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ABSTRACT. To test models for the pentameric structure of phospholamban (PLB) and study its structure
and molecular dynamics in SDS solution, we characterized recombinant PLB and several of its mutants
by (a) reactivity of cysteine residues toward DTNB [Egighiobis(2-nitrobenzoic acid)] and a thiol-reactive

spin label, (b) oligomeric state on SB®AGE, and (c) EPR of the spin-labeled proteins. WT-PLB has
three cysteine residues (36, 41, and 46), all located in the hydrophobic C-terminal transmembrane region.
In SDS at pH 7.5, exhaustive reaction with either sulfhydryl reagent resulted in essentially 2 mol of
cysteine reacted/mol of WT-PLB, with only slight destabilization of the native pentameric structure. When
WT-PLB was denatured in guanidine at pH 8.1, all three cysteines reacted, disrupting the pentamer, which
was restored upon cleavage of the disulfide bonds with DTT. In the tetrameric mutant C41L-PLB, the
two remaining cysteine residues reacted, reversibly destabilizing the tetramer. In the monomeric mutant
L37A-PLB, all three cysteines reacted. The pentameric double cysteine replacement mutant C36,46A-
PLB showed negligible reactivity. We conclude that Cys-41 is the unreactive cysteine in PLB and is
located at a crucial site for the maintenance of the pentameric structure. EPR spectra in SDS of spin-
labeled WT-PLB and mutants correlate with the oligomeric state on-SEX$5E; oligomeric proteins

show decreased spin-label mobility compared with monomers. Molecular dynamics calculations were
used to construct an atomic model for the transmembrane region of the PLB pentamer, constrained by
previous mutagenesis results and the results of the present study. We conclude that (a) the mobilities of
spin-labels attached to PLB and its mutants are sensitive to oligomeric state and (b) the pattern of cysteine
reactivity, spin-label mobility, and oligomeric state supports a structural model for the PLB pentamer in
which interactions between each pair of subunits are stabilized by a letisoleucine zipper.

In cardiac SR, the 52 amino acid integral membrane PLB is an amphipathic peptide with a hydrophilic N-
protein phospholamban (PLB) regulates the enzymatic activ- terminus, which is predicted to be at least partialifpelical
ity of the Ca-ATPase (Ca pump))( PLB—ATPase interac-  (5). The hydrophobic C-terminal amino acids (262) are
tions result in inhibition 2) and aggregation3j of the Ca- known to form a transmembrarnehelical segment, 9)
ATPase. It has been established that the regulatory (inhibitory)and are involved in protein oligomerizatiod(). SDS-
effects of PLB on the cardiac Ca-ATPase are relieved by PAGE suggests that the quaternary structure of PLB is a
PLB phosphorylation at serine 16 (S) or threonine 17 (T), homopentamer that is stabilized by the hydrophobic trans-
catalyzed by cAMP-dependent or Ca/calmodulin-dependentmembrane domainl().
protein kinase, respectively) Site-directed mutagenesis of PLB has identified several
Several different structural models have been proposed fortransmembrane residues that appear to be important for
PLB (5-8) and there is consensus on several key points. Pentamer formation, as assayed by SIPAGE mobility
(11—14). Mutation of amidated residues, to prevent hydro-
gen bonding, did not change the pentamer’s thermal stability,
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grants (HLO7308 and HL49428) from the National Institutes of Health, 46) t0 @lanine or to serine decreased pentamer stalilily (
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! Abbreviations: PLB, phospholamban; WT, wild type; SR, sarco- on SDS-PAGE (14, 15). For example, the mutant L37A-

plasmic reticulum; OG, octyl glucoside; TAPS;[tris(hydroxymethyl)- i -
methyl-3-aminopropanesulfonic acid; MOPS, N+forpholino)pro- PLB migrated as a monomer on SBBAGE. Both WT

panesulfonic acid; Tris, tris(hydroxymethyl)aminomethane; DTNB; 5,5 PLB and _L37A'PLB bind to the Ca pump anF’ inhibit Ca
dithiobis(2-nitrobenzoic acid); MTSSL, (1-oxy-2,2,5,5-tetrameth§- transport in the membrane, but the monomeric L37A-PLB
pyrroline-3-methyl)methanethiosulfonate; SDS, sodium dedecyl sulfate; has a stronger inhibitory effect than the pentameric WT-

PAGE, polyacrylamide gel electrophoresis; DTT, dithiothreitol; EPR, PLB (16). It has been suggested that the PLB monomer
electron paramagnetic resonance; L37A, replacement of Leu-37 with ’ !

alanine; C41L, replacement of Cys-41 with leucine; C36,46A, replace- NOt the pentamer, binds a.nd inhibits t_he Ca pump in the SR
ment of Cys-36 and Cys-46 with alanine. membrane 16, 17). This model is supported most
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Ficure 1: Helical wheel representation of the PLB transmembrane domain (residu&2B3anel A is based on the model of Engelman

and co-workersX9), and panel B is adapted from Jones and co-workEss Both models are based on left-handed coiled coil structure,
resulting in a 3.5 residue/turn repeat (heptad repeat). Equivalent positions occur every two turns and are identified bydefe¢thia

level of schematic representation, model B is related to model A by a counterclockwise rotation of each helix by one-seventh of a turn (one
heptad position). The heptad positions containing the three cysteine residues are indicated, the position (a) containing the most critical
leucine residues (37, 44, 51) is shown in gray, and the position (d) containing the most critical isoleucine residues (40, 47) is shown in
black.

directly by measurements of oligomeric state in lipid bilayers, simulations, to test and refine molecular models for the PLB
using boundary lipid EPR, which showed that WT-PLB and pentamer.
L37A-PLB both exhibit a dynamic equilibrium between
monomers and oligomers th);t is shiftgd from monomer to MATERIALS AND METHODS
oligomer by phosphorylationlg). Materials Native PLB and its site-directed mutants
In the mutagenesis studies it was found that the key (L37A-PLB, C41L-PLB, and C36,46A-PLB) were expressed
residues occurred every seven amino acids, forming a heptadn Sf21 insect cell culture and purified by monoclonal
repeat of mutational sensitivity. On the basis of these results,antibody affinity chromatographyd(15, 20, 21). The final
Simmerman et al. 14, 15) proposed a schematic model concentrations of PLB and its mutants after purification were
(Figure 1B) for the PLB pentamer as a left-handed coiled approximately 1 mg/mL in 0.9% OG, 88 mM MOPS, 18
coil stabilized specifically by interhelical interactions between mM glycine, and 5 mM DTT (pH 7.2). The amino acid
leucines at one heptad position with isoleucines at another,sequences of PLB and mutants were confirmed by both
i.e., a leucine-isoleucine “zipper”. Therefore, itisimportant cDNA and protein sequencind.@, 22).
to understand the oligomeric structure of PLB in some detail.  Polyacrylamide Gel Electrophoresis and Protein Assay.
Adams et al. 19) constructed an alternative model for the Protein concentration was determined by the method of
transmembrane domain of PLB, from a schematic represen-Schaffner and Weissman23). SDS-PAGE of labeled and
tation of molecular dynamics simulations, with constraints unlabeled peptide was performed using a 4% stacking gel
based on the effects of random mutagenesis on-SEXEGE and a 16-20% acrylamide gradient in the resolving gel,
of fusion proteins. This atomic model (Figure 1A) also which was then stained with Coomassie Blue. Samples
proposes a left-handed coiled coil of five helices, but the electrophoresed contained typically 24.0 ug of protein
contacts between the helices are quite different and do notwith 1% SDS in Tricine sample buffe24).
support the proposal of the leucinesoleucine zipper (Figure Cysteine Modification of WT-PLB and Mutants with
1B). MTSSL WT-PLB and its mutants in 88 mM MOPS, 0.9%
A significant difference between these two models is OG, 18 mM glycine, and 5 mM DTT (pH 7.2) were
highlighted when the positions of the three cysteine residuesconcentrated and diluted 10 times continuously with 60 mM
in the pentamer are examined. The model of Adams et al. Tris and 0.1% SDS, pH 7.5, using a Centricon 3 filter
(19) predicts that Cys-41 should be the most exposed of the (Amicon). The final concentration of WT-PLB and mutants
three cysteines, while the model of Simmerman et®) (  was 0.7 mg/mL. One microliter of 0.1 M MTSSL in DMF
predicts that Cys-46 should be the most exposed (Figure 1).was added to 59 of WT-PLB and mutants (7&L of 0.7
Therefore, to assess the importance of the cysteine residuesng/mL) in 60 mM Tris and 0.1% SDS, pH 7.5. The spin-
in phospholamban oligomer formation, and to distinguish labeling reaction was performed overnight af@. The
between structural models of the PLB pentamer, we have methanethiosulfonate spin-label attaches with high specificity
reacted the cysteine residues of purified recombinant PLB to sulfhydryl groups 25). The separation of the unreacted
and its mutants with thiol-reactive labels, including Ellman’s spin-label was carried out by size exclusion chromatography,
reagent (DTNB) and a spin-label (MTSSL). Absorbance and using a HPLC Hydropore-5-SEC column (280L.5 cm). The
EPR spectroscopy were used to study the pattern of cysteindractions were concentrated with speed vacuum, and the
reactivity, to determine the effects of cysteine modification residue was resuspended in water to a final buffer concentra-
on pentamer stability and to determine the mobility of the tion of 120 mM Tris and 0.2% SDS, pH 7.5X2SDS buffer).
cysteine-bound spin-label. The results of these experiments EPR SpectroscopyEPR spectra were acquired with an
were then used, in combination with molecular dynamics X-band Bruker ESP-300 spectrometer and a Bruker ER4201
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cavity and digitized with the built-in microcomputer using - -
Bruker OS-9-compatible ESP 1620 acquisition software. 3'0'PLB'w;D+ DTNB in GH:' DTN in SDS
Conventional EPR spectra were obtained using 100 kHz field 25l & ° b
modulation, with a microwave field intensity of 0.14 G. —_ o
Conventional EPR spectra were acquired using a 100 G @ 5 glo o ® cCHL+DINBINSDS

) : ) -
sweep width. The samples were measured in glass capil- g a] P QQQ"W
laries. The sample concentration was around 0.1 mg of PLB/ = 1.5} ¢® o PLBWT+DTNB
mL in the EPR experiments. Multiple scans were acquired 2 ’ "' 90 in SDS
and averaged as necessary in order to improve the signal- £ 1.0y "
to-noise ratio. The sample temperature was controlled to .-5&’500
within 0.1 °C with a nitrogen gas flow temperature controller 0.5 o°
and monitored with a Sensortek Bat-21 digital thermometer 0.0 © , , , ) , o
using an IT-21 thermocouple probe inserted into the top of ) 100 200 300 400 500 60071080
the capillary, such that it did not interfere with spectral Minutes

acquisition. All spectra were recorded at 25. Spectra  Fgure 2: Cysteine reactivity (moles of TNB reacted per 6 kDa
were obtained using 100 kHz field modulation with a peak- protomer) of WT-PLB M), C41L-PLB (), and L37A-PLB @®) in
to-peak modulation amplitude of 2 G. Other instrument SDS buffer and WT-PLBL{) in GHCI buffer.

settings include a time constant of 40 ms and 40 s/scan.

Spectral Analysis.Conventional EPR spectra were down- Workers (5), so that Leu-37, Leu-44, Leu-51 and lle-40 lle-
loaded to an IBM-compatible PC and analyzed with software 47 occupied the a and d positions, respectively (Figure 1B)
developed in our laboratory by Roberta L. H. Bennett. The (15). The model was then subjected to 2500 energy
spin-label concentration was determined by calculation of Minimization steps, using the conjugate gradient method.
the double integral and comparison to known spin-label Modeling made use of the Biosym/MSI software package
standards. Spectral parameters such as hyperfine splittingdnsightll/Discover, version (95.0), using consistent valence
(2T//, outer splitting) were measured using this software. The force field parameters (cvff).
apparent order parameter was then calculated f&gn2{7):

RESULTS
T —To Cysteine Reaatity of WT-PLB and Two MutantsThe
S(order parametery T —T reactivity of WT-PLB and two of its mutants, L37A-PLB

and C41L-PLB, with DTNB in SDS solution is shown in
whereT is the isotropic hyperfine splitting constant in the Figure 2. For WT-PLB approximately 2 mol (1.990.01)
absence of anisotropic effectd;; is the principal value of  of DTNB reacted/mol of PLB, suggesting that two of the
the hyperfine tensor for an axially symmetric system. One three cysteine residues (36, 41, and 46) are reactive. When
likely model for a spin-label’s motion is “wobble in a cone” WT-PLB was denatured in GHCI, all three (3.@60.31)
where the spin-label is constrained to move in a conical cysteines rapidly reacted. In the mutant C41L-PLB (Cys-
shaped region. This cone angt)(can be calculated from 41 to Leu), which is tetrameric on SB®AGE (15), both

the apparent order paramet&) {rom the expression: (2.08 £+ 0.13) cysteine residues reacted with DTNB, while
in the monomeric mutant L37A-PLB (Leu-37 to Ala)5),
S=1,cosf,(1+ cosb,) all three cysteines (2.96 0.04) reacted. Essentially the
same results were found with a thiol-reactive spin-label
Titration of Free Sulfhydryls with 5/®ithiobis(2-ni- (MTSSL). WT-PLB and its mutants were reacted with
trobenzoate) (DTNB; Ellman’s Reagentfror the determi- MTSSL, under conditions similar to those used above for

nation of the total sulfhydryl group content, WT-PLB and DTNB, and incorporation of the spin-label was then quanti-
its mutants were dissolved in 60 mM Tris and 0.1% SDS, fied. For WT-PLB and C41L-PLB, only 2 mol (1.98 0.02
pH 7.5 (SDS buffer), orn 6 M guanidine hydrochloride, and 1.95+ 0.03) of MTSSL reacted/mol of PLB, while with
200 mM TAPS, and 2% Triton X-100, pH 8.1 (GHCI buffer). L37A-PLB all three (3.18+ 0.12) cysteines reacted with
DTNB solution was added (from 10 mM in DMF) to the the spin-label.
cell (final concentration 0.3 mM), and the absorbance at 410 SDS-PAGE. The oligomeric state of the unlabeled and
nm was recorded versus time. After development of the labeled proteins was determined by SEFAGE. WT-PLB
maximum color (a consequence of the spontaneous hydroly-is predominantly pentameric both before (Figure 3A, lane
sis of DTNB) the absorbance was extrapolated to zero time.2) and after (Figure 3A, lane 3) reaction with DTNB.
The protein solution was added to the cell (final concentra- Smaller oligomers and monomers are also evident after
tion: 6 uM in SDS buffer, 3uM in GHCI buffer), and the labeling, indicating slight destabilization of the pentamer.
determination of the modified sulfhydryl group was measured After reaction of all three cysteines in guanidine at pH 8.1
from the release of 2-nitro-5-mercaptobenzoic acid at 410 (Figure 2), the pentamer remained completely disrupted even
nm (28). after guanidine was removed, resulting primarily in mono-
Phospholamban ModelingThe atomic model of phos-  mers and dimers on the gel (Figure 3A, lane 4). This effect
pholamban by Engelman and co-worket8)(was obtained  was reversible, since the pentamer was restored by unblock-
from the Protein Data Bank2@) (PDB entry 1psl). Each ing the disulfide bond with DTT (Figure 3A, lane 5). In
individual helix was then rotated around its long axis by the mutant C41L-PLB, which is mostly tetrameric on SBS
about one-seventh turn (ca. 59,40 an orientation consistent PAGE before labeling (Figure 3B, lane 3), both of the
with the leucine-isoleucine zipper model of Jones and co- remaining cysteines reacted with DTNB (Figure 2), com-
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Ficure 3: SDS-PAGE of (a) WT-PLB and (b) C41L-PLB. Lanes
1 and 6 in (A) and (B) contain the molecular weight standards (MW) FIGURE 5: EPR spectra of fully MTSSL-labeled WT-PLB, C41L-

with corresponding masses (kDa) on the left. DTNB) ©or (—) PLB, and L37A-PLB. Spin-labeled peptides (1.6 mM) were in 120

signifies whether the protein has been exhaustively labeled with MM Tris and 0.2% SDS, pH 7.5. Spectra were obtained a5

DTNB (Figure 2). Labeling was done in either the presenrigeqr and normalized to the double integral. The stoichiometries of

absence {) of GHCI. The samples were loaded in either the MTSSL/mol of peptide were obtained through EPR spectral analysis

presence+) or absence-) of 10% DTT. and are listed on the right side of each spectrum (see also Table
1).

SDS after complete labeling (Figure 4), show single spectral
components with high rotational mobility (Figure 5, middle
and bottom), while the spectrum of the pentameric WT-PLB
(Figure 5, top) indicates much more restriction of the spin-
label motion. This restriction of probe motion is probably
due to the oligomeric structure.

Reactiity of a PLB Mutant Containing Only One Cysteine
Since both WT-PLB and C41L-PLB contribute two reactive
sulfhydryls, the results suggest that Cys-41 is the unreactive
cysteine residue in WT-PLB. However, this conclusion is
ambiguous, since the labeling of C41L disrupts the oligo-
meric structure. We attempted to use protein sequencing to
determine which cysteines in WT-PLB were labeled by

MW WT WT ca1L C41L L37AL37A MW DTNB and MTSSL, but this was not feasible due to technical

MTSSL - + - 4+ - + difficulties. Therefore, we analyzed the double cysteine
FiGURE4: SDS-PAGE of MTSSL-labeled+) and unlabeled) mutant C36,46A in which cysteine residues 36 and 46 were
WT-PLB, C41L-PLB, and L37A-PLB. Lanes 1 and 8 are molecular changed to Ala, leaving residue 41 as the only cysteine. This
weight standards (MW). mutant retains the predominantly pentameric structure of

q WT-PLB (Figure 6, lane 2). The extent of reaction of C36,-
46A was 0.12+ 0.02 mol with DTNB and 0.15 mol with
MTSSL, indicating that Cys-41 is much less reactive than
the other two cysteine residues in WT-PLB. The partial
disruption of the pentameric structure (Figure 6, lane 3)
suggests that a spin-label attached to Cys-41 cannot be

The effects of exhaustive MTSSL labeling (Figure 4) on accpmmodated in Fhe pentamer. L . .
the SDS-PAGE oligomeric state were very similar to the Figure 7 summarizes the determination of cysteine reactiv-
effects of DTNB (Figure 3). WT-PLB is predominantly ity for PLB and its mutants. The data for DTNB and MTSSL

pentameric before (Figure 4, lane 2) and after (Figure 4, lane&'€ In good agreement, showing that approximately 2 mol
3) reaction with 2 equiv of MTSSL. Both remaining of cysteine are reactive in WT-PLB and C41L-PLB, 3 mol

cysteines of C41L-PLB reacted with MTSSL, with disruption N the monomeric L37A-PLB, and none in C36,46A-PLB.
of the oligomeric structure (Figure 4, lanes 4 and 5). All _Therefore, in the PLB pentamer, the only unreactive cysteine
three cysteines of L37A-PLB reacted with MTSSL, with no 1S CYS-41.
ghaa:ge;)m the mostly monomeric structure (Figure 4, lanes DISCUSSION

EPR Spectra of Exhaustly Spin-Labeled WT-PLB and Cysteine Modification of WT-PLB and MutantsTo
Mutants in SDS Figure 5 represents EPR studies of the determine which cysteines are reactive and how this affects
rotational dynamics of PLB exhaustively spin-labeled in current structural models of the PLB pentamts, (19), we
SDS. The EPR spectra of the two spin-labeled mutants, have investigated the cysteine reactivity of WT-PLB and its
C41L-PLB and L37A-PLB, which are both monomers in mutants to DTNB and MTSSL. DTNB and MTSSL react

pletely disrupting the tetramer and resulting in dimers an
monomers (Figure 3B, lane 4). The tetramer was partially
recovered by the addition of DTT (Figure 3B, lane 5). The
mutant L37A-PLB showed no change in its monomeric form
on SDS-PAGE after complete labeling of its three cysteines
(not shown).
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Table 1: Cysteine Modification of WT-PLB and Mutations with DTNB and MT3SL

predominant species cone angle order
peptide bound TNB/peptide bound SL/peptide on SDS-PAGE ' (G) (deg) parameter
WT-PLB 1.99+0.010=2) 1.98+0.02(=4) pentamer 39.813nh=2) 53722 0.24+0.03
WT-PLB + GHCI  3.06+ 0.31 = 2) monomer N/A N/A N/A
C41L 2.08+0.130=2) 1.95+0.03 h=4) monomer 37.302N=3) 58.7+ 0.4 0.17+0.01
L37A 296+ 0.04(=2) 3.18+0.12H=2) monomer 37.220.1(nh=2) 588+0.1 0.17+0.01
C36,46A 0.1010=1) 0.150=1) pentamer N/A N/A N/A

aEach value represents the mean and SD for the number of measurements indicated in parentheses. N/A indicates that the experiment was not

performed (EPR of WT-PLB+ GHCI) or that the EPR spectrum had insufficient intensity to justify quantitative line-shape analysis (EPR of
C36,46A)

1 2 3 5). These results suggest that one of the three cysteine
residues of WT-PLB is located at the interface between
subunits in the PLB pentamer, at a position that would cause
this residue to have low accessibility and where the pen-
* tameric structure cannot sterically accommodate a significant

— . - addition of mass.
" All three cysteines of L37A-PLB, which is monomeric

on SDS-PAGE (Figure 4, lane 6), completely reacted with
DTNB or MTSSL (Table 1). C41L-PLB displayed the same
o — _—— extent of reaction to both DTNB and MTSSL (Table 1) as
®o_ _ WT-PLB, but the unlabeled form migrates as a tetramer on
SDS-PAGE (Figure 3B, lane 3), while labeling disrupts that
‘ form into monomers (Figure 3B, lane 4). Thus, the reaction
WT C35.46A G386 46A of the two remaining cysteines, after the mutation of Cys-
MTSSL - " + 41 to Leu, disrupts the oligomeric structure, as does the
FiGURE 6: SDS-PAGE of unlabeled and labeled C36,46A-PLB labeling of all three cysteines in WT-PLB. Therefore, only
The peptides were electrophoresed under the same lconditions a%n the monomeric form, .Obtamed through either mUta.‘tlon
the SDS-PAGE in Figure 3. Lanes 1 and 2 are unlabeled WT- (L37A-PLB) or denaturation (GHCI), are all three cysteines
PLB and C36,46A-PLB in 1% SDS and Tris/Tricine buffer. Lane reactive, and perturbation of all three cysteines (labeled WT-
3 presents C36,46A-PLB after being labeled at 0.15 MTSSL/ PLB in GHCI or labeled C41L-PLB) destabilizes the

peptide. oligomer.

3.5 B7A_ [mmone To further elucidate which of the three cysteines is
0 30 £ st unreactive, we studied the mutant C36,46A-PLB, which
= contains only a single cysteine at position 41. This mutant
32 wr ca1L is predominantly pentameric on SB8AGE (Figure 6) and
3 204 has very low reactivity to both DTNB and MTSSL (Table
§ 1.5 1). These results show clearly thays-41 is the unreacte
2 1.0 cysteindn the PLB pentamer, suggesting that the pentameric
§ 05 structure occludes the Cys-41 sulfhydryl. The labeling of

| 36,468 Cys-41 disrupted the pentameric structure of both WT-PLB

0.0- PLB-WT and Mutants (Figure 3, lane 4) and the single Cys mutant C36,46A (Figure

Ficure 7: Direct comparison of the labeling stoichiometries 6, lane 3?' indicating thaCys-41 is in a posit_ic_)n in the
between DTNB and MTSSL for WT-PLB, C41L-PLB, L37A-PLB, pentameric structure that does not tolerate addition of mass
and C36,46A-PLB. This conclusion is consistent with the observation that

substitution of Cys-41 with a bulky phenylalanine produces
by the same mechanism, forming a stable disulfide bond PLB monomers, whereas substitution of the other two
between the cysteine sulfhydryl group and the labeling cysteines with phenylalanine does ntf), Simmerman et
molecules. Cysteine reactivites and EPR spectra wereal. (15) have suggested that the side chain at position 41 is
measured in SDS to facilitate direct comparison with the instrumental in governing the number of subunits in the
oligomeric state determined by SBSAGE. Table 1 oligomer, since PLB packs as a tetramer when cysteine is
summarizes the results. replaced with the bulkier side chain of leucine (C41L).

Exhaustive reaction of WT-PLB in SDS resulted in only Spin-Label Mobility Is Sensite to Oligomeric States of
approximately 2 mol of cysteine reacted/mol of PLB (Table PLB and Mutants The EPR results (Figure 5) support
1), regardless of reagent, with no significant effect on SDS  conclusions based on SB®AGE. Compared to WT-PLB
PAGE pentamer stability. Upon denaturation of WT-PLB (two cysteines labeled, Table 1), the spectra of L37A-PLB
in GHCI, all three cysteines (Table 1) were reactive with (all three cysteines labeled, Table 1) and C41L-PLB (both
either reagent, and the pentameric form was not evident oncysteines labeled, Table 1) display narrower line widths and
SDS-PAGE, even after the removal of the GHCI (Figure splittings, indicating greater spin-label mobility. This cor-
3A, lane 4). When DTT was added, unblocking the relates well with the differences in oligomeric state on SDS
cysteines, the pentameric form was restored (Figure 3A, lanePAGE. Labeled L37A-PLB and C41L-PLB, which are both
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primarily monomeric (Figure 4, lanes 7 and 5, respectively), (L37A-PLB). The pentameric structure appears to occlude
show greater spin-label mobility than WT-PLB, which is the sulfhydryl side chain of Cys-41 in such a way as to make
mainly pentameric. This strongly suggests thatin WT-PLB it unreactive. Covalent labeling of WT-PLB at Cys-41,
protein—protein interactions between subunits cause the spin-which is only possible in the presence of GHCI, prevents
label motions to be restricted, broadening the EPR lines. Thisthe reassembly of the pentameric structure. This is probably
restriction in the spin-label motion could be due to three due to the addition of the mass of the label, disrupting the
factors at a molecular level: an increase in the size of the hydrophobic packing involved in the interface between
rotating oligomer that decreases the rate of overall rotational helices, as has been demonstrated for the C41F mutation
motion, an increase in the rigidity of the peptide backbone, (11, 15). Thus our results seem more consistent with the
or an increase in the specific steric packing around the spin-arrangement of subunits predicted by Simmerman el 8). (
labeled side chairBQ). Although itis unclear exactly which ~ (Figure 1B) than those predicted by the atomic model of
molecular interactions are the cause of these differences inAdams et al. 19). Therefore, we carried out molecular
spin-label mobility, this detection of protein oligomerization dynamics simulations in order to obtain an atomic model of
is a novel application of the site-directed spin-labeling the PLB transmembrane domain that is consistent with the
method. subunit packing predicted by Simmerman et &ab)(

Since L37A-PLB has one site (Cys-41) labeled thatis not  Molecular Dynamics SimulationsWe started our model-
labeled in WT-PLB, the difference between their EPR spectra ing with the coordinates of the model of Adams et 4B)(
could arise because of either the different labeling sites or that were obtained by molecular dynamics and simulated
the different oligomeric structure. However, in C41L-PLB, annealing, using a global search to find reasonable structures
the same sites are labeled as in WT-PLB, so the differencesfor the PLB pentamer. Adams et al. used these calculations
in EPR spectra between these two labeled proteins probablyto produce a handful of energetically favorable structures
directly reflect the differences in their oligomeric states.  and then selected one of these, based on the effects of

The order parameters calculated from the EPR spectramutagenesis on SBSAGE mobility of a fusion protein of
(Table 1) indicate the degree of restriction experienced by staphylococcal nuclease and PLB mutants. In the resulting
the spin-label. WT-PLB, which is predominantly pentameric pentamer model (Figure 8A), adjacent PLB protomers
on SDS-PAGE, has a higher order parameter, indicating interact at helical positions d and g (Figure 8A, top).
greater spin-label restriction, than that observed for L37A-  We manipulated this structure until the key leucines were
PLB and C41L-PLB, which are chiefly monomericon SBS  near the key isoleucines, as required for the leueine
PAGE. An effective cone angle, describing the angular isoleucine zipper proposed by Simmerman et d5).(
amplitude of dynamic disorder experienced by the spin-label, Specifically, we rotated each individual helix counterclock-
can be calculated from the EPR order parameters (Table 1)wise along its long axis to allow heptad positions a
Although other models for restricted rotation might be (containing leucines 37, 44, and 51) and d (containing
applicable, this cone angle is a useful estimate of the isoleucines 40 and 47) to line up and then performed a
amplitude of the spin-label’'s motion. A smaller cone angle, molecular dynamics simulation to obtain an energy-
indicating more restricted motion, is found for the primarily minimized structure (Figure 8B). This model was found to
pentameric WT-PLB than for the primarily monomeric be energetically similar to the model of Adams et a9)(
species, L37A-PLB and labeled C41L-PLB. This strong after both were energy minimized, but the refined model
correlation between oligomerization and spin-label restriction (Figure 8B) has several features that make it more plausible.
should be applicable for future EPR experiments involving  The new atomic model (Figure 8B) shows that the +eu
both lipid and the Ca-ATPase. lle zipper is clearly a realistic structure. Even after energy

Specific Role of Cys-41 in the Transmembrane Region of minimization, the Leu-37, Leu-44, and Leu-51 side chains
WT-PLB and Mutants The roles of the transmembrane (red) interdigitate with the side chains of lle-40 and lle-47
cysteine residues have been investigated through site-directedblue) from the adjacent helix in the new model (B), while
mutagenesisl(l, 13, 15). MacLennan and co-worker&X) the model of Adams et al. (A) clearly lacks these interactions.
suggested that the cysteine residues are essential for the highh addition, an interesting implication arises from this new
degree of stability of the oligomeric structure, probably due model when the exposure of the cysteine sulfhydryl groups
to the size and polarity of the cysteine residues matching are examined (shown in yellow). The original model of
the hydrophobic microenvironment formed by the surround- Adams et al. 19) (Figure 8A) places Cys-41 in a position
ing amino acids. It has been shown that the PLB quaternaryin the pentamer that would apparently be exposed to solvent,
structure is intolerant of changes in Cys-41, since pentamerwhile Cys-36 and Cys-46 would be occluded. In contrast,
formation was disrupted by changing Cys-41 to either Leu, the pattern of sulthydryl accessibility that arises from a
Phe (5), or Ser (1). Therefore, Simmerman et all%) leucine-isoleucine zipper model (Figure 8B) agrees with our
proposed that Cys-41 is confined to an interfacial cleft reactivity results. The Cys-46 sulfhydryl is visible only from
between adjacent helices and suggested that specific contactthe pentamer exterior (OUT), while the Cys-41 sulfhydryl
of residues 3741 are primarily responsible for stabilizing is visible only from the interior (IN), and Cys-36 is partially
the pentameric PLB assembly. In contrast, in the model of exposed to both surfaces. The inequivalent exposures of
Adams et al. 19), Cys-41 is exposed to the exterior of the Cys-36 and Cys-41 were not obvious from the schematic
pentamer, Cys-46 is packed in the helix interface, and Cys- helix-packing model (Figure 8B, top), although Simmerman
36 is aligned toward the interior of the pentam@t)( et al. proposed, on the basis of mutagenesis data, that Cys-

The present study has shown that Cys-41 has very low41 was more occluded. The structural detail provided by
reactivity when PLB is pentameric, becoming reactive only the atomic model of Figure 8B explains how the Léle
when the protein is unfolded (6 M GHCI) or monomeric zipper results in the observed inequivalence of reactivity and



12080 Biochemistry, Vol. 37, No. 35, 1998

Ficure 8: Two models for the pentameric structure of the PLB
transmembrane domain (residues—32). Column A: Based on
the model of Engelman and co-worketk9). Column B: Based

on the proposal of Jones and co-worketS)( Top row: Helical
wheel representation, as shown in Figure 1. Each PLB transmem-
brane helix is represented by a helical wheel with seven points
(heptad repeat) indicative of a left-handed coiled coil. Points a and
d on the helical wheel represent the interdigitating Leu and lle
residues that form the proposed Leu/lle zipper. Point e is shaded

and contains Cys-41. The other cysteine locations are indicated at

points ¢ and g. Bottom two rows: Computer-simulated atomic

models, in Connolly surface representation, showing two of the
helices in the pentamer. The left side (A) is a model proposed by
Adams et al. 19), obtained from the Brookhaven Protein Data Bank

(1psl) 9). The right side (B) shows our new model (see Materials

and Methods). Leu-37, Leu-44, and Leu-51 of one monomer are
highlighted in red, while lle-40, and lle-47 of the adjacent monomer

are colored blue. Also, the sulfur atoms of the cysteine residues
are colored yellow (six, in each model). Two views are shown:

from the inside of the oligomer (IN) and the outside (OUT).

structural importance of the cysteineShus, while the
molecular modeling calculations do not produce a unique
structural model for the PLB pentamer, the refined model
we propose is energetically similar to the preusly
proposed model (19) and agrees more completely with the
mutagenesis results (£15) and our cysteine reachty
experiments

Conclusions.We conclude that Cys-41 is the least reactive
cysteine in WT-PLB and is at a position in the pentameric

Karim et al.

structure that is crucial for maintenance of the oligomer.
These results are consistent with a refined atomic model for
the pentameric structure of PLB, integral to which is the
critical role of a leucine-isoleucine zipper in maintaining
pentameric stability (Figure 8B). The results further establish
EPR as a technique that is sensitive to oligomeric interactions
within PLB. The sulfhydryl group of Cys-41 at position e
in the heptad model (Figure 8B) is probably involved in a
specific interaction with residues at position d. This agrees
with the proposal by Simmerman et all5 that specific
contacts in the region of residues-3%Z1 are primarily
responsible for maintaining oligomeric stability, as well as
defining the number of protomers composing the multimer.
The techniques used in the present study are sensitive to the
oligomeric state of PLB and its mutants in SDS, as shown
by the direct correlation with SDSPAGE results. This
study establishes the feasibility for application of these
techniques, especially EPR, to studies of PLB oligomeric
structure in lipid and in the presence of the Ca-ATPase.
Furthermore, this study demonstrates the importance of
experimental evidence beyond mutagenesis results in con-
straining a computer-simulated molecular model of a mem-
brane protein.
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