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ABSTRACT: We used single-molecule fluorescence spectroscopy to probe the conformation of calmodulin
(CaM) bound to oxidatively modified plasma-membrané'@aTPase (PMCAox). We found that oxidative
modification altered the coupling between the ATP binding domain and the autoinhibitory domain.
Oxidative modification of PMCA is known to result in a loss of activity for the enzyme. Conformations
of PMCAox—CaM complexes were probed by single-molecule polarization modulation spectroscopy,
which measured the orientational mobility of fluorescently labeled CaM bound to PMCAox. We detected
an enhanced population of PMCAexaM complexes with a low orientational mobility in the presence

of ATP, whereas nonoxidized PMCACaM complexes existed almost exclusively in a high-mobility
state in the presence of ATP. We have previously attributed such high-mobility states to -PEHDA
complexes with a dissociated autoinhibitory/CaM binding domain, whereas the lower-mobility state was
attributed to autoinhibited PMCACaM complexes with a nondissociated autoinhibitory domain [Osborn,

K. D., et al. (2004)Biophys. J. 87 1892-1899]. In the absence of ATP, the orientational mobility
distributions are similar for CaM complexed with oxidized PMCA or nonoxidized PMCA. These results
suggest that oxidative modification of PMCA reduced the propensity of the autoinhibitory domain to
dissociate from binding sites near the catalytic core of the enzyme with bound nucleotide upon CaM
stimulation in the presence of €aThis interpretation was further supported by chymotrypsin proteolysis,
which probes the tightness of binding of the autoinhibitory domain to sites near the catalytic core of the
enzyme. Enhanced proteolysis was observed for PMCA upon binding CaM or ATP. In contrast, proteolysis
was partially blocked for oxidatively modified PMCA, even in the presence of ATP.

The plasma-membrane €aATPase (PMCA)is a trans- intracellular loop located between transmembrane segments
membrane calcium pump that functions to maintain calcium 4 and 5 contains the ATP binding site and a phosphorylatable
homeostasis in all eukaryotic cellk ). Because of its high  aspartate residue. The activity of PMCA is regulated by an
affinity for Ca?*, it is believed to play an important role in  autoinhibitory domain located near the C-terminus of the
the maintenance of the 10000-fold C&" gradient across  enzyme 4). In the inactive enzyme, this domain is believed
the plasma membrane of cells. PMCA~4.38 kDa in size to associate with the catalytic core containing the nucleotide
with 10 transmembrane helices and several functional and phosphorylation domains of the enzyme, thus blocking
domains in the cytosolic portion of the protei).(A large its ability to bind or utilize ATP $—8). PMCA has been

proposed to pump Céavia a mechanism characteristic of
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exposed in each lobe, allowing CaM to recognize and bind autoinhibitory domain, resulting in a loss of CaM-stimulated
a diverse range of targets, including PMCA. CaM binding PMCA activity (27).
to the autoinhibitory domain of PMCA leads to its dissocia- In the paper presented here, we report an enhanced
tion from the active site, removing self-inhibition of the population of PMCAox-CaM-TMR complexes with de-
enzyme 4). creased orientational mobility in the presence of ATP
One of the most common perturbations found in cells compared to that of native PMCACaM-TMR complexes,
subjected to oxidative stress is a significant alteration in suggesting an increased population of complexes with a
cellular C&* homeostasisl3—15). It has been shown that  nondissociated autoinhibitory domain in PMCAegaM
PMCA in synaptic plasma membranes of nerve cells is very complexes. These results were further supported by limited
sensitive to inactivation by a variety of reactive oxygen proteolysis experiments that showed a decreased accessibility
species 16). More recently, it was demonstrated that a brief of the protease chymotrypsin to its cut site in the autoin-
exposure of the purified PMCA to moderate levels of hibitory domain for PMCAox in the presence of ATP
hydrogen peroxide (¥D,) resulted in functional inactivation  compared to native PMCA. These results suggest that the
and structural changes in the proteiti7), The weakened |oss of activity in oxidatively modified PMCA resulted at
ability of stressed cells to achieve the low “Cdevels least in part from altered interactions between the catalytic
characteristic of healthy cells has been implicated in the core and the autoinhibitory domain and a reduced potency

process of aging and in a number of neurodegenerativeof CaM in inducing dissociation of the autoinhibitory domain.
disorders such as Alzheimer's disease and Parkinson’s

disease and in ischemia reperfusion injud8)( These MATERIALS AND METHODS

findings raise the question of the structural and mechanistic ) _
basis for the loss of PMCA activity. Materials Chicken CaM was mutated to replace a threo-

In this study, we used single-molecule polarization modu- Nine residue at position 34 with a cysteine as previously
lation experiments to investigate the dynamics of the described Z9). T34C-CaM was labeled with tetramethyl-
interaction between the catalytic core and the CaM-binding "odamine 5-maleimide (TMR) (Molecular Probes, Eugene,
domain of oxidatively modified PMCA (PMCAO0Xx). Single- OR_) accor_dlng to standard protoco_ls_from the manuchturer.
molecule methods provide a means of exploring the function This labeling occurred ax90% efficiency as determined
and dynamics of individual molecules in heterogeneous PY Mass spectrometry and integration of peaks after HPLC
systems. In polarization modulation experiments, the polar- Purification. After dye labeling, CaM-TMR (1 mg) was
ization of the excitation beam is continuously rotated, and dialyzed three times againé L of abuffer consisting of 10
the extent of modulation in the subsequent fluorescence is™M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
monitored (9—25). For an orientationally immobile fluo- ~ (HEPES), 0.1 M KCI, 1 mM MgGl and 0.1 mM CaGlto
rophore, the absorption probability of the molecule is Fémove any unreacted dye: After dialysis, the concentration
modulated by the rotating excitation polarization. In contrast, Of the resultant stock solution of CaM-TMR was #81.

a rapidly reorienting molecule experiences littte or no ~ PMCA was purified from freshly drawn human blood by
modulation of excitation. Thus, highly modulated emission affinity chromatography on a CaMSepharose column and
of the probe indicates a low mobility of the labeled portion stored at=80 °C. The enzyme was eluted off the column in
of the protein, whereas unmodulated emission indicates aa buffer containing 10 mM HEPES (pH 7.2), 120 mM NacCl,
high orientational mobility. 1 mM MgCl, 2 mM ethylenediaminetetraacetic acid (EDTA),

In our laboratory, we used single-molecule polarization 0.5 mg/mL phosphatidylcholine, 0.05% s, and 5% (v/
modulation experiments to explore the single-molecule V) glycerol. Active fractions were pooled, and appropriate
dynamics of the Ci-dependent activation of PMCA by amounts of MgGl and CaC] were added to neutralize the
CaM, which was labeled with the fluorescent dye tetram- EDTA (30). Buffer conditions used for single-molecule
ethylrhodamine (TMR)Z6, 27). At a C&* concentration of ~ €xperiments were based on a standard 10 mM HEPES buffer
25 uM, sufficient for full activation of PMCA by CaM, we  (pH 7.4) with 0.1 M KCI, 1 mM MgC}, and 0.214 mM
observed a high orientational mobility of CaM-TMR bound CaCkb. This yielded 1 mM free Mg and 25:M free Ca&*
to PMCA, consistent with a dissociated autoinhibitory in the final sample solution as calculated with a computer
domain @8). In contrast, at a lower Gaconcentration (0.15  Program (1) that takes into account the EDTA, €aand
uM), a population of PMCA-CaM complexes with low Mg?" added by the PMCA storage buffer. Calcium buffers
mobility appeared. We attributed this population to inactive With 0.15uM free C&" were the same as that described
PMCA—CaM complexes with a nondissociated autoinhibi- above with the addition of 10 mM ethylene glycol bis(2-
tory domain £6). These results suggested that the orienta- aminoethyl etherN,N,N',N'-tetraacetic acid (EGTA) and
tional mobility of CaM-TMR bound to PMCA, as determined appropriate adjustments in the added Mgéhd Cad to
in single-molecule polarization modulation experiments, Yield the desired free ion concentrations. Chymotrypsin was
tracks the conformation of the autoinhibitory domain of purchased from Sigma Chemical Co. and the pan PMCA
PMCA, signaling whether it is associated or dissociated from antibody from Affinity Bioreagents. All other reagents were
the catalytic site of the enzyme. Proteolytic cleavage profiles Of the highest commercially available quality.
for PMCA presented in the present paper support this Samples for the single-molecule studies were made by
interpretation. We further found that oxidative modification premixing 2uL of a 0.1uM purified PMCA sample with 5
of CaM results in an enhanced population having a low uL of 2 nM CaM-TMR. The mixture was allowed to bind
orientational mobility, suggesting that although oxidatively at room temperature for at least 15 min. In measurements
modified CaM can bind to the autoinhibitory domain of with nucleotide, ATP (1 mM) was added immediately prior
PMCA, it does not effectively induce dissociation of the to mixing of this sample with a melted 3% agarose solution
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Single-Molecule Instrumentatio@aM-TMR was excited
with a linearly polarized, 543 nm heliuameon laser. The
beam from this laser was passed through a laser intensity
stabilizer (CR-200-A, Thorlabs), followed by a high-precision
linear polarizer. The polarization was modulated by an
electro-optic modulator (M-350, ConOptics) driven by ramp
waveforms generated by a function generator (DS 340,
Stanford Research Systems) at 25 Hz. In combination with
an achromatic quarter waveplate (Karl-Lambrecht), the
electro-optic modulator produces a linearly polarized beam
in which the orientation of the polarization rotates continu-
ously at the frequency set by the function generator. The
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e &N & & N scope objective for optimal resolution. A variable neutral

¢ L 9 & L density filter and narrow excitation band-pass filter (D543/
Control +H,0, 10x, Chroma) were used to reduce the beam intensitylto

Ficure 1: Stimulation of PMCA activity by CaM-TMR. The M:’V-l\-lr_rk‘e b_lt?él?r:)(\)lv.as dlre(_theq into the eﬁl_lllqmmatlog pOf:j
activity of control and oxidized PMCA was determined as described OF @ Nikon TE300 inverted microscope where it was reflecte
in Materials and Methods in the absence and presence of 120 nMby a dichroic mirror (Q555LP, Chroma) into a 1.3 NA, oil-
CaM-TMR or bovine brain CaM. Data represent the mean values immersion objective (Nikon, SuperFluor). The sample was
from three experiments with triplicate sample_s. Error _bar_s' representheld on a microscope coverslip located on a piezo-electric
the standard error of the mean. The statistical significance of . t N H100. Mad Citv Labs). Fl
differences between control and®b-treated samples was deter- Scanning stage (Nano-| » Mad City Labs). Fluorescence
mined with a Student's test (asterisk denotgs < 0.01). collected by the objective lens was transmitted through the
dichroic mirror and an emission filter (HQ600/80m, Chroma)

as the experiments required. The PMEBaM sample was before detection by an avalanche photodiode (APD) (Perkin-

mixed rapidly with the agarose at43 °C, just above the .
gelling temperature, and then transferred quickly to a clean EIMer Optoelectronics SPCM-AQR-14).

glass coverslip prechilled to 4 to trap PMCA in the gel Data Collection and AnalysisThe gel was scanned for
and to minimize its exposure to elevated temperatures. Thissingle molecules by the piezo-electric nanopositioning stage.
mixture was allowed to sit on ice until the gel had completely A PCI-6052E card (National Instruments) was used to control
formed before the sample was covered with a second cleanthe nanopositioning stage and to register counts from the
glass coverslip and transferred to the microscope for dataAPD. After single molecules were located, the stage was

collection.

Oxidative Modification of PMCAAliquots of the purified
PMCA were exposed to 100M H,O, for 10 min at 37°C
as described previoushi7). The reaction was terminated

positioned with the single molecule in the focus of the
excitation beam, and fluorescence trajectories were collected
with a PCI-6602 card (National Instruments). A maximum-
likelihood analysis method described previoushp)(was

by the addition of 2 units of catalase, and tubes were ysed to fit modulated trajectories period by period. The

incubated for 5 min at 23C to allow the remaining kD,
to decompose.

modulation depth (defined as the fraction of the overall
intensity that is modulated) for each molecule was averaged

PMCA Actvity Assays The activity of PMCA was  over the entire trajectory to characterize the orientational

determined in 96-well microplates as described previously mopility of single PMCA-CaM-TMR complexes.
(17). Briefly, each well contained the following in a final

volume of 10QuL: 25 mM Tris-HCI (pH 7.4), 50 mM KClI,
1 mM MgCl, 0.1 mM ouabain, 4g/mL oligomycin, 200
uM EGTA, and enough Cagladded to yield a final free
C&" concentration of 1@M. The PMCA activity measured
in the presence of Ga but without CaM is termed the
“basal” activity and that in the presence ofand 120

Digestion of PMCA by Chymotrypsin and Immunoblotting
Five micrograms of purified PMCA was preincubated for 3
min at 37°C in a buffer containing 10 mM HEPES (pH
7.2), 120 mM NacCl, 1 mM MgGl 0.5 mg/mL phosphati-
dylcholine, 0.05% GEs, 5% (v/v) glycerol, 5 mM DTT,
0.1 mM EGTA, 25uM free C&" (when added), 500 nM

nM CaM (bovine brain or recombinant TMR-labeled) the CaM (when added), and 1 mM ATP (when added). The
“CaM-stimulated” activity. Afte a 5 min preincubation of ~ Proteolysis was initiated by the addition of 0.@&g/mL

the PMCA with other components of the assay, the reaction @-Chymotrypsin and stopped after 10 min at 37 by the
was started by the addition of 1 mM ATP (or as indicated 2ddition of ice-cold trichloroacetic acid (6% final concentra-
in the figure legends; see Figure 1), continued for 20 min at tion) (7, 8). The pellet was supplemented with 109 of
37°C, and stopped by the addition of Malachite Green dye bovine serum albumin, washed once with water, and dis-
(31). The contents were made acidic by addition of 19.5% solved in SDS-PAGE sample buffer [62.5 mM Tris-HCI
H,SO, and incubated for 45 min, and the color was read at (PH 6.8), 2% SDS, 10% glycerol, 5 mM EDTA, 100 mM
650 nm in a microwell plate reader. The PMCA activity was DTT, and 125 mg/mL urea]. The samples were subsequently
defined as the Cd-activated ATP hydrolysis and expressed run on 7.5% polyacrylamide gels, electroblotted to PVDF
as nanomoles of inorganic phosphate liberated per milligram membranes, and immunostained with a pan PMCA antibody
of protein per minute, based on values from a standard curve(1:1000). Alkaline phosphatase-conjugated secondary anti-
of the absorbance using various concentrations of free body and NBT/BCIP were used to visualize the PMCA bands
inorganic phosphate. that were scanned in Adobe Photoshop 8.0.
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RESULTS 50,
o B A PMCAox  50{ B PMCAox

CaM-Dependent Aatation of Oxidatiely Modified PMCA. 40; 0.15 uM Ca?* 10, P 25 uM Ca?*
PMCA activity assays were performed to characterize the ,
activation of PMCAox by CaM-TMR relative to that of 2 30 304
native PMCA. Bovine brain CaM was used as a reference © 201
in these experiments. The results are shown in Figure 1. As = 20
observed previously, a 10 min exposure of PMCA to 100 101 10- i
UM H0; resulted in an~50% decline in both basal and -
CaM-stlmuI_ated_ PMC_A act|V|ty](7)_. The eﬁept!veness of 0- 000204060810 0 000204060810
CaM-TMR in stimulating both native and oxidized PMCA 50,
was comparable to that of bovine brain CaM. This demon- c PMCA 501 D PMCA
strates that the substitution of threonine for cysteine in the 401 0.15 uM Ca”* 404 25 uM Ca™
recombinant CaM and the labeling of cysteine with TMR 2 30 '
did not affect the biological characteristics of CaM as 3 304
measured by its stimulation of PMCA activity (Figure 1). < 20 201

Calcium Dependence of Oxidized PMGZaM-TMR was =
added to samples of PMCAox immobilized in an agarose 104 10
gel with a C&" concentration of 0.1zM (low Ca?*) or 25 ol Al e ol Al
uM (high C&") as described in Materials and Methods. 000204060810 000204060810
Single PMCAox-CaM-TMR complexes were located by Medulation Depth Modulation Depth

scanning a 1@m x 10um area of the gel in a region several Figure 2: Histograms of modulation depths of CaM-TMR bound
micrometers above the surface of the coverslip. We haveto oxidized PMCA at (A) 0.15 and (B) 26M Ca?" or to native
peviouslyfou that Cah-TWR ot mabized n . PUCASE (O D15 a0 O 20 Ce e o ol T
agarose gel in the absence of PMCA a'f“fﬁaf’).- Thus, Gaussian distributions with peakgpositionsyag n?odulation depths of
single CaM-TMR molecules detected with restricted trans- (a) .41 and 0.67, (B) 0.41 and 0.66, (C) 0.41 and 0.61, and (D)
lational mobility are bound to PMCA in a €adependent  0.38 and 0.61.

manner. Fluorescence trajectories were recorded for single

PMCAox—CaM-TMR complexes as described previously modulation depth of~0.50. The presence of a population
(25). Via a determination of the depth of modulation of of PMCAox—CaM-TMR complexes having a lower orien-
fluorescence, the orientational mobility was characterized in tational mobility was more pronounced at a2Caoncentra-
single-molecule fluorescence trajectories as described previ-tion of 0.154M than at 25:M (Figure 2A,B). This result is
ously 25). Anisotropy decay measurements showed that consistent with measurements previously reported for native
TMR was reorientationally coupled to CaM in CaM-TMR PMCA—CaM-TMR complexesZ6) (Figure 2C,D). For each
with only a small degree of motion independent of CaM, molecule, the uncertainty in the modulation depth was
indicating that TMR reorientation is largely restricted relative estimated to be-0.03 to+0.05. Therefore, the width of the
to CaM (26). Thus, TMR reports the orientational mobility high-mobility population is predominantly a result of ex-
of CaM. We have applied these techniques previously to perimental uncertainty. However, the low-mobility popula-
complexes of native PMCA with CaM-TMR and oxidized tion exhibits a broader distribution of mobilities, suggesting
CaM-TMR (26, 27). heterogeneity at the molecular level.

Polarization modulation trajectories were recorded &t Ca As a means of comparing the distributions of the two
concentrations of 0.15 and 2BM. In most cases, the populations, it is instructive to compare the fraction of
orientational mobility of a given PMCACaM-TMR com- molecules with high and low modulation depths. A conve-
plex is static on the time scale of a fluorescence trajectory nient threshold level for comparison purposes is 0.5. For
(26). Therefore, each molecule observed was characterizednative PMCA, the fraction of the population with a modula-
by its average modulation depth. Histograms of average tion depth above 0.5 is 9% at 28M Ca?". This fraction
modulation depths determined in this way are shown in increases to 21% at 0.8Vl Ca?*, showing the increased
panels A and B of Figure 2. For comparison, the modulation population with a low mobility at the reduced €aconcen-
depth distributions determined previousig6) for native tration. For PMCAOoX, the fraction of the population with a
PMCA—-CaM-TMR complexes at Ca concentrations of  modulation depth above 0.5 was 10% at;28 Ca*" and
0.15 and 25M are also shown in panels C and D of Figure 19% at 0.154M Ce&?". Thus, these fractions were not
2. Zaidi and co-workers found a slight increase in the extent significantly different from the populations for native PMCA,
of binding of CaM to PMCAox compared to that for native suggesting that the dynamics of the CaM binding domain
PMCA (17). Thus, the increased low-mobility population for of PMCA detected via polarization modulation depths are
the PMCAox-CaM-TMR complex does not result from not strongly affected by oxidation.
reduced tightness of binding of CaM to PMCAox. ATP Dependence of Oxidized PMCATP is required as

The modulation depth distributions for CaM-TMR com- a source of metabolic energy for PMCALaM complexes
plexes with PMCAox at both 0.15 and 2BM show the to function in a cellular environment. Binding of ATP to
presence of a population with a high orientational mobility. the nucleotide binding site of PMCA drives enzymatic
This population peaks at a modulation depth of 0.40. A turnover, resulting in phosphorylation of a conserved aspar-
number of complexes, however, display a higher modulation tate residue followed by protein conformational changes,
depth, indicating a lower orientational mobility with a subsequent release of inorganic phosphatg @hd the
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Ficure 3: Histograms of modulation depths of CaM-TMR bound
to oxidized PMCA at (A) 0.15 and (B) 26M Ca&" or to native
PMCA at (C) 0.15 and (D) 2aM C&?" in the presence of 1 mM
ATP. The solid lines show fits of the high-mobility population to

double-Gaussian distributions with peak positions at modulation
depths of (A and B) 0.40 and 0.60, (C) 0.40, and (D) 0.41.
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Osborn et al.
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Ficure 4: Immunoblots showing the susceptibility of PMCA to
proteolysis. Five micrograms of PMCA (control and oxidized) was
digested with chymotrypsin for 10 min at 3T as described in
Materials and Methods. Digestion was performed in the absence
of Ca*, in the presence of 26M C&*, or in the presence of 25

uM Ca2* and 500 nM CaM. The final concentration of ATP when

added was 1 mM. Proteolysis was terminated by TCA (6% final
concentration), and the pellet was resuspended in-SESGE
sample buffer, loaded on a 7.5% polyacrylamide gel, and immu-
noblotted with anti-PMCA antibody (1:1000).

The immobile population in the presence of ATP at high
C&" concentrations increases from 6% in native PMCA
(Figure 3D) to 27% in PMCAox (Figure 3B). This result
can be compared to the decrease in activity upon oxidative
modification shown in Figure 1. The results in Figure 1
suggest that the activity loss upon oxidation has two
components: one due to a roughly 50% loss in basal activity

show polarization modulation histograms for the PMCAoX
CaM-TMR complex in the presence of 1 mM ATP. The
corresponding histograms for native PMCA are shown for
comparison [Figure 3C,D26)]. For nonoxidized PMCA-

CaM-TMR complexes, we previously noted that the presence

of ATP results almost exclusively in a high-mobility popula-
tion with an average modulation depth-©0.40 and a very
low (6%) population having a modulation depth »0.5,
even at a reduced €aconcentration, suggesting that ATP
binding or utilization favors dissociation of the autoinhibitory
domain @6). In contrast, for PMCAoxCaM-TMR com-

plexes in the presence of ATP, 22% of the molecules had a

modulation depth greater than 0.5 at & Caoncentration

of 0.15uM and 27% of the molecules had a modulation
depth greater than 0.5 at a Taconcentration of 25(M.
The population of the immobile state for PMCAox at both
C&" concentrations in the presence of ATP (Figure 3A,B)
was comparable to that of the low-mobility state observed
in native PMCA and PMCAox at 0.1aM C&t in the
absence of ATP (Figure 2A,C). Thus, for PMCAox, the
presence of the nucleotide did not eliminate the immobile
state of the PMCAoxCaM complex, in contrast to the effect
of the nucleotide for the nonoxidized PMCACaM-TMR
complex. In fact, the low-mobility fraction for PMCAo0x
increased at high Gaconcentrations in the presence of ATP
(Figure 3B) relative to that for PMCAox in the absence of
ATP (Figure 2B), whereas the presence of ATP for native
PMCA at high C&" concentrations resulted in a decrease in
the low-mobility fraction (Figure 3D vs Figure 2D). These

nonproductive CaM binding. We expect that the low-mobility
fraction of PMCAox-CaM-TMR complexes measured by
single-molecule polarization modulation reflects PMCAo0x
molecules that were inactive due to nonproductive CaM
binding. The total activity in the presence of CaM-TMR
decreased from 90F 42 nmol of Pmg! min~* for PMCA
to 4734 14 nmol of Rmg! min~! for PMCAox. The basal
activity in the absence of CaM decreased from 3518
nmol of R mg ! min~! for PMCA to 200+ 20 nmol of P
mg~* min~* for PMCAO0x, corresponding to a loss of 131
27 nmol of P mg min~%, indicating oxidation-induced
impairment in the PMCA catalytic cycle that is independent
of CaM activation. This may represent a fraction of the high-
mobility PMCAox population that is functionally inactive,
or it may reflect a decrease in the rate of enzyme function
in the high-mobility fraction. The remaining activity loss was
attributable to nonproductive CaM binding. This corresponds
to a loss of 283t 52 mol of R mg~* min~! out of a total of
907 nmol of Pmg min~%, or 31%. This fraction is in good
agreement with the low-mobility fraction of the PMCAox
CaM-TMR population in the presence of ATP and highfCa
concentrations, and thus in agreement with the expectation
that it represents activity loss resulting from nonproductive
CaM binding.

Proteolysis of PMCAaxThe access ofi-chymotrypsin
to its cleavage site on the autoinhibitory domain of PMCA
has been recently used as a sensitive measure of regulatory
interactions within different conformational states of the
protein (7, 8). Chymotrypsin cleaves the138 kDa intact
PMCA downstream of the CaM binding domain, giving rise

data suggest that the interaction between the catalytic coreto a major fragment of125 kDa {7). The lack of proteolytic

of PMCAox and its autoinhibitory domain in the presence cleavage of intact PMCA by chymotrypsin was thought to
of ATP at high C&" concentrations is altered as a result of indicate a tight interaction of the autoinhibitory region with
oxidation of PMCA. the nucleotide binding catalytic coré)( Figure 4 shows the
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degradation pattern of control and oxidized PMCA following in the nucleotide binding domain or as a result of the ATP-
a 10 min exposure to chymotrypsin as described in Materials dependent formation of subsequent states of the enzyme. This
and Methods. In accordance with previous observations, thereresult thus indicates the existence of structural coupling
was minimal proteolysis of native PMCA in the presence of between the nucleotide binding site and the autoinhibitory
EGTA or 25uM free C&", consistent with the closed state binding regions, as shown previousk, 7).
of PMCA (7, 8). Addition of C&*-bound CaM significantly This interpretation is supported by the proteolytic profiles
accelerated the proteolysis, and a distin&®5 kDa fragment ~ of PMCA shown in Figure 4, which indicate a change in
of PMCA could be seen. Interestingly, we found that when the availability of proteolytic sites in the C-terminal domain
PMCA digestion was performed in the presence of 1 mM of PMCA in the presence of ATP. Proteolysis of PMCA by
ATP, the proteolysis was accelerated in all three cases, i.e.chymotrypsin at a site downstream from the CaM binding
absence of C4, presence of Cd, and presence of Ca domain has been interpreted to indicate a loose or dissociated
bound CaM, suggesting that binding of nucleotide to the autoinhibitory domain corresponding to a non-autoinhibited
PMCA or its utilization favors the dissociation of the enzyme ¢, 8). Although proteolysis was inhibited in the
autoinhibitory domain and hence an open conformation. The absence of Cd, consistent with previous resultg,(8),
proteolytic profile of the oxidized PMCA in the absence of proteolytic cleavage was extensive in the presence of ATP,
ATP was comparable to the control; however, in the presenceeven in the absence of &a(see Control in Figure 4). This
of ATP, there was no further increase in the level of suggests that addition of the nucleotide favors dissociation
PMCAox breakdown, in contrast to the control. Thus, the of the autoinhibitory domain. Correspondingly, in the pres-
pattern of proteolysis for PMCAox in the presence of ATP ence of ATP, the low-mobility population is nearly absent,
resembles that of native PMCA and PMCAox in the absence even at a reduced €alevel [Figure 3C,D 26)], consistent
of ATP. The proteolysis data support our single-molecule with a dissociated autoinhibitory domain under those condi-
results suggesting altered interactions between the catalytictions.
core of PMCAox and its autoinhibitory domain in the Orientational Mobility of PMCAox CaM ComplexesThe
presence of ATP. relationship of conformation to activity in PMCAox is of
considerable interest, as the locations of oxidative modifica-
DISCUSSION tion within PMCA have not yet been resolved. It is known
Orientational Mobility of PMCA-CaM ComplexesSingle- that oxidative modification of PMCA leads to a decrease in
molecule polarization modulation experiments probe the the maximal level of activation of the PMCACaM system,
orientational mobility of the fluorophore. Using fluorescently but the mechanistic cause of the activity loss is not well
labeled CaM as a reporter molecule, we successfully appliedunderstood7). The modulation depth distributions observed
this technique to obtain new information about the confor- for CaM-TMR complexes with PMCAox in the absence of
mational states of PMCACaM complexesZ5, 26). The ATP were not significantly different from those observed
CaM binding domain of PMCA is co-extensive with a previously for complexes with native PMCA (Figure 2). This
sequence near the C-terminal domain that is thought to suggests that the native and oxidized forms of PMCA exhibit
function as an autoinhibitory domaid)( Binding of CaM only minor differences with respect to the dynamics of the
to PMCA is thought to lead to dissociation of the autoin- autoinhibitory domain in the absence of ATP, supporting the
hibitory domain. A rotational correlation time of 80 ns was earlier results of Zaidi et al1{) which showed that the CaM
measured by Squier and co-workers for CaM bound to binding domain is itself not directly modified by -,B,.
PMCA at a C&" concentration of 10Q«M, sufficient to Consistent with this view is the finding that the proteolytic
saturate the activity of the enzyme; this suggests that theprofiles for PMCAox in the absence of ATP were similar to
dissociated autoinhibitory domain is orientationally mobile those for native PMCA in the absence of ATP (Figure 4).
with respect to the rest of the protei@8j. We therefore In contrast, in the presence of ATP, we detected a
anticipated that CaM bound to PMCA would be highly significant difference in the orientational mobilities of
mobile, as in fact we observed for the PMELaM-TMR PMCAox—CaM-TMR complexes and native PMCACaM-
complex at a saturating €aconcentration of 2&M (26). TMR complexes (Figure 3). The modulation depth distribu-
However, at a Cd concentration of 0.12M, we observed tions for complexes of CaM-TMR with PMCAox in the
a population with lower orientational mobility. The low- presence of ATP revealed a significant fraction of molecules
mobility population observed at a &aconcentration of 0.15  with a low orientational mobility (Figure 3A,B). In contrast,
uM thus reveals the presence of a state for which a two- in complexes with native PMCA, the presence of ATP
state model cannot account. In a two-state model, PMCA resulted in an almost complete absence of the low-mobility
without CaM bound would exhibit only basal activity, while  population (Figure 3C,D). The altered mobility distribution
all PMCA—CaM complexes would be fully active with a in the presence of ATP indicates that ATP binding occurred
dissociated autoinhibitory domaid,(5). We argued thatthe in PMCAox. The presence of orientationally immobile
low-mobility population corresponds to PMCACaM com- PMCAox—CaM-TMR complexes in the presence of ATP
plexes to which CaM is bound, but the autoinhibitory domain implies that the structural coupling between the catalytic and
is not dissociated; therefore, the PMCA is not acti2é)( autoinhibitory domains that occurs upon ATP binding or
For PMCA—CaM complexes in the presence of ATP, the utilization in native PMCA is disrupted in PMCAox. These
low-mobility population was not observed, even at a reduced results were further complemented by the PMCA proteolysis
C&" concentration of 0.1%M (26). This result suggests  data showing decreased accessibility of chymotrypsin to its
that association of the autoinhibitory domain with its binding cleavage site on PMCAox in the presence of ATP (Figure
sites near the catalytic site of PMCA is disrupted in the 4), in contrast to the native enzyme in which ATP greatly
presence of ATP, either as a consequence of binding of ATPfacilitated proteolysis, suggesting tighter association of the
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autoinhibitory domain with the catalytic core of the enzyme
in PMCAox compared to native PMCA in the presence of
ATP.

A further indication of the effect of oxidation on the
coupling between ATP binding and the autoinhibitory
domain is evident in the increase in the low-mobility
population for the PMCAoxCaM-TMR complex when
ATP was added at a high €aconcentration (Figure 3B

Osborn et al.

first amino acid on the stretch of residues (5%44)
comprising the receptor that interacts with the CaM binding
domain 6, 32). Additionally, Cys601 is a few residues from
the ATP binding site at Lys591. It is possible that oxidative
modification of one or more of the cysteines in this region
may contribute to conformations favoring association of the
CaM binding domain and nonproductive binding of ATP,
leading to enzyme inactivation. This is consistent with the

compared to Figure 2B). These results suggest that oxidationview that hydrolysis of ATP is coupled to structural changes

impairs the structural coupling between the nucleotide
binding site and the autoinhibitory domain of PMCAox with
the result that autoinhibitory domain association is enhanced
in the presence of ATP. It appears that PMCAox fails to
undergo the conformational changes that occur in native
PMCA that promote dissociation of the autoinhibitory
domain after binding of ATP. Oxidative modifications at or
near the nucleotide-binding site of the PMCA, such as
formation of a disulfide bond, may alter the binding geometry
of ATP or constrain the PMCA conformation, enhancing a
conformation of PMCA that is conducive to self-association
of the autoinhibitory domain once ATP binds or is hydro-
lyzed. At a reduced Ca concentration of 0.1%M, the
addition of ATP did not remove the immobile fraction of
PMCAox—CaM-TMR complexes (Figure 3A) as it did for
native PMCA-CaM-TMR complexes (Figure 3C), again
demonstrating the altered coupling between ATP binding an
the autoinhibitory domain for PMCAoOXx.

Penniston and co-workers have established that additiona
interactions outside of the 30-residue CaM-binding region
of the pump are required for full self-inhibition by the
autoinhibitory domain®). These additional interactions in
the C-terminal portion of the pump are most likely involved
in self-association of the autoinhibitory domain at saturating
C&* concentrations. In native PMCA, conformational changes
following binding of ATP to the nucleotide binding site or
subsequent ATP utilization may disrupt these interactions

d

as suggested by the complete disappearance of the populatioﬁ

with low orientational mobility and by the increased acces-
sibility of chymotrypsin to its cleavage site, which is a few
residues downstream of the CaM binding domafh (n
contrast, in PMCAox, ATP binding or utilization was
apparently less effective in disrupting these interactions.
Results of Zaidi et al. have shown that the binding of CaM
to PMCA prior to treatment with D, offers protection from
oxidation of PMCA (7). Release of the autoinhibitory
domain by CaM was suggested to induce a conformational
state of PMCA that is resistant to oxidative inactivation of
the pump. The conformational changes responsible for
protection against oxidation may occur in a state that is
accessible only when the autoinhibitory domain is dissoci-
ated. Correspondingly, the results of this study indicate that
oxidation impairs protein conformational changes associated
with the productive utilization of ATP, thus enhancing a
structure of PMCA that is conducive to self-association of
the autoinhibitory domain. Oxidative modification may also
impair the structural changes that occur within PMCA upon
phosphorylation of the critical aspartate residue in its active
site. The earlier results of Zaidi et al. showed that the only
chemical change in PMCA exposed to peroxide was the
oxidation of Cys residued.{). There are 10 cysteines located

in the cytoplasmic loop between transmembrance helices 4

and 5 containing the active site. Interestingly, Cys537 is the

that determine the binding affinity of the autoinhibitory
domain, as suggested by the single-molecule orientational
mobilities of native PMCA-CaM-TMR complexes46) and

by the susceptibility of native PMCA to chymotrypsin
proteolysis in the presence of ATP, as presented here.

CONCLUSIONS

The results presented here demonstrate the utility of single-
molecule measurements in probing the dynamics of PM-
CAox—CaM complexes in different conformational states.
The results revealed an increased low-mobility population
for CaM-TMR complexes with PMCAox in the presence of
ATP compared to that with native PMCA. We suggested
previously @6) that the low-mobility population is associated
with inactive PMCAox-CaM-TMR complexes having a
nondissociated autoinhibitory domain. This picture suggests
a mechanism for the loss of PMCA activity upon exposure

to Hz0z. The increase in the orientationally immobile

population of PMCAox-CaM-TMR complexes in the pres-
ence of ATP indicates that oxidative modification alters the
structural coupling between the ATP binding site and the
autoinhibitory domain, reducing the propensity of the auto-
inhibitory domain to dissociate from binding sites in the
nucleotide-binding and phosphorylation domains of the
enzyme, hindering the ability of the enzyme to utilize bound
ATP. These data were further supported by PMCA proteoly-
is by chymotrypsin and activity assays in the presence of
various concentrations of ATP. This study demonstrates the
power of single-molecule spectroscopy, combined with
traditional biochemical methods, to provide valuable insight
into the mechanisms of normal and impaired enzyme
function, such as that occurring with oxidative damage or
biological aging.
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