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ABSTRACT. We have used intrinsic fluorescence to test the hypothesis that phosphorylation induces a
conformational change in phospholamban (PLB), a regulatory protein in cardiac sarcoplasmic reticulum
(SR). Phosphorylation of PLB, which relieves inhibition of the cardiac Ca-ATPase, has been shown to
decrease the mobility of PLB in sodium dodecyl sulfapolyacrylamide gel electrophoresis (SBS
PAGE). In the present study, we found that this mobility shift depends on the acrylamide concentration
in the gel, suggesting that phosphorylation increases the effective Stokes radius. To further characterize
this structural change, we performed spectroscopic experiments under the conditions-oP SGE.

CD indicated that phosphorylation at Ser-16 does not change PLB’s secondary structure significantly.
However, the fluorescence of Tyr-6 in the cytoplasmic domain of PLB changed significantly upon PLB
phosphorylation: phosphorylation increased the fluorescence quantum yield and decreased the quenching
efficiency by acrylamide, suggesting a local structural change that decreases the solvent accessibility of
Tyr-6. A point mutation (L37A) in the transmembrane domain, which disrupts PLB pentamers and produces
monomers in SDSPAGE and in lipid bilayers, showed similar phosphorylation effects on fluorescence,
indicating that subunit interactions within PLB are not crucial for the observed conformational change in
SDS. When PLB was reconstituted into dioleoylphosphatidylcholine (DOPC) lipid bilayers, similar
phosphorylation effects in fluorescence were observed, suggesting that PLB behaves similarly in response
to phosphorylation in both detergent and lipid environments. We conclude that phosphorylation induces
a structural change within the PLB protomer that decreases the solvent accessibility of Tyr-6. The similarity
of this structural change in monomers and pentamers is consistent with models in which the PLB monomer
is sufficient for the phosphorylation-dependent regulation of the Ca-ATPase.

In cardiac sarcoplasmic reticulum (SR)he activity of domain of PLB (from+3 to +1), this probably decreases
the calcium pump (Ca-ATPase) is regulated by phosphola- electrostatic interactions with the negatively charged Ca-
mban (PLB), a 52 amino acid integral membrane protein pump and facilitates dissociation of PLB from &, (4).

(1, 2). PLB inhibits and aggregates the Ca-pump under However, structural changes within PLB upon phosphory-
resting conditions in the hear8,(4). Upon S-adrenergic lation may also be required for the mechanism of regulation
stimulation, PLB is phosphorylated at both Ser-16 (by (9, 10).

CAMP-dependent protein kinase) and Thr-17 (by CAM  sodium dodecyl sulfatepolyacrylamide gel electrophore-
kinase) £), which relieves the inhibition§ 7) and causes  sjs (SDS-PAGE) provided the first evidence for a structural
Ca-pump aggregates to dissociadg ( change of PLB upon phosphorylation: On SBPAGE,

The molecular mechanism of this regulation is unclear. PLB is predominantly pentameric, and the mobility of the
Since phosphorylation reduces the charge on the cytosolicpentamer decreases upon phosphorylatith) {2). This

mobility shift could be due simply to the change in
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®Indiana University. Several spectroscopic techniques have been used to

1 Abbreviations: CD, circular dichroism; PLB, phospholamban; SR, . . .
sarcoplasmic reticulum; SDS, sodium dodecyl sulfate; SBAGE, investigate structural changes of PLB upon phosphorylation

sodium dodecy! sulfatepolyacrylamide gel electrophoresis; DOPC, (15, 16, 9, 10, 17). There remains controversy whether a
dioleoylphosphatidylcholine; cAMP, cyclic adenosine monophosphate; significant conformational change occurs upon PLB phos-

ATP, adenosine triphosphate; PKA, cAMP-dependent protein kinase; ; ;
CSU, catalytic subFL)mit gf PKA; CAM calmodpulin' OGp octglp- phqrylauon, and whether the change mVOIVe.S Seco.ndary or
glucopyranoside; SEM, standard error of the mean; EPR, electron tertiary structural features. Some spectroscopic studies report

paramagnetic resonance. changes in the secondary structure of PLB upon phospho-
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rylation (9, 10, 18), while others do not1(5, 17). A problem dried film of DOPC, usually at a ratio of 100 mol of lipid/
contributing to the controversy is that most of the techniques mol of PLB. The mixture was incubated at room temperature
employed (e.qg., circular dichroism, nuclear magnetic reso- for 1 h with frequent vortexing. Then 3QeL of 20 mM
nance, infrared spectroscopy) are not equally applicable inMOPS, 100 mM KCI, pH 7.0 (reconstitution buffer), was
solution and in lipid bilayers. This is not a problem for added to the mixture, and the sample was subjected to 15
fluorescence, which has not been applied previously to PLB. min incubation with vortexing and 5 min sonication in a
PLB has a single intrinsic fluorophore, Tyr-6, which water bath. The sample was then diluted with another 5.7
constitutes a convenient spectroscopic sensor for localmL of reconstitution buffer and centrifuged in a Beckman
conformation within the N-terminal cytoplasmic domain.  TL-100 centrifuge at 100 000 rpm for 1 h. The pellet was
The goals of the present study were to determine whetherresuspended in 96L of DOPC buffer.
the phosphorylation-induced shift observed on SIPAGE Phosphorylation of PLB.For phosphorylation in deter-
corresponds to a fluorescence-detectable structural chang@ent, 4Qug of purified WT-PLB or L37A-PLB was incubated
within PLB, whether this change depends on oligomeric at 30°C, for 12 h, in 92uL of a buffer containing 20 mM
interactions of PLB, and whether this change also occurs MOPS, 5 mM MgC}, 50 nM calyculin A, and 0.9% OG,
when PLB is in its native state in lipid bilayers. We used PH 7.0 (phosphorylation buffer). The phosphorylated sample
fluorescence and circular dichroism (CD) spectroscopy to contained 130 IU/mL CSU, while CSU was omitted from
study wild-type PLB (WT-PLB), a mutant that is monomeric  the control (unphosphorylated) sample. The phosphorylation
on SDS-PAGE (L37A-PLB, Leu-37 replaced by Ala), and reaction was initiated by adding ATP to a final concentration
another mutant in which Tyr-6 is mutated to Trp-6 (Y6W- of 0.6 mM. The reaction was stopped with concentrated
PLB). The studies were done both on PLB in solution in SDS-PAGE running buffer. To phosphorylate lipid-
the buffer used for SDSPAGE and on PLB reconstituted reconstituted PLB, we used the same procedure, but in order

into a lipid bilayer. to ensure the access of CSU and ATP to occluded PLB, we
included a freezethaw step after the addition of ATP.
MATERIALS AND METHODS These samples were then subjected to electrophoresis,

) ) _ fluorescence, and CD measurements. PLB phosphorylation
Reagents and Solutiongatalytic subunit (CSU) of PKA  \ya5 characterized by both SBBAGE (mobility shift) and
purified from porcine heart, adenosine triphosphate (ATP), 32p_aytoradiography (using £2PJATP). Phosphorylation of
octyl f-p-glucopyranoside (OG), SDS, and acrylamide were | 37A-p| B was characterized only BjP-autoradiography.
purchased from Sigma Chemical Co. (St. Louis, MO). The gels were dried and subjected to autoradiography in order
Dioleoylphosphatidylcholine (DOPC) was obtained from {4 yisualize the32P-labeled protein. For quantitation, the

Avanti Polar Lipids (Alabaster, AL). The reagents for SBS  pngsphorylated protein band was excised and subjected to
PAGE were purchased from Bio-Rad Laboratories (Rich- gcjntillation counting using®fPJATP as a standard. PLB
mond, CA). The phosphatase inhibitor calyculin A was  concentration was determined by the amido black asBy (
obtained from LC Laboratories (San Diego, CA). Endopro- \ve measured 0.8& 0.06 (SEM,n = 4) mol of phosphate
teinase Lys-C (sequencing grade) was from Boehringerjncorporated per mole of protomer for WT-PLB in solution.
Mannheim (Indianapolis, IN). SDSPAGE running buffer  gimjjar phosphorylation levels were observed for L37A-PLB
contained 0.2 M Tris, 0.6 M glycine, and 0.1% SDS, pH i solution and for the lipid-reconstituted samples.
8.3. DOPC buffer contained 20 mM MOPS, 5 mM MgClI Endoproteinase Lys-C TreatmertVT-PLB was reacted
pH 7.0. Most spectroscopic measurements were performediip endoproteinase Lys-C at a ratio of PLB/Lys=€60
in one of these two buffers, at a temperature of2% °C. (wiw) in a buffer of 0.1 M NaHC@, pH 9, and 0.1% SDS,
Preparation of PLB. Recombinant wild-type (WT-PLB)  at 30°C overnight. The molar percent of PLB being cleaved
and the mutant L37A-PLB were expressed and purified using was measured as 86% by TNBS (2,4,6-trinitrobenzene-
Sf21 insect cells infected by recombinant baculovirus, as sulfonic acid) assay. A final concentration of 1 mM TNBS
previously describedl1@, 20). The purified proteins were  was added to the reaction mixture to incubate at room
stored at-70°C, at a protein concentration of 2.27 mg/mL  temperature for 30 min, and the absorbance at 420 nm was
for WT-PLB and 1.09 mg/mL for L37A-PLB, in a buffer  then measured to determine the amount of free N-terminus
containing 18 mM glycine, 88 mM MOPS, 5 mM DTT, and  being released by endoproteinase Lys-C. A sample that
0.92% OG, pH 7.2. Protein concentrations were determinedcontained an equal amount of WT-PLB without endopro-
by the amido black assapl). Site-direct mutagenesis for teinase Lys-C treatment was used as control.
Y6W was conducted as described0). Y6W-PLB was Ferguson Plot. This is a method for analysis of SBS
expressed and purified from Sf21 cells by the same method PAGE data that can distinguish a change in the size or shape
and stored at a protein concentration of 2.17 mg/mL. The of a protein from a change in the charg23(24). To
N-terminus of Y6W-PLB was blocked like that of WT-PLB  construct a Ferguson plot, SB®AGE is run with various
and L37A-PLB. After treatment of Y6W-PLB with en-  acrylamide concentrations, and then Id®y,) is plottedvs
doproteinase Lys-C to cleave the protein at lysine residue 3,the acrylamide concentration, whd®g is the electrophoretic
the presence of tryptophan residue 6 was confirmed by directmobility, calculated as the distance from the top of the gel
sequence analysis. Protein concentrations were determinedp the protein band, divided by the distance from the top of
by the amido black assagX), with a precision ot:4%. the gel to the dye front. The Ferguson plot is usually linear
Reconstitution of PLB into Lipid Bilayerd.ipid bilayers with negative slope; the slope and intercept depend on the
containing PLB were prepared essentially as describedelectrical charge of the protein and on the effective hydrated
previously @2): a solution containing 1660M PLB in 0.9% radius of the proteifrdetergent complex (Stokes radius). A
OG, 100 mM KClI, 20 mM MOPS, pH 7.0, was added to a series of model system studies have shown that two proteins



Fluorescence Study of Phospholamban Biochemistry, Vol. 37, No. 21, 199§871

differing only in Stokes radius give different slopes with a

commony-axis intercept, while two proteins differing only L37A WT YéW
in charge give identical slopes with differgabixis intercepts | — —
(24). In the present study, SBFAGE was performed using  Phos + - + - + -

a method similar to that of Porzio and Pears@®)( as
described previously2g), except that we used a mini-gel
system (8 cmx 10 cm). The acrylamide concentration in
the gels was varied from 8 to 15%.

Fluorescence. Fluorescence measurements were per-
formed in 3 mmx 3 mm quartz cuvettes. For measurements
in solution, the protein concentration was 6M and the
buffer was usually the same as the SEFSAGE running
buffer. For measurements of PLB in DOPC, the protein
concentration was 160M and we used DOPC buffer. The
fluorescence emission spectrum of each sample was recorded :
using a SPEX-Fluorolog Il spectrofluorometer (Edison, NJ). : Pl
For tyrosine fluorescence, the spectra were recorded Withpgure 1: Effect of phosphorylation on SBSPAGE of recom-
excitation at 275 nm, and the excitation wavelengths were binant WT-PLB, L37A-PLB, and Y6W-PLB. Bands show Coo-
290 nm for tryptophan fluorescence. Both excitation and massie blue stain of unphosphorylated @nd phosphorylated)
emission bandwidths were set at 7 nm, so light scattering gr‘]{}e'”s- The gel Coﬁtf"”ed 16.5% acry'a'f“'de with g‘quﬂla”e
had no significant effect on the emission, as verified by tu er system. Each lane containegi§ of protein. P an are
scanning the emission near the excitation wavelengths. Each S ] i )

Spectrum was the average of 20 scans, with a Step size of 1US|n.g the first five data pOIntS, in order to obtain a value for
nm and an integration time of 1 s/step. Each fluorescencethe initial slope. _

control spectrum of the buffer without PLB, which has fluorescence measurements in SDS solution were also used
intensities of less than 1/20 of that of the sample spectrum.for CD measurements. CD spectra were recorded on a
The emission maximum was determined first by calculating JASCO J-710 spectropolarimeter (Tokyo, Japan) over the
the second derivative of the emission spectrum to find the wavelength range of 196260 nm in a 0.1 mm path-length
peak positions, and then using these as the starting parametei@€ll. Buffer blanks were subtracted. The scan speed was
to fit the spectra to multiple Lorentzian distributions to 20 hm/min. Each spectrum was the average of four scans.
confirm the results. Total fluorescence was measured by Thea-helix content was determined by a computer program,
integrating the spectra. Selcon, from the Jasco manufactl_Jrer (Tokyo, Japan) that uses

Fluorescence Quenching by Acrylamidghe fluorescence & self—consstent method and relies on a database of known
intensities of PLB and its mutants were measured as aProtein structuresy).
function of the concentration of acrylamide, added from a RESULTS
stock solution 86 M in the appropriate buffer. Collisional

he pentameric and monomeric forms of PLB.

guenching of fluorescence is described by the St&toimer Electrophoretic Analysis of PLB Phosphorylatiorin
equation: SDS-PAGE, WT-PLB displayed a distribution between
pentamer (Figure 1, P) and monomer (Figure 1, M), and
Fo/lF = 1+ k7o[Q] = 1 + k,cF[Q] 1) phosphorylation at Ser-16 by protein kinase A decreased the

mobility of both species, as shown previoushi). Phos-
where F is the fluorescence intensity in the presence of phorylation decreased the pentamer mobility by-1&%
quencher anék is the fluorescence intensity in the absence (SEM, n = 6), corresponding to an increase in the apparent
of quencher.ky is the bimolecular quenching constant, and molecular mass from 25 to 27 kDa. In order to determine
is dependent on the accessibility of fluorophore to the solvent. the importance of oligomeric interactions for the phospho-
7o IS the lifetime of the fluorophore in the absence of rylation-induced gel shift, we studied the PLB mutant L37A,
guencher. [Q]is the concentration of quencher ard o/ in which Leu-37 has been mutated to Ala. Figure 1 shows
Fo, and is a constant. In order to account for the lifetime that this protein is monomeric on SB®AGE 0), and that
difference between phosphorylated and unphosphorylatedit undergoes a significant mobility decrease (#98%) upon
samples, quenching data were presented as a plbs/Bf phosphorylationZ?2), indicating that oligomeric interactions

versus [Q): are not required for this gel shift. Another mutant of PLB,
Y6W, in which Tyr-6 was mutated to Trp, was also studied.
Fo/lF = 14 kcFo(—P)[Q] (2) Figure 1 shows that Y6W-PLB has the same mobility as
that of WT-PLB, and that phosphorylation causes a similar
[Q]=[QIFy/Fo(—P) (3)  gel shiftin Y6W-PLB.

The phosphorylation-induced gel shift is not due to a
Fo(—P) is the fluorescence intensity of the unphosphorylated change in the oligomeric state of PLRZX 28), so it is
protein in the absence of quencher. The slope of the plot is probably due to a change in either electrostatic charge or
k.cFo(—P), and any change in the slope reflects a proportional protein conformation. To distinguish between these two
change ink;, which increases with the solvent accessibility possibilities, we carried out SBSPAGE as a function of
of the fluorophore. Each plot was fitted to a straight line acrylamide concentration (Ferguson plot, Figure 2). For
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Ficure 2: Dependence of electrophoretic mobilif) of the PLB
pentamer band (Figure 1, P) on acrylamide concentration (%, w/v)
in SDS-PAGE (Ferguson plot)[{) Unphosphorylated-(P). @)
PhosphorylatedHP). Inset: difference plot between the phospho-
rylated and unphosphorylated forms of PLB. Slope: Rg+P)

— log Rn(—P). Each error bar shows the range of three measure-
ments.
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Table 1: Effects of Phosphorylation on Tyr-6 and Trp-6
Fluorescence of WT, L37A, and Y6W-PEB

% increase upon

phosphorylation WT L37A Y6W
in SDS 23+ 8° 21+5 5+1
in OG 23+ 3 21+3 45+ 4
in DOPC 23+ 2 20+ 6 42+5

@ Fluorescence was measured by integrating the spectra in Figure 3
bMean+ SEM; n = 6 for WT-PLB, n = 4 for the mutants L37A and
Y6W.

unphosphorylated PLB, the logarithm of mobility decreased
linearly with the acrylamide concentration (Figure 2, open
squares), as observed previousBO)( Phosphorylation

decreased the mobility, with a greater effect as the acrylamide

Li et al.

on the Tyr-6 fluorescence of WT-PLB (first row) and L37A-
PLB (second row), and the Trp-6 fluorescence of Y6W-PLB
(third row). The measurements were carried out on samples
prepared in SDS or OG solutions and in DOPC bilayers.
Phosphorylation increased the fluorescence intensity in all
cases, except for Y6W in SDS solution (Figure 3 and Table
1). Both WT-PLB and L37A-PLB behave similarly in the
detergents SDS and OG and in DOPC bilayers, with regard
to the phosphorylation response, suggesting that phospho-
rylation induces a structural change in both WT-PLB and
L37A-PLB that increases Tyr-6 fluorescence. Since the
fluorescence o-acetyl-Tyr-amide increases with decreasing
solvent polarity (data not shown), the increase of Tyr-6
fluorescence upon PLB phosphorylation suggests decreased
polarity in the microenvironment of Tyr-6.

For Y6W-PLB, phosphorylation caused a fluorescence
increase similar to that observed for WT-PLB and L37A-
PLB, except in SDS solution, where there was no significant
change in fluorescence (Figure 3, lower left). This anoma-
lous response of Y6W-PLB to phosphorylation in SDS is
apparently due to a special interaction between SDS and this
mutant, as suggested by light scattering. Although PLB and
most of its mutants (including phosphorylated Y6W-PLB)
show very low light scattering in SDS solution, the unphos-
phorylated Y6W-PLB exhibits very high light scattering in
SDS, suggesting increased micelle size or aggregation (data
not shown), and making fluorescence measurement less
reliable. Increasing the SDS concentration from 0.1%
(Figure 3) to 0.5% greatly decreased the light scattering in

.solutions of Y6W-PLB and produced fluorescence results

that were qualitatively similar to those observed for WT-
PLB and L37A-PLB (data not shown).

Effect of Phosphorylation on Fluorescence Quenching by
Acrylamide Solvent accessibility of Tyr-6 and Trp-6 was
studied by acrylamide quenching of fluorescence. The slope
of the modified SternVolmer plot (Figure 4) reveals the

concentration increased (Figure 2, closed squares), resulting€/ative accessibility of Tyr-6 and Trp-6 to the solvent. Most

in a significantly steeper slope in the Ferguson plot.
mobility decrease were caused only by a change in the charg
on PLB, it would be independent of the acrylamide concen-
tration, and the difference plot (Figure 2, inset) would have
zero slope 23, 24). The negative slope of the difference

If the of the plots, especially those obtained in SDS solution for
Epoth WT-PLB and L37A-PLB, exhibit upward curvature,

suggesting the presence of both dynamic and static quenching
mechanisms30). Nevertheless, the initial slopes indicate
the relative accessibility of Tyr-6 or Trp-6 to the solvent

plot indicates that phosphorylation causes a structural changd ' @ble 3). For WT-PLB and L37A-PLB, the slope (acces-

that increases the effective Stokes radius of PLB.
Intrinsic Fluorescence of PLB in Detergents and Lipid

sibility) is greater in SDS than in DOPC. In both SDS and
DOPC, the slope is less for WT-PLB than for L37A-PLB.

Bilayers In order to determine the relationship between the Phosphorylation decreases the slope in all cases except Y6W-

structural changes suggested by SDS gels and the structurd? =B in SDS solution, indicating decreased solvent acces-

changes that might occur under more physiological condi- SiPility of Tyr-6 and Trp-6. The quenching results are
tions in a lipid membrane in the absence of SDS, it is consistent with those of fluorescence intensity, suggesting

essential to have a technique that can be used under bottihat phosphorylation causes a structural change in PLB that
sets of conditions. For this purpose, we studied the intrinsic decreases the solvent accessibility of Tyr-6.

tyrosine fluorescence of PLB. Between 300 and 400 nm, Lys-C Treatment.In order to study the role of nearby
the fluorescence emission spectrum of WT-PLB arises amino acids on the phosphorylation-induced increase in Tyr-6
exclusively from its single tyrosine, Tyr-6 (Figure 3). The fluorescence, we used an endoproteinase, Lys-C, which
emission maximum of WT-PLB is 310 nm, similar to that cleaves PLB at the C-terminal end of Lys-3. Lys-C treatment
of free tyrosine (data not shown), and characteristic of of PLB increased Tyr-6 fluorescence (Figure 5), mimicking
tyrosine in a homogeneous environment. For Y6W-PLB, the effect of phosphorylation. This result suggests that amino
the spectrum peaks at 350 nm and is characteristic ofacid residues at the N-terminal of PLB (1 through 3) promote

tryptophan in a homogeneous environment.
Effects of PLB Phosphorylation on Its Intrinsic Fluores-
cence Figure 3 shows the effects of PLB phosphorylation

a conformation that increases the exposure of Tyr-6 to the
solvent, or that one or more of these residues quenches Tyr-6
fluorescence directly.
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Ficure 3: Intrinsic fluorescence emission spectra of WT-, L37A-, and Y6W-PLB in detergent (SDS and OG) solutions and lipid (DOPC)
bilayers.+P, phosphorylated;:-P, unphosphorylated. The excitation wavelength was 275 nm for tyrosine, and 290 nm for tryptophan.

Table 2: Effects of Phosphorylation on the Light Scattering of WT, 9uUSOn plot analysis (Figure 2) suggests that this mobility shift

L37A, and Y6W-PLB is caused by a conformational change that increases the
% effective Stokes radius. CD spectroscopy showed that PLB
0 INCrease upon . . . .
phosphorylation WT L37A YW is predominantlyo-helical in the SDSPAGE buffer and
in SDS 354 7 0L5 7510 that its secondary struc_ture d.oes not change significantly
in OG 640+ 20 0+ 3 710+ 20 upon PLB phosphorylation (Figure 6). However, we de-
in DOPC 37+5 27+ 6 52+5 tected a phosphorylation-induced structural change near the
a Light scattering was measured as the peak intensity at the excitationN-terminus of PLB by studying the fluorescence of Tyr-6,
wavelength in the emission spectfdlean+ SEM; n = 6 for WT- the sole intrinsic fluorophore of PLB.
PLB, n = 4 for the mutants L37A and Y6W. Phosphorylation-Induced Change in WT-PLBhospho-

rylation increased the Tyr-6 fluorescence of PLB in SDS,

CD Measurements: Effec_:ts of Phosphorylatidro assess g solutions, and DOPC bilayers (Figure 3), suggesting a
the effects of phosphorylation on the secondary structure of gty ,ctural change in PLB that shields Tyr-6 more from the

PLB, we performed CD measurements for two reasons: (&) solvent, which was confirmed by fluorescence guenching
the Lys-C experiment suggests that an increase in Tyr-6 (rigyre 4). Phosphorylation also increased light scattering,
fluorescence could be due to a change in the secondaryang this is most significant when PLB is in OG solution:
structure of PLB; and (b) previous CD measurements on PLB Phosphorylation increased the light scattering by &480%
have not included the L37A mutant and have not been done;, OG, compared to 3% 7% and 37+ 5% in SDS and

under buffer conditions identical to those of SBBAGE,  popc (Table 2). Large aggregates can be seen when PLB
and thus comparable to those of the fluorescence studies ing phosphorylated in OG solution. This probably occurs
Figure 3. The CD spectrum of WT-PLB in SDS is very pecause phosphorylation decreases the net positive charge
similar to that of L37A-PLB (Figure 6), both indicating f p_, decreasing the electrostatic repulsion between PLB
largely helical structures, and phosphorylation has little or yg1ecules and promoting aggregation. This aggregation is
no effect on the spectrum. Quantitative analysis of the CD 1y ,ch more extensive in the nonionic detergent OG than in

spectra indicates no significant change in the secondaryihe anionic detergent SDS, where there are counterions to
structures of WT-PLB or L37A-PLB upon phosphorylation.  ghjeld the multiple ionic charges on PLB and facilitate
solubilization. The light-scattering increase is much smaller
DISCUSSION in DOPC than in OG, suggesting that the lipid hydrocarbon
Phosphorylation decreases the mobility of PLB on SDS  chains are more effective in solvating PLB and keeping it
PAGE (Figure 1), confirming previous report$lj. Fer- from forming large aggregates. Phosphorylation caused a
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Ficure 4: Effect of phosphorylation on acrylamide quenching of PLB fluorescence in SDS solution and lipid (DOPC) bigyardF

are the fluorescence intensities without and with acrylamide, respectively, &hid fe effective quencher concentration, corrected for

the effect of phosphorylation on quantum yield (egs 2 and@).Unphosphorylated ) Phosphorylated. Each error bar shows the SEM

from six measurements. The excitation and emission wavelengths were 275 and 310 nm for WT and L37A-PLB, and 290 and 350 nm for
Y6W-PLB.

03 04
[Q1(M)

which is monomeric in SDSPAGE @O0, Figure 1 in the
present study) and in DOPC bilayerg2). The electro-
phoretic mobility of L37A-PLB decreased upon phospho-
rylation, as reported previously for WT-PLBRZ, Figure 1
in the present study). Similarly, phosphorylation induced
essentially identical changes in the Tyr-6 fluorescence of
L37A-PLB and WT-PLB (Figure 3), in detergent solution
as well as in DOPC bilayers. These results show clearly
that the phosphorylation-induced conformational change in
SDS, revealed by gel shift and by tyrosine fluorescence, does
not depend on the oligomeric state of PLB. In OG solution
and DOPC bhilayers, phosphorylation induced an increase in
) L ! 1 Tyr-6 fluorescence that is similar to that observed in SDS
40 (Figure 3), indicating a similar protein conformational change
in both WT-PLB and L37A-PLB. Since spin-label electron
) paramagnetic resonance in DOPC bilayers has shown that
FiGure 5: Endoproteinase Lys-C treatment on PLB Tyr-6 fluo- WT-PLB is primarily pentameric and L37A-PLB is primarily

rescence in SDS solution. The excitation wavelength was 275 nm. .
WT-PLB was digested overnight with endoproteinase Lys-C at a monomeric g2), these results suggest thtae phosphory-
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ratio of PLB/Lys-C= 60 (w/w) in a buffer of 0.1 M NaHCg) pH lation-induced increase in tyrosine fluorescence corresponds
9, and 0.1% SDS, at 3T. 86% of PLB was cleaved, as measured to a conformational change within the PLB protomer and
by TNBS (2,4,6-trinitrobenzenesulfonic acid). does not depend on oligomeric interactions between pro-

35+ 7% increase in PLB light scattering in SDS, suggesting tomers These results are consistent with experiments

an increase either in aggregation or in the Stokes radius ofS"°Wingd that L37A-PLB is a good regulator for cardiac SR
the solubilized PLB. Since SDSPAGE showed no sig- CaATPasedl).
nificant change in PLB aggregation (Figure 1), we propose Tryptophan Mutant Y6W.The tryptophan-containing
thatthe increase in PLB light scattering corresponds to an mutant Y6W-PLB permitted the study of PLB fluorescence
increase in the Stokes radius of PLB upon phosphorylation with a higher quantum yield and better sensitivity. SBS
Monomeric Mutant L37A.To determine whether the PAGE shows that Y6W-PLB has a similar mobility as that
detected conformational change of PLB depends on its of WT-PLB, and phosphorylation causes the same gel shift
oligomeric state, we investigated the mutant L37A-PLB, (Figure 1). The effect of phosphorylation on Y6W-PLB
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Table 3: Effect of Phosphorylation on Acrylamide Quenching of WT, L37A, and Y6W-PLB Fluorescence

WT L37A Y6W
initial slope - +P % decrease -P +P % decrease -P +P % decrease
in SDS 9.9+ 1.7 6.3+ 1.1 37+ 2.8 124+ 2.1 11.5+1.2 8+ 3.3 5.5+ 0.7 5.8+ 0.5 —54+1.2
in DOPC 49+ 0.6 3.4+ 0.2 31+ 0.8 8.5+ 0.9 5.0+ 0.5 42+ 1.4 55+0.3 3.5+0.2 36+ 0.5

a —p, unphosphorylatedt-P, phosphorylated. Initial slopes (M%) from plots in Figure 3; meas= SEM, n = 6.
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Ficure 6: Effect of phosphorylation on the CD spectrum of WT-PLB and L37A-PLB in SPBGE running buffer. The experimental
conditions are described under Materials and Methods.dFhelical contents were calculated to be £85% for the unphosphorylated
WT-PLB and 90+ 4% for the phosphorylated WT-PLB. For L37A-PLB, thehelical contents were 79% 5% for the unphosphorylated
and 81+ 5% for the phosphorylated sample. For WT-PLB in OG (data not shown-theical contents were 78 5% (unphosphorylated)
and 77+ 5% (phosphorylated).

fluorescence (increased intensity) is similar to that of WT- quenching results are consistent with those of fluorescence
PLB in OG and DOPC (Figure 3), suggesting a structural intensity, indicating that phosphorylation causes a structural
change in Y6W-PLB that shields Trp-6 more from the change in the PLB protomer that decreases the solvent
solvent. The fluorescence intensity increase is greater inaccessibility of Tyr-6.
Y6W-PLB compared to that in WT and L37A-PLB (45% Lys-C-Induced Fluorescence Change in PLUB.order to
vs 22%), but this difference is not easily interpreted, since study the putative effect of secondary structural features on
the environmental sensitivities of tyrosine and tryptophan Tyr-6 fluorescence of PLB, an endoproteinase, Lys-C, was
fluorescence are different. The anomalous behavior of Y6W- used. The rationale for this experiment was that tyrosine
PLB in SDS, with regard to the effect of phosphorylation, fluorescence has been previously reported to be affected by
suggests a special interaction between SDS and Y6W-PLB:the local protein secondary structure. For example, hydrogen
Y6W-PLB appears to form larger aggregates than WT-PLB bonding between tyrosine and aspartate side chains in
or L37A-PLB under fluorescence conditions, and this cor- proteins usually quenches tyrosine fluoresce@e-83, 30).
relates with anomalous fluorescence results in SDS. Nev-Both sequence analysid3d) and NMR in SDS 9) suggested
ertheless, the results from the measurements in OG andhat the N-terminal part of PLB is-helical (3.6 residues
DOPC, where light scattering by Y6W-PLB was not per turn), which would put Asp-2 in a favorable position to
anomalous, showed an increase in fluorescence intensity withinteract with Tyr-6 to form a hydrogen bond. If this is true,
phosphorylation, similar to that observed for WT-PLB and Lys-C treatment, which cleaves PLB at the C-terminal end
L37A-PLB. Thus, although it is remarkable that the mutation of Lys-3, would eliminate this quenching hydrogen bond and
of Tyr-6 to Trp has such a large effect on PLB’s apparent thus increase Tyr-6 fluorescence. Indeed, we observed a 23
solubility in SDS, we conclude that phosphorylation induces 4 8% increase in Tyr-6 fluorescence (Figure 5), providing
a similar structural change in WT, L37A, and Y6W-PLB. further support to the conclusion that Tyr-6 fluorescence is
Acrylamide Quenching of PLB FluorescencEhe initial reporting structural changes in the N-terminal region of PLB.
slope of the modified SterrVolmer plot (Figure 4) reveals  Although there are many possible explanations for these
the accessibility of the fluorophore to the solvent. In WT- results, the simplest is that the cytoplasmic part of PLB forms
PLB and L37A-PLB, Tyr-6 is more accessible to the solvent an o-helical structure from Asp-2 through Tyr-6, and this
in SDS than in DOPC, suggesting a shielding effect from structure is at least partially disrupted by phosphorylation.
DOPC bilayers. Tyr-6 is also more accessible to solvent in Since CD indicates that phosphorylation does not change
L37A-PLB than in WT-PLB; this could be due to the thea-helical content by more than a few percent (Figure 6),
decreased structural order of L37A-PLB, as suggested byany change in secondary structure must be quite localized.
both SDS-PAGE (Figure 1), which shows that L37A-PLB Relationship to Other Work.Previous studies of PLB
is monomeric, and CD (Figure 6), which shows that L37A- phosphorylation showed that the gel mobility of PLB shifts
PLB is slightly less helical than WT-PLB. Phosphorylation upon phosphorylationl(l). Our present work, using elec-
decreases the solvent accessibility of Tyr-6 of both WT-PLB trophoretic and spectroscopic analysis, shows that this
and L37A-PLB (Figure 4). The results for the quenching mobility shift corresponds to a structural change in the
of Trp-6 fluorescence of Y6W-PLB are similar (Figure 4), N-terminal region of PLB that can be detected by fluores-
except for the anomalous results in SDS. The fluorescencecence in the presence and absence of SDS. Electrophoretic
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mobility changes of proteins upon phosphorylation were significant change in the Tyr-6 fluorescence upon phospho-
previously reported](3, 14), but the mechanism of these gel rylation at Ser-16 by PKA, support the structural change
shifts has not been elucidated. In the present study, we havehypothesis.

used spectroscopic methods to study the protein structure conclusions. This is the first fluorescence study of PLB,

under the conditions of electrophoresis, in order to correlate 5n the first study to compare directly PLB structure in SDS
the gel mobility with protein conformation. Although the  gq|ytion with that in lipid bilayers. Our results show that

fluorescence increase correlates with the increase in Smke%lthough the global change in PLB'’s secondary structure
radius revealed by SDSPAGE (Figure 2), it is not neces- ;50 phosphorylation is rather insignificant, PLB undergoes
sarily true that these effects are both caused by the same, |ocajized conformational change near the N-terminus that
structural change in PLB. For example, it is possible that yecreases the solvent accessibility of Tyr-6. This structural
the fluorescence change is due to a localized effect of the .pnge occurs no matter whether PLB is in detergent solution
charge environment of Tyr-6. However, it seems more likely (SDS, OG) or lipid (DOPC) bilayers, and it probably

that the effects are due to steric changes that affect SOIVemcorresponds to the phosphorylation-induced gel shift of PLB
accessibility of the fluorophore at position 6, since similar in SDS-PAGE. Furthermore. the fluorescence of the
resql'ts were obtained in DOPC for Tyr anq Trp at th|s monomeric mutant L37A-PLB shows that the sensitivity of
position (Figure 3), and the results .Of ?‘ny'?‘m'de quenching this structural change to phosphorylation does not depend
confirm decreased splvent .acceSS|b|I|t.y (F|gulre 4). on interprotomer (oligomeric) interactions of PLB. This is
Other spectroscopic studies of PLB in solution have been consistent with models in which the PLB monomer is
dong in various solventd.§, 1.6’ 37.9). . None of these was sufficient for the phosphorylation-dependent regulation of
carried out under the precise conditions of SHRAGE Ca-ATPase2?, 31). Thus, phosphorylation induces an
(0.1% S.DS)’ a_nd none measured fIL_Jorescence, S0 a detaile traprotomer conformational change in the N-terminal
comparison with the present _study IS not warrante.d.. How- domain of PLB that can be monitored by fluorescence, using
ever, our CD results agree with others that there is little or either WT-PLB or mutant Y6W-PLB, which offers greatly
nﬁoﬁhgrt]i%i |(|Lq5)the secondary structure of PLB upon phos'increased sensitivity. Future studies will be required to
phory S . , . determine the relationship between this conformational
Two previous spectroscopic studies employing ATR-FTIR change and the changes in Ca-ATPase self-association and

(attenuated total reflection Fourier transform infrared) spec- © .. ;
troscopy have been carried out on PLB in lipid bilayers. activity that also accompany PLB phosphorylatii. (

Arkin et al. (17) reported no significant change for PLB in
DMPC bilayers due to phosphorylation, but Tatulian et al.
(10) reported significant changes, in both DMPC and POPC
bilayers, which were interpreted to suggest conformational
changes in the N-terminal domain, including a slight decrease
in helicity due to phosphorylation. Our Tyr-6 fluorescence
measurements of lipid-reconstituted PLB, revealing a sig-
nificant conformational change upon phosphorylation, are
consistent with the_conglu_sions of Tatl_JIian et dl0)( REFERENCES
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