary for  orientational mobility of PMCA-CaM,, complexes, in
and the saturating levels used in this experiment are more4A). The distributions in Figure 4C were fit well by a double
than sufficient to provide maximal activity of the PMCA Gaussian function, suggesting that the distributions can be
CaM,x complex. For comparison, the previously reported described by the presence of two populations of PMCA
single-molecule modulation depth histograms for complexes CaM,x complexes. In this fit, the width of the distribution
of PMCA with native CaM at C& concentrations of 25 and  for the low mobility state is over twice that of the high
CaM, single-molecule polarization modulation histograms low-mobility state (Figure 4C).
revealed the presence of a population with a low modulation The modulation depths of single PMCACaM.,x com-
depth indicating a high orientational mobility at a saturating plexes were also determined in the presence of 1 mM ATP.
C&" concentration of 25uM (28). We attributed this  The presence of ATP allows turnover of PMCA, permitting
orientationally mobile population to PMCACaM complexes  observation of the effect of conformational changes in PMCA
C&" concentration of 0.12M, we observed, in additionto  relevance of CaM oxidation for PMCA function. The
the high-mobility populaton, a populaton of PME&aM polarization modulation histogram for PMCACaM,y in the
complexes with a high modulation depth indicating a reduced presence of ATP is shown in Figure 4D. Previous results
orientational mobility (shown in Figure 4B). We hypoth- with native CaM complexed with PMCA in the presence of
esized that this population corresponded to PM{XaM ATP (28) showed that the low-mobility population (modula-

um area of the gel with the microscope objective focused 30
binding to PMCA. This was verified by the absence of single- c . Oxidized CaM 30 oxidized CaM + ATP
molecule was determined over its fluorescence trajectory.
uM Ca2*, (C) CaM,-TMR at 254M C&2*, and (D) CaM,-TMR
cence trajectory. The solid lines show fits to a single Gaussian
panels A and B were reported previousB8)( and are shown here
even for orientationally immobile molecules. These issues tion.
maximal activation of the PMCA by oxidized CaM.3), comparison to the same data taken for the native CaM (Figure
0.15uM are also shown (Figure 4A,BR8). With native mobility state, suggesting a wide range of mobilities in the
with a dissociated autoinhibitory domain. At a subsaturating following nucleotide binding and evaluation of the biological
complexes where the autoinhibitory domain is not dissociatedtion depth greater than roughly 0.5) vanished entirely in the
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presence of ATP. In contrast, PMCACaM. complexes in Single-molecule methods offer the ability to distinguish
the presence of ATP still show a substantial population with inhomogeneity within the population of oxidized CaM bound
low orientational mobility (Figure 4D), suggesting that even to the PMCA autoinhibitory domain. This approach is based
though CaMy binds to PMCA, it suffers a reduced ability on the apparent correlation that we observeg) petween
to elicit conformational changes in PMCA that couple the orientational mobility of CaM bound to the autoinhibitory
binding to activation. domain of PMCA and the activity of PMCA. The modulation
To compare distributions, it is useful to compare the depth of PMCA-CaM complexes under saturating®Cas
fraction of molecules having average modulation depths oW (Figure 4A), consistent with a highly mobile dissociated
greater than or less than 0.5 (a value intermediate betweerputoinhibitory domain. In contrast, single-molecule polariza-
the peaks of the low-mobility and high-mobility populations). tion measurements revealed the presence under certain
For native PMCA, the fraction of the population with —conditions of a fraction of PMCACaM complexes having
modulation depth above 0.5 is 0.09 at &Ceoncentration @ low orientational mobility. This population was present at
of 25 uM (Figure 4A). For PMCA-CaMy complexes, this @ Cac’_+ poncentration of 0.1aM (Figure 4B) put was absent
fraction is 0.60 (Figure 4C). In the presence of ATP, the Of minimal at a saturating Ga concentration of 25M
fraction of the population with modulation depth above 0.5 (Figure 4A) or with the addition of ATP. We proposed that
is 0.53 (Figure 4D), compared to 0.06 for native PMEA  the population with a high orientational mobility corresponds
CaM in the presence of ATR28). The decrease by50% to PMCA—CaM complexes with a dissociated autoinhibitory
in the population of the highly mobile state can be compared domain, while the population with a low orientational
to a decrease in bulk activity by-60-75% upon CaM mobility corresponds to PMCACaM complexes where the

oxidation shown in Figure 1. autoinhibitory domain is not dissociated and the pump is
therefore inactive 28). This interpretation is supported by
DISCUSSION the results reported in the present studies, which show a large

o o _ population of orientationally immobile PMCACaM,yx com-
Oxidative modification of C& regulatory proteins has  plexes at a saturating &aconcentration, consistent with the
been implicated in the reduced ability of cells to regulate decreased activity observed in these complexes.

the intracellular concentration of €afollowing oxidative These results provide insight into the mechanism of the
stress as well as in bl0|99lca| aging and neurodegenerativedecline in the ability of oxidized CaM to stimulate PMCA.
diseases such as Alzheimer’s disease (téfsl3, and36— Based on our interpretation of the population with low

39 and references cited therein). A number of studies have grientational mobility in terms of PMCACaM complexes
demonstrated Conclusively that oxidation of the methionine with a nondissociated autoinhibitory domain1 the orienta-
residues of CaM causes a decrease in its abl'lty to StimU'atetiona”y immobile popu|ation appears to Correspond to

PMCA (13, 14, 31). All nine methionine residues in CaM  pMCA—CaM, complexes with a nondissociated autoinhibi-
can be oxidized to methionine sulfoxides when the protein tory domain. Thus, although CalMcan still bind to the

is exposed to oxidative conditions. It has been reported thatautoinhibitory domain of PMCA, b|nd|ng no |onger provides
oxidized CaM can still bind to PMCA, but the binding results  the necessary structural or conformational changes within
in a diminished efficiency in activation of PMCAL14). the PMCA needed for dissociation of the autoinhibitory
Selective mutations of specific methionine residues demon-domain. The addition of ATP reduces but does not abolish
strated that Met 144 and Met 145 in the carboxy-terminal the orientationally immobile population of PMGACaMy
domain of CaM are responsible for the loss in CaM- complexes. In contrast, orientational distributions of native
stimulated activation of the PMCA by Cal(13, 31). The PMCA—CaM complexes showed that in the presence of ATP
C-terminal domain of CaM exhibits higher Eaaffinity and the low-mobility population is nearly absent, suggesting that
tighter binding than the N-terminal domain for most targets, structural changes in the course of the enzymatic cycle of
including PMCA @0—-45). However, the structural and PMCA alter the ability of the autoinhibitory domain to
dynamic origins by which oxidative modification of CaM  associate with the catalytic site28). Large-amplitude
leads to loss of PMCA activity are not well understood. structural changes between states with high &Bd low (E)

To identify mechanisms involved in the decline in the C&" affinity were observed in X-ray4(7, 48) and cryo-
ability of CaMyy to stimulate PMCA, we carried out single-  electron microscopy 49) structures of the homologous
molecule studies of the orientational mobility of CgMMR sarcoplasmic/endoplasmic reticulum 2G#&TPase. Such
bound to the autoinhibitory/CaM binding domain of PMCA. motions in PMCA may generate a conformation where
CaM binding to the autoinhibitory domain is thought to lead association of the autoinhibitory domain with the catalytic
to its release from the catalytic regions of the enzyme, site is inhibited. The presence of a low-mobility population
allowing PMCA to function. This view is supported by of PMCA—CaM. complexes, even in the presence of ATP,
measurements of the rotational correlation time of CaM further indicates that binding of CajMimay not induce the
bound to PMCA at a Ca concentration sufficient to saturate  structural changes necessary for PMCA to function.
all four C&" binding sites of CaM 46). The measured Binding of CaM is known to induce am-helical structure
rotational correlation time of 80 ns, while too long to within the binding region in many target proteirs0(-54).
represent reorientational dynamics of CaM itself, is much The nine methionine residues of CaM play an important role
too fast to represent reorientation of the PMCA as a whole, both in stabilizing the open conformation of CaM uporf Ca
suggesting that CaM is bound to a domain that is highly binding and in the high affinity of interactions with targets
mobile relative to the rest of the PMCA. Recent single- such as PMCA §5—59). Squier and co-workers demon-
molecule polarization measurements in our laboratory are strated that whereas Met 144 and Met 145 are not essential
consistent with this picture2). for activation of PMCA 60), the oxidation of Met 144 and
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Met 145 results in at least 50% reduction in the level of of the autoinhibitory domain and thus to invoke sufficient
enzyme activation31) as a result of incorrect association structural change in the autoinhibitory domain of the PMCA

of the C-terminal domain of CaM with PMCAL{).

The present results are consistent with these findings. The
modulation depth distributions for complexes of CaMith
PMCA suggest that the decreased ability of Gald activate
PMCA upon binding results from a population of the
autoinhibitory domains still associated with the PMCA in
an inhibitory manner, even though CaM is bound. This
suggests that Cajis unable to inducec-helix formation
in the autoinhibitory domain upon binding to PMCA. This
could result from the altered binding of the C-terminal
domain of CaMy due specifically to oxidation of Met 144 >
and Met 145 81). The population with low orientational

mobility (modulation depth>0.5 in Figure 4) detected for 3.

PMCA—CaM,x complexes displays a wide distribution of
modulation depths. The large width of the distribution may
arise from a range of association states in the CaM-bound

autoinhibitory domain and is consistent with the pre- 5.

vious suggestion that the nature of the binding by Gail!
altered within the 30-residue CaM binding region of the ¢
PMCA (14).

CONCLUSIONS

We demonstrated the use of single-molecule polarization

modulation experiments to investigate the mechanism of loss 8.

of activation of a target enzyme, PMCA, by oxidatively
modified CaM. CaM is central to a range of cellular
processes, including energy metabolism anéGaynaling.

Under conditions of oxidative stress, the formation of GaM 9.

can therefore have severe consequences foF @gulation
and energy utilization. It has been suggested that the
susceptibility of the C-terminal methionines (Met 144 and
Met 145) to oxidation allows CaM to function as a redox
sensor and to downregulate energy metabolism under condi-
tions of oxidative stress3().

Single-molecule modulation depth distributions revealed
a large orientationally immobile population of PMEA
CaM,x complexes under saturating €aln contrast, the
modulation depth distributions of complexes of PMCA with
native CaM show a predominantly orientationally mobile
population, with only a small fraction of molecules belonging
to a population with lower orientational mobility. We argued
that orientationally mobile PMCACaM complexes cor-
respond to a dissociated autoinhibitory domain, whereas
orientationally immobile PMCA-CaM complexes indicate
a nondissociated autoinhibitory domain and therefore an
inactive enzymeZ8). The contrast between CaM and CaM

is accentuated in the presence of ATP. Addition of ATP to  15.

complexes of PMCA with native CaM, allowing the enzyme
to proceed through its enzymatic cycle, results in a population
belonging exclusively to an orientationally mobile ste&8)(

In contrast, the present results show that when ATP is added
to CaM,x complexes with PMCA, there is still a large fraction

of molecules with lower orientational mobility. The decrease
in the ability of oxidized CaM to induce dissociation of the
autoinhibitory domain from PMCA corresponds with an

overall decrease in activity seen in the bulk PMCA activation 19

studies (Figure 1). The results presented here suggest that20
the inhibition of the PMCA by Caly results from the
apparent inability of oxidized CaM to induce dissociation

10.

11.

12.

13.

14.

16.

18.

to allow for activation.
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