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ABSTRACT. Recoverin, a member of the EF-hand protein superfamily, serves as a calcium sensor in retinal
rod cells. A myristoyl group covalently attached to the N-terminus of recoverin facilitates its binding to
retinal disk membranes by a mechanism known as thie-@gristoyl switch. Samples ofN-labeled
Ca&*-bound myristoylated recoverin bind anisotropically to phospholipid membranes as judged by analysis
of >N and 3P chemical shifts observed in solid-state NMR spectra. On the basigtdfNIMR order
parameter analysis performed on recoverin containing a fully deuterated myristoyl group, the N-terminal
myristoyl group appears to be located within the lipid bilayer. Two-dimensional solid-state NWIR (

15N PISEMA) spectra of uniformly and selectivefiN-labeled recoverin show that the &ébound protein

is positioned on the membrane surface such that its long molecular axis is orteffiedvith respect to

the membrane normal. The N-terminal region of recoverin points toward the membrane surface, with
close contacts formed by basic residues K5, K11, K22, K37, R43, and K84. This orientation of the
membrane-bound protein allows an exposed hydrophobic crevice, near the membrane surface, to serve as
a potential binding site for the target protein, rhodopsin kinase. Close agreement between experimental
and calculated solid-state NMR spectra of recoverin suggests that membrane-bound recoverin retains the
same overall three-dimensional structure that it has in solution. These results demonstrate that membrane
binding by recoverin is achieved primarily by insertion of the myristoyl group inside the bilayer with
apparently little rearrangement of the protein structure.

More than 200 membrane-targeting proteins involved in by the covalent linkage of myristic acid to their N-terminus
signal transduction processes are cotranslationally modified(1, 2). The observation that viral Src protein is oncogenic
only when it is myristoylated first highlighted the biological
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longs the lifetime of photoexcited rhodopsin by inhibiting mined by calculating the orientation-dependent solid-state
rhodopsin kinase only at high €alevels (7, 8). Hence, NMR data on the basis of the known structure of'Gaound
recoverin is recruited to membranes to control the desensi-myristoylated recoverin in solution1Q) and fitting the
tization of rhodopsin, and the resulting shortened lifetime simulated and experimental spectra. The dynamics of mem-
of photoexcited rhodopsin at low €alevels may promote  brane anchoring by the myristoyl chain were inferred from
visual recovery and contribute to the adaptation to back- measurements of théH NMR order parameters of the
ground light. deuterated fatty acyl group. These results demonstrate the
Three-dimensional structures of myristoylated recoverin feasibility of using solid-state NMR to determine the structure
in solution have been determined by NMR spectrosc@y ( and dynamics of a relatively large signaling protein associ-
10). A striking feature of these structures is that there is a ated with lipid bilayers.
large C&*-induced conformational change. In the’Géree

protein, the myristoyl group is sequestered in a deep EXPERIMENTAL PROCEDURES
hydrophobic cavity where it is “clamped” by many aromatic

residues, allowing the Ca-free protein to be cytosolic. The Sample PreparationAll samples were prepared using
binding of two C&" ions by the protein leads to the extrusion recombinant myristoylated recoverin produced by coexpress-
of the myristoyl group accompanied by a°4ftation of ing recoverin and\-myristoyl-CoA transferase ikscheri-

the two domains of the protein; this exposes many hydro- chia coli(11, 22). Recombinant myristoylated recoverin was
phobic residues that contact the myristoyl group inth&'Ca  expressed and purified as described previoudly;, @3).
free state. The CGa-induced exposure of the myristoyl group, Samples of myristoylated recoverin were uniformly labeled
termed the C&-myristoyl switch, enables recoverin to bind  with >N and selectively®N-labeled with eitherPN]leucine
to membranes only at high €alevels (L1, 12). Our next or [*>N]tryptophan as described previousB4). A deuterated
challenge is to determine the structure of myristoylated myristoylated recoverin sample was prepared by growing
recoverin bound to lipid bilayer membranes. It is also of cells in M9 minimal media supplemented with myristic acid-
interest to know whether the fatty acyl group is dynamically dzs (24). Selective 1°N]leucine and PN]tryptophan labeling
inserted into the bilayer and determine the precise orientationwas quantified using the solution NMRH—1°N hetero-
of the protein relative to the membrane surface. nuclear single-quantum correlation (HSQQypectra of
The atomic resolution structure determination of membrane- myristoylated recoverin. The solution NMR assignme8) (
bound proteins in general has proven very difficult because were used to ascertain the incorporation of tfé labels
membrane proteins are not easily crystallized for X-ray into the protein and to verify that minimal scrambling of
crystallographic analysis. Also, conventional NMR methods these labels occurred.
require fast rotational correlation times of proteins in solution.  Aligned bilayer samples were prepared using 2 mg of
The slow reorientation rates of proteins bound to lipid the purified protein in a 0.2 mL solution of 10 mM
bilayers result in severe broadening of NMR signals, making dithiothreitol (DTT), 10 mM CaGCl, and 10 mM HEPES at
it very difficult to study membrane-bound proteins using pH 7.0. The protein solution was added to 35 mg of
solution NMR techniques. unilamellar vesicles prepared by tip sonicating a mixture of
Solid-state NMR methods are now being developed that 80:20 1,2-dioleoykn-glycerophosphatidylcholine (DOPC):
overcome the inherent correlation time problem of membrane 1,2-dioleoylsn-glycerophosphatidylglycerol (DOPG) in 2
protein structure determination. Solid-state NMR spectros- mL of water. The final mixture was 79.9:19.9:0.1 mol %
copy of aligned samples requires that the proteins be DOPC:DOPG:recoverin. The mixture was fast frozen and
immobilized on a time scale of 18-10"° s * and uniaxially thawed through five cycles to incorporate the protein into
oriented with respect to the direction of the applied magnetic the vesicles. The solution was then dropped onto 20«11
field. The lipid bilayers effectively limit the correlation time 11 mm thin glass plates (Marienfeld Inc.) (etched with 50%
of the intercalated membrane proteins, and the alignment isHF in ethanol) with~125uL on each plate. The aqueous
achieved mechanically on glass plates with the radio solvent was evaporated at 2G; then the plates were stacked
frequency coil wrapped around a stack of plat&3, (14). and hydrated overnight in a closed flask at 94% relative
These samples can be used to measure the orientationhumidity using saturated ammonium phosphate &GS his
dependent frequencies in NMR spectra that report on thetemperature exceeds the phase transition temperature of the
three-dimensional positioning of the peptide planes relative lipid mixture. The stacked plates were then sealed in parafilm
to a molecular frame. The three-dimensional structure canand polyethylene plastic bags for the NMR measurements
be determined when a sufficient set of spin interactions is in a flat coil double-resonance NMR probe.
collected from the protein in the bilayer environme§,( Solid-State NMR SpectroscopY¥he solid-state NMR
16). Solid-state NMR methods have been used to solve themethod for structure determination requires that the protein
structures of the M2 delta transmembrane fragment of the be immobilized and aligned parallel to the direction of the
acetylcholine receptorl{), gramicidin A (L8), transmem- magnetic field. Solid-staté€'P NMR spectra confirmed the
brane domain 6 of thew-factor receptor proteinl@), the orientation of the phosphate group of the DOPC/DOPG lipid
transmembrane domain of the M2 protein from influenza A bilayers.?H NMR spectra ofd,g myristoylated recoverin
(20), and the membrane-bound form of the fd virus coat
protein @1). ! Abbreviations: HSQC, heteronuclear single-quantum coherence;
The structure, topology, and dynamics of myristoylated PISEMA, polarization inversion with spin exchange at the magic
recoverin bound to lipid bilayers were determined by our g.”gle? DOPC, 1,2-dioleoyrrglycerophosphatidylcholine; DOPG, 1,2-
. . . . . ioleoyl-sn-glycerophosphatidylglycerol; DMPC, dimyristoylphospha-
analysis of solid-state NMR data. The orientation of myris- tigyicholine; DTT, dithiothreitol; HEPESN-(2-hydroxyethyl)piper-
toylated recoverin bound to bilayer membranes was deter-azineN'-2-ethanesulfonic acid.
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confirm the orientation and report on the dynamics of the o
myristoyl group within the oriented bilayer. Solid-stabl
NMR spectra report on the orientation of the protein B
backbone in the lipid bilayer.

The solid-state NMR experiments were performed on a
home-built NMR spectrometer with a 700/62 Magnex
magnet (Magnex Scientific Ltd., Oxfordshire, U.K.). The
double-resonanctH and*®N probe had coil dimensions of
11 x 11 x 3 mm; a separate probe double tunedférand
3P was used for thé'P NMR measurementsl4). A flat
coil single-tuned probe was used for thié NMR experi-
me_nts. O_ne-dlmen5|onz§FP_ NMR spectra were reco_rded FiGure 1: Representation of the angles relating #i¥ CSA
using "?‘,S'ngle pulse exp.erlmen.t witH deCO_UP"”g during principal axis system to the laboratory axis frame for a peptide
acquisition. The!P chemical shift frequencies were meas- hond, the!SN CSA principal axis systemogs, o2 033 relative to
ured relative to external 85% phosphoric acid at 0 ppm. One- the molecular frame, and tiel—*N dipolar principal axis system
dimensional’®N NMR spectra were recorded using the () relative to the molecular frame.
mismatch optimized (CPMOIST) cross-polarization tech-
nique @5, 26), with a 52 kHz cross-polarization field strength
and 62.5 kHZH decoupling field strength during the 5 ms
acquisition time. A total of 1000 transients for uniformly d
15N-labeled recoverin and 10000 transients for selectively
labeled [°N]leucine- or [°N]tryptophan-labeled recoverin
were signal averaged. A recycle timé © s was used to
prevent radio frequency heating of the hydrated samples. Th
temperature was controlled at’&. The'®N chemical shift
frequencies were measured relative to external ammonium
at 0 ppm. A quadrupole echo sequeng®)(was used to
acquire theH NMR spectra at 3C. The echo time was set
to 45 us using a 90 kHz field strength for the irradiation
pulses. A recycle time of 0.2 s was used for the signal
averaging of 500000 transients.

The two-dimensional PISEMA spectrag) were obtained g, = 0, Sin’ (. — 0) Sirf § + 0, COS ff +
using similar field strengths and signal averaging conditions .
as in the one-dimensional experiments. The frequency- 0330052 (0e—0) S|n2,8 ()
switched Lee-Goldberg condition was set up with a 34.5
kHz frequency jump to effect thiH spin lock at the magic
angle. ThéH—"N dipolar frequency was allowed to evolve
for 64 t; increments for a total evolution in the dipolar
dimension of 2.5 ms. The two-dimensional data set was
processed using Felix97 (Accelrys, San Diego, CA). The data
were zero filled twice in both thé& dimension and thé;
dimension yielding a 512 512 real matrix. The apodization

basis for the determination of the molecular orientation
relative to the surface of the lipid bilaye29).

The nuclear spin interactions are anisotropic and are
escribed by second rank tensors. Principal elements defining
the second rank tensor of the chemical shift anisotropy (CSA)
are measured as the discontinuities in the powder pattern
line shape of the NMR spectrum of an unoriented sample.
®The relation of this second rank tensor to the molecular frame
(the orientation of the peptide plane) is described by a set
of Euler angles relating the two axis systems. The orientation
of the'>N amide chemical shift tensor in the molecular frame
has been determined from model peptides and verified in
protein studies 30). The N chemical shift frequency is
evaluated according to the equation:

whereoss, 02,2, andoss are the principal elements of the CSA
tensor,o. andp are the Euler angles relating the orientation
of the peptide plane to the laboratory frame, and the
angle between the HN bond and thg axis in the peptide
plane. The!H—!5N dipolar interaction is described by a
second rank tensor with one of the elements of the principal
axis system lying along the bond vector connecting the two
) . S . nuclei. The dipolar interaction results in a doublet, with
in t; was a 400 Hz exponential muliplication; a sine bell maximal splitting when the bond vector is aligned parallel
was applied irt;. to the applied field and half-maximal splitting when the bond
Calculation of PISEMA Spectrahe spectroscopic method  vector is aligned perpendicular to the applied field. The

for protein structure determination relies on the measurementevaluation of the orientational parameter from the dipolar
of several orientation-dependent frequencies from peptide splitting is given by

backbone sites. These include #id chemical shift and the

1H—15N dipolar interactions. The two-dimensional PISEMA Avp =3 sirf f coda — 1) 2)
experiment 28) correlates thé®N chemical shift frequency

with the'H—N dipolar frequency, and each correlation peak wherev, = uohy,y</87°r3; uo is the vacuum permeability

in the PISEMA spectrum therefore represents a uniqueis Planck’s constant, angi and ys are the gyromagnetic
orientation of an individual backbone amide site. The ratios of the!H and!*N nuclei, respectively. This is shown
orientation of the peptide plane relative to the magnetic field in Figure 1.

can then be calculated from th& chemical shift andH— The calculation of the two-dimensional PISEMA spectra
15N dipolar frequencies (see Figure 1 and egs 1 and 2 below).was performed using the previously determined structure of
Hence, the observed PISEMA spectrum can be calculatedmyristoylated recoverin in the presence of?C#10). The
from the orientations of each of the 189 peptide planes in program SIMSPEC was used to find the best fit of the
the molecule or any subset of those peptide planes at anyexperimental PISEMA data to the set'8&il chemical shifts
given orientation of the molecule. The agreement betweenand'H—**N dipolar couplings calculated from this structure.
the experimental and simulated PISEMA spectra forms the The orientations are taken relative to thaxis, arbitrarily
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Ficure 3: One-dimensionat’P NMR spectrum of the selective
[**N]Trp-labeled myristoylated recoverin in aligned POPBOPG
bilayers.

single-line resonances with chemical shift frequencies that
span the full breadth of a powder pattern, as expected for a
large protein with a reasonable distribution of secondary
structural elements. However, the powder pattern line shape
itself is not represented because the distribution of orienta-
200 tions is not completely random. Thus, the one-dimensional
15\ Shift (ppm) spectrum by its_elyc prqvides ev@dence that th_e prote_in is b_ound
FiouRe 2 One-dimensional solid-sta®N NMR spectra of to the aligned lipid bl!ayers with a WeII-_defmed orientation.
myristoylated recoverin associated with membrane bilayers. (A) The spectrum of myristoylated recoverin selectively labeled

Uniformly 15N-labeled myristoylated recoverin aligned in DOPC With.[15N]Ie.ucine (Figure 2B) haS_ resonances from the 16
DOPG bilayers. (B) SelectiveN]leucine-labeled myristoylated  leucine residues only. The majority of these resonances are

S

recoverin in aligned DOPEDOPG bilayers. (C) SelectivéN]tryp- near theo1, and o, discontinuities of the powder pattern,
quphan-labeled myristoylated recoverin in aligned DOBIOPG indicating that most of the leucine residues have amigéIN
ilayers.

bonds oriented approximately perpendicular to the applied
field and the bilayer normal. There are also a few leucine
chosen as the magnetic field direction in the coordinate file. 'eSidues with resonances near dediscontinuity, associated
The set of angles. and 8 are evaluated from the three- vv_|th N—H amide bond vectors approximately parallel to the
dimensional coordinates of the model, and ¥ CSA and bilayer normal. The NMR spectrum of the selectively
1H—15\ dipolar frequencies are calculated from these angles [ Nltryptophan-labeled myristoylated recoverin (Figure 2C)

for each peptide backbone site. The calculated set results ifndicates the amide NH bonds of the three Trp residues
the correlation frequencies of the PISEMA experiment. (W31, W104, and W156) are near the, oz, discontinuties

Importantly, this set can be simulated for all of the peptide ©f the powder pattern. The one-dimensiotisl NMR spectra
planes in the protein or for any subset of residues. A grid S€rVe as coarse indicators of the orientations of the labeled
search is performed over all possible orientations of the Sites- Two-dimensional NMR spectra are necessary to resolve
protein relative to the magnetic field, enabling the agreement "€S0nances and to enable quantification of the protein
between the simulated chemical shift and dipolar coupling Structure and orientation. L
frequencies and the set of experimentally measured values 1he alignment of the protein-containing lipid bilayers on
to be assessed for each orientation. The chemical shifts and!aSs plates is confirmed by t#& NMR spectrum shown
dipolar couplings were weighted equally. For each experi- N Figure 3. The observedtP resonance fre_quency corre-
mental resonance, due to the lack of residue-specific assignSPONds to the parallel component of the motionally averaged
ment, the closest calculated point is chosen as the corre-2xially symmetric chemical shift tensor of a phosphate group
sponding point in order to calculate the fit score. This process fotating about its ©P—0 axis @1). _
was continued through all possible tilt and rotation angles 'I;he properties of the myristoyl group were characterized
in increments of 1 Calculated PISEMA spectra were then PY °H NMR spectra ofth,s myristoylated recoverin bound to
evaluated for their similarity to the experimental PISEMA aligned DOPC-DOPG bilayers. It was first necessary to
spectrum. Visualization of the protein structure relative to iNvestigate the behavior of&i-labeled phospholipid (DMPC),
the magnetic field was displayed using Insightll (Accelrys, epresentative of a myristoyl chain buried inside the bilayer.

San Diego, CA). The spectra in Figure 4 show the full spectral width sampled
by the?H quadrupole interaction from the methylene and
RESULTS terminal methyl groups of a hydrated fully deuterated DMPC

incorporated into a lipid bilayer. The spectrum in Figure 4A
One-dimensionat® NMR spectra of myristoylated re-  of unoriented hydrated DMP@s;: DOPC:DOPG lipids in a
coverin bound to DOPEDOPG lipid bilayers are shown ratio of 10:72:18 shows a superposition of the doublets for
in Figure 2. The spectrum of uniformi?N myristoylated the 2H quadrupole splitting from each of the motionally
labeled recoverin (Figure 2A) results from many overlapping averaged methylene and terminal methyl sig&3.(The edges
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Ficure 5: Two-dimensional alignedN chemical shiftftH—15N
dipolar PISEMA spectra of myristoylated recoverin oriented in
POPC-POPG bilayers. (A) Uniformly>N-labeled myristoylated
recoverin. (B) [°N]Leucine-labeled myristoylated recoverin. (C)
[**N]Tryptophan-labeled myristoylated recoverin. In all of the
spectra, the zero frequency distortion along the bottom of the
T T T T T PISEMA spectra is not included in the fitting. The four weak peaks
80 40 0 -40 -80 in the upper left quadrant of thé>N]Leu spectrum and the weak
peak in the bottom left of the!jN]Trp were not included on the
211 Shift (kI basis of the one-dimension&N spectra. (D) Calculated PISEMA
ift (kHz) spectrum showing all resonances with the PDB coordinate file
FiGURE 4: One-dimensionaiH NMR spectra. (A) DMPGdsg in rotated 247 about theX axis and then tilted 62about theY axis.
unoriented DOPEDOPG bilayers at 5°C. (B) DMPC-dsg in (E) Calculated PISEMA spectrum showing only resonances from
aligned DOPG-DOPG bilayers at 5C. (C) dyg myristoylated leucine residues. (F) Calculated PISEMA spectrum showing only
recoverin in aligned DOPEDOPG bilayers at 5C. resonances from tryptophan residues.

of the spectrum are at32.3 kHz, which corresponds to an  of [**N]leucine (Figure 5B) and'{N]tryptophan (Figure 5C)
order paramete® of 0.39 for the least motionally averaged are more tractable and enable orientations of the 16 leucine
sites, presumably the methylene group at position C2 alongand 3 tryptophan residues to be analyzed. In particular, the
the chain. The order parameters decrease as the chain positiospectrum of thePN]Trp-labeled recoverin has three reso-
increases to the most motionally averaged site at the terminalnances that represent the amide backbone sites of the 3 Trp
methyl group. This site contributes the narrowest componentresidues. Individual resonances can be recognized for many
with an outer splitting of 4.89 kHz, corresponding to an order of the leucine residues. These two data sets were used as
parameter of 0.06. The spectrum for the same lipid composi- the basis for the fit of the orientation of the protein structure.
tion aligned on glass plates exhibits resolved individual Because the residue-specific assignments of these spectra are
frequencies for the various splittings (Figure 4B). The outer not determined experimentally, the closest calculated peak
discontinuity of the doublet corresponds to the lipid chain is assigned as the corresponding residue. Regardless, enforc-
aligned along the bilayer normaB3). The quadrupole ing the quantitative agreement between the experimental and
splittings can be measured uniquely for 12 of the 14 calculated spectra severely limits the range of possible
methylene groups of the myristoyl chain. The spectrum of orientations for the proteins.
dxs myristoylated recoverin associated with aligned DGPC The fitting of the solid-state NMR data to simulated spectra
DOPG bilayers (Figure 4C) reveals that the myristoyl group derived from the previously determined solution NMR
has a decreased overall order parameter relative to the DMPGstructure of myristoylated recoverin was carried out using
in DOPC-DOPG bilayers alone. For example, the order the program SIMSPEC. The input consisted of the PDB
parameter of the outer edge is observed t85€0.33, which coordinates of Cd-bound myristoylated recoverin; the PDB
corresponds to an approximately 15% increase in mobility file used in our analysis was structure number 3 from
of the myristoyl group attached to the recoverin compared 1JSA.PDB 10). The initial orientation of the protein structure
to that attached to a phosphatidylcholine headgroup. There-used in the calculation was arbitrarily taken as the orientation
fore, the myristoyl group of recoverin does not appear to be of the PDB file. The structure was systematically rotated
completely aligned in the bilayer and appears to be more about the laborator)( andY axes in 2 increments, sampling
motionally averaged than the equivalent chain positions in all possible orientations of the protein to determine the one
the DMPC in bilayers. with the best fit to the observed PISEMA data. Since the
Two-dimensional PISEMA spectra 8N-labeled samples  axis of alignment of the bilayers is about the laboratd@ry
of myristoylated recoverin associated with aligned lipid axis (for our purposes parallel &), the result is invariant
bilayers are shown in Figure 5. These spectra are substantiallyfor rotations abou®. The calculated PISEMA spectra for
different than a powder pattern. There is increased intensity the selectively PPN]Leu-labeled myristoylated recoverin and
along theo1s, 022 edge of the spectrum for the uniformly the selectivelyPN]Trp-labeled myristoylated recoverin were
15N-labeled recoverin (Figure 5A). The resonances in this used together to evaluate which orientation results in the best
spectrum are overlapped, making it difficult to analyze. fit to the experimental PISEMA spectrum. Independent
However, the spectra of samples containing selective labelingresults of the orientation derived from the two selectively
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Table 1: Calculated and Experimental Resonance Parameters of
[**N]Leu and [°N]Trp Recoverir

.

calculated observed
15N shift dipolar 15N shift dipolar
(ppm) coupling (kHz) (ppm) coupling (kHz) A D G
[*N]Leu RS R L o
198 4.10 193.93 3.35 AR G caent
175 2.54 A ©
159 0.57 5 -
141 5.93 141.23 5.71 * s ﬁ
133 1.20 &
121 2.36 123.70 3.10 B E H &
115 3.03 115.56 2.49 8
112 2.36 107.49 3.21 &
92 3.86 99.23 4.09 A
82 4.57 90.56 4.21 o f ° =
80 4.93 78.19 5,51
76 3.34 76.24 4.87 e
75 5.01 68.27 5.53
74 1.74 c F |
72 4.86 66.63 4.57
69 4.50 65.63 4.44 <
[15N]Tl'p . ©
103 4.05 108.67 3.98 N
80 4.06 72.93 411 «
76 4.81 72.93 411
200 100 200 100 200 100
aObserved™N shifts and dipolar couplings forN]Leu (Figure 15N shift (ppm)

fSB) alr;q ESN]'EI_:IrEpéFigure 5C) and the corresponding calculated values g ,oc 6: Calculated PISEMA spectra of myristoylated recoverin
rom Figure St, " at various alignments relative to the magnetic field. The calculated
spectra for all residues (top), leucine (middle), and tryptophan

; (bottom) are shown for three different orientations: the best Trp
labeled samples were then compared to verify that thel‘it is for a rotation of 138 and a tilt of 133 (A—C); the best Leu

orlentat|o_n is conS|stent_ with both data sets. The orientation ¢ is for a rotation of 136 and a tilt of 92 (D—F): an arbitrary
that provides the best fit to both tRE>N]Trp (Figure 5B) orientation with no correspondence to the data with a rotation of
and [°N]Leu (Figure 5C) spectra was derived using the linear 45° and a tilt of 43 (G—1). The top panel indicates the orientation
distances scoring algorithm of SIMSPEC. The best fit of the structure relative to the bilayer normal.
corresponds to the PDB structure file (LJSA.PDB) rotated
247 about theX axis and then tilted 62about theY axis
(Figure 5D,E and Table 1). DISCUSSION

Calculated PISEMA spectra for three different orientations ~ Myristoylated recoverin binds to bilayer membranes with
of myristoylated recoverin are shown in Figure 6. The a single fixed orientation that retains the three-dimensional
calculated spectra vary significantly as a function of the fold of the protein in solution. Surprisingly, the protein is
orientation of the protein. The calculated PISEMA spectra oriented such that relatively few residues of the protein make
in Figure 6A—C correspond to the orientation that optimally very close contact with the membrane surface. The basic
fits the spectrum of the Trp selective label alone (Figure 5B). residues (K5, K11, K37, R43, and K84) in the amino-
The calculated spectra in Figure 6B correspond to the  terminal domain are solvent exposed and form positively
orientation that best fits the spectrum of the Leu selective charged sites that make relatively close conta@ A) with
label alone (Figure 5C). The calculated spectra in Figure the negatively charged phospholipid headgroups at the
6G—1 correspond to an arbitrary orientation that has no membrane surface (Figures 7 and 8). This electrostatic
correspondence with the experimental data. Hence, theinteraction may contribute somewhat to the overall energetics
calculated spectra in Figure 6 illustrate that small differences of membrane binding and complement the hydrophobic
in the orientation of the bound protein result in relatively anchoring of the myristoyl group, similar to that seen for
large spectral changes. other myristoyl switch proteins such as Src and the MARCKS

The final convergent orientation and structure of myris- protein @4, 35). Basic residues in the C-terminal tail of
toylated recoverin bound to the oriented phospholipid bilayer recoverin (eight positively charged side chains in the last
is illustrated in Figure 7. The long molecular axis of recoverin 23 residues) do not make contact with the membrane surface,
is oriented~45° with respect to the membrane normal. The in contrast to suggestions from an earlier report that these
N-terminus of the protein points toward the membrane residues might be important for the binding of recoverin to
surface with the myristoyl group positioned deeply inside membranes36). The N-terminal myristoyl group, as ex-
the lipid bilayer. In addition, the amino-terminal helix (shown pected, appears to be inserted directly inside the hydrophobic
in pink in Figure 7, residues L9L17) lies flat along the region of the lipid bilayer (Figures 7 and 8). However, our
membrane surface and appears to make very intimate contactH NMR order parameter analysis suggests that the myristoyl
with membrane headgroups. The?Cdon bound to the group may not be completely aligned along with fatty acyl
second EF-hand of recoverin is spatially close to the groups in the bilayer and may be somewhat disordered.
membrane surface and may interact electrostatically with the Consistent with this interpretation, retinal rod outer segment
negatively charged headgroups. disk membranes contain an abundance of polyunsaturated
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FiGure 7: Ribbon representation of the main chain structure of Myr

Ca&"-bound myristoylated recoverin situated in the lipid bilayer

according to the solid-state NMR results (PDB structure file rotated FIGURE 8: Space-filling representation of myristoylated recoverin

to X =247 andY = 62°). The four EF-hand motifs are highlighted  bound schematically to a membrane with the orientation determined

in green (EF-1), red (EF-2), cyan (EF-3), and yellow (EF-4), bound from the solid-state NMR results (same view as in Figure 7 except

Ca&" ions are in orange, N-terminal helix is in pink, and the rotated~180° about the bilayer normal). The N-terminal myristoyl

N-terminal myristoyl group (magenta) is modeled schematically group (magenta) is modeled inside the membrane. Solvent-exposed

inside the bilayer. hydrophobic side chains are in yellow, and charged side chains
are highlighted in red and blue.

fatty acids (e.g., C22:6), suggesting that the native disk state NMR PISEMA spectrum to the solution NMR structure
membranes are quite fluid and disorder&d, 39). suggests that the overall structure of recoverin bound to
The structure of membrane-bound recoverin reveals aoriented bilayer membranes is very similar to that of
solvent-exposed hydrophobic crevice that may serve as arecoverin in solution X0). Hence, membrane binding by
potential binding site for the target protein, rhodopsin kinase recoverin is achieved by insertion of the myristoyl group
(Figure 8). In particular, the exposed crevice is lined by many inside the bilayer, with apparently little rearrangement of
aromatic residues (F23, W31, F35, F49, Y53, F56, F57, Y86, protein structure.
and L90) that are highly conserved in all homologues of In summary, we have demonstrated that myristoylated
recoverin 89, 40). Interestingly, many of these exposed recoverin can be mechanically oriented in bilayers on glass
aromatic groups make intimate contacts with the sequesterechlates with the myristoyl chain anchoring the protein in the
myristoyl group in the structure of the &afree protein 9, lipid bilayer. The dynamics of the myristoylated chain
10, 41). The C&"-induced extrusion of the myristoyl group indicate a moderate decrease in the order parameter relative
causes these hydrophobic residues to become solvent exposed the phospholipids in the surrounding bilayer, suggesting
in the C&*-bound protein, making them available to interact a highly fluid chain behavior. The myristoyl chain does not
with the target, rhodopsin kinase. In addition, an outer ring show the same degree of alignment as the surrounding
of charged residues surrounds the hydrophobic crevice.bilayer, suggesting a local disruption of the bilayer to
Perhaps these nonconserved charged residues might play accommodate the protein insertion. The protein, however,
role in target specificity. The hydrophobic and charged demonstrates a highly aligned conformation relative to the
residues highlighted in Figure 8 have been shown previously bilayer as evidenced by the one to one correlation of amide
to affect target binding as demonstrated by site-directed backbone sites in the oriented PISEMA spectra.
mutagenesis analysig¢Z, 43).
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