16064 Biochemistry2005,44, 16064-16071
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ABSTRACT. A growing number of modules including FYVE domains target key signaling proteins to
membranes through specific recognition of lipid headgroups and hydrophobic insertion into bilayers. Despite
the critical role of membrane insertion in the function of these modules, the structural mechanism of
membrane docking and penetration remains unclear. In particular, the three-dimensional orientation of
the inserted proteins with respect to the membrane surface is difficult to define quantitatively. Here, we
determined the geometry of the micelle penetration of the early endosome antigen 1 (EEA1) FYVE domain
by obtaining NMR-derived restraints that correlate with the distances between protein backbone amides
and spin-labeled probes. The 5- and 14-doxyl-phosphatidylcholine spin-labels were incorporated into
dodecylphosphocholine (DPC) micelles, and the reduction of amide signal intensities of the FYVE domain
due to paramagnetic relaxation enhancement was measured. The vector of the FYVE domain insertion
was estimated relative to the molecular axis by minimizing the paramagnetic restraints obtained in
phosphatidylinositol 3-phosphate (PI3P)-enriched micelles containing only DPC or mixed with phos-
phatidylserine (PS). Additional distance restraints were obtained using a novel spin-label mimetic of PI-
(3)P that contains a nitroxyl radical near the threitol group of the lipid. Conformational changes indicative
of elongation of the membrane insertion loop (MIL) were detected upon micelle interaction, in which the
hydrophobic residues of the loop tend to move deeper into the nonpolar core of micelles. The micelle
insertion mechanism of the FYVE domain defined in this study is consistent with mutagenesis data and
chemical shift perturbations and demonstrates the advantage of using the spin-label NMR approach for
investigating the binding geometry by peripheral membrane proteins.

A diverse array of signaling and membrane trafficking (9, 10), as well as the FERM-homologous domain of Talin
proteins are transiently recruited to intracellular membranes (11, 12) and the vinculin tail 13, 14). The majority of these
by their phosphoinositide (Flbinding domains (reviewed proteins appear to insert relatively deeply into the bilayer,
in refs 1—3). In addition to specifically recognizing the Pl interacting with both the polar headgroups and the hydro-
headgroups, these modules often insert into the interfacialcarbon core. Multivalent anchoring resulting from electro-
and hydrocarbon layers of the membrane. They comprise astatic and polar interactions with multiple headgroups and
substantial fraction of the so-called peripheral proteins, which insertion of a set of aliphatic and aromatic residues provide
includes the ENTH4, 5), FYVE (6—8), and PX domains  the strength and selectivity that are necessary for the proper

protein function and localization, as has been demonstrated
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guantum coherence; NOE, nuclear Overhauser effect; 5- and 14-doxy|-methods of studying membrane properties of peripheral

PC, 5- and 14-doxy! derivatives of 1-palmitoyl-2-stearsgglycero- proteins include electron paramagnetic resonance (EPR)
3-phosphocholine, respectively. (20—22), tryptophan fluorescenc@1—24), monolayer pen-
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etration §, 7, 10, 25), computational modeling8], solid- proxylated product as the triethylammonium salt (1.0 mg,
state NMR @6), and solution NMR spectroscopy utilizing 59%). MALDI-MS: m/z971.9 [M — C;sH3sCO, free acid].
chemical shift 6, 27), nuclear Overhauser effect (NOE)4], NMR Spectroscopy and Titration of the Paramagnetic

and spin-label 29—32) data. While providing important  Spin-Label ProbesNMR spectra were recorded at 2&
insights, these approaches suffer several limitations. The EPRon Varian INOVA 500 and 600 MHz spectrometers. The
method requires design and purification of a large number 'H—N heteronuclear single-quantum coherence (HSQC)
of cysteine mutants and subsequent attachment of spin-NMR spectra of 0.20.3 mM uniformly**N-labeled FYVE
labeled paramagnetic probes to the mutant proteins. NMR domain containing 1.5 mM dibutanoyl (G)- or dipalmi-
resonance perturbation analysis offers qualitative mappingtoyl (C¢)-PI(3)P (Echelon Biosciences Inc.), 250 mM (4.5
of the affected residues, but does not differentiate betweenmM micellar) dodecylphosphocholirazs (DPC) (Cambridge
changes due to direct binding and indirect effects. Spin Isotopes), and €10% (w/w) 1,2-dicaproybn-glycero-3-
diffusion along the lipid side chains results in overestimation [phosphot-serine] (PS) (Avanti) were collected using 1024
of the interproton distances by nuclear Overhauser effectt; increments of 2048 data points, 96 number of increments,
spectroscopy (NOESY). Fluorescence spectroscopy andand spectral widths of 7500 and 1367 Hz in thkand*®N
monolayer penetration provide qualitative analysis and often dimensions respectively with relaxation delay times of 1.5
require covalent attachment of fluorescent groups to variousand 2 s. The paramagnetic spin-label probes, 5- and 14-doxy!
positions of the protein or mutations of residues. The derivatives of 1-palmitoyl-2-stearogir-glycero-3-phospho-
inevitable effects of these modifications, which can alter the cholines (Avanti) and PROXYL-Pea-PI(3)P (up to 5.8 mM),
protein’s structure, dynamics, and interactions, indicate a were added stepwise as powder or as methdnsblutions.
need to develop new methods that provide accurate measureThe ratio of spin-label to micelle was 6:1.3, and therefore,
ments of membrane insertion by proteins in their native, the interaction between radicals can be neglected.'fke
unmodified states. 15N HSQC spectra were collected before and after addition

Here we develop a theoretical basis and a general NMR-Of the spin-labeled probes, and intensities of the backbone

based approach for determining the geometry of insertion @Mide resonances of the protein were monitored and
of a protein into membrane-mimetic micelle systems using compared. Significant levels of cross-peak intensity reduction

spin-label probes. were judged to be greater than the average plus one standard
deviation. The average level of intensity reduction was

EXPERIMENTAL PROCEDURES validated by comparing it to the average line broadening in
similar HSQC experiments using the spin-labels when PI-

Experimental Methods (3)P was absent. The spin-labels did not alter the FYVE

) ) - ) domain structure on the basis of the lack of chemical shift
Protein Expression and Purificatiofhe FYVE domain perturbations in the NMR spectra of the protein.

of human EEA1 (residues 1328410) was cloned into a Intramolecular NOEs were obtained froAiN-edited

pGEX-KG vector (Amersham) and expressedEstherichia NOESY-HSQC 83) spectraty, = 135 ms) collected on the

coli BL21(DE3) pLysS in minimal medium supplemented 1 mM FYVE domain sample in the presence and absence
with zinc sulfate and°NH,CI (Cambridge Isotope). Bacteria  of 5 mM C,-PI(3)P and 250 mM DP @k,

were harvested by centrifugation after induction with IPTG
(0.5 mM) and lysed by sonication or with a French press. Theoretical Methods
The uniformly**N-labeled glutathion&transferase (GST)
fusion protein was purified on a glutathione-Sepharose 4B
column (Amersham) as previously describé&d 19). The
GST tag was cleaved with thrombin (Sigma). The protein
was concentrated in Millipore concentrators (Millipore) into
20 mM dy3-Tris (pH 6.8) in the presence of 200 mM KCl,
20 mM perdeuterated dithiothreitol, M 4-amidinophe-

Definition of the Molecular AxisThe long molecular axis
of the FYVE domainM was obtained by minimizing the
sum of the distances between atoms and the axis.

First, the origin of the coordinate system was moved to
the nonweighted center of the protein

Natoms Natoms Natoms
nylmethanesulfonyl fluoride, 1 mM NalNand 7%?2H,0. X V. z
The identity and purity of the protein were analyzed by & 47 £
FPLC, SDS-PAGE, and'H NMR. moleculex = Y= ,andz =
Synthesis of a Spin-Labeled Deative of PI(3)P, 1-((2R,- Natoms Natoms Natoms

3R)-4{[2-(3-carboxy-PROXYL)amino]ethoxyphosphoryloxy ) )
2,3-di-O-palmitoylbutoxyphosphoryloxy)-3-myo-phosphate wherex;, i, andz are the C(_)ordlnates of each atorof the
[PROXYL-Pea-PI(3)P]A solution of PROXYLN-hydrox-  PI(8)P-bound FYVE domain (PDB entry 1HYI).
ysuccinimidyl-3-carboxylate ester (NHS) (0.4 mg, 1.260l) ~ The molecular axis is then given by a veater= [XaYaz|-
in 250 uL of DMF was added to a solution of 1-[R23R)- in a form x/x, = y/ya = Z/z.. The distance between atom
4-(2-aminoethoxyphosphoryloxy)-2,3-@Hpalmitoylbutoxy- and the axis is defined ab = |ri| cosfi), wherer; is the
phosphoryloxy]-3myophosphate (1.2 mg, 1.06n0l) in 0.5 distance from the center of the micelle apds the angle
M TEAB (250 4L, pH 7.5). The mixture was stirred at room P&tween the two vectors, andr; calculated as
temperature for 18 h, and solvents were then removed in
vacua The residue was washed with acetonex(3.5 mL)

and purified on a DEAE-cellulose column with a step
gradient (0 to 2 M) of triethylammonium bicarbonate
(TEAB). The desired fraction was lyophilized yielding the Vectorr ,is obtained by minimizing the sum of tligvalues.

r°ri
r

cosfy) = -~
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Direction of the InsertionThe doxyl radical is assumed
to be randomly distributed inside the spherical micelle over
an inner sphere of radil(Figure 1). Significant attenuation
of the signal intensities of each backbone amide nitrogen
atomi due to paramagnetic line broadening in the presence
of spin-label probes is denoted by a set of experimental
observable®Vi®*P. For any backbone nitrogen atartocated
at a distance; from the center of micelle Ox{,Yo, %), the
attenuation effect is inversely proportional to the sixth power
of the distancex) between the atom and the radical located
on the inner sphere of radiuR (34). The effect is then
integrated over the surface of the inner sphere.

Integration DetailsThe distance from atoirto the radical
on the surface defined iy can be expressed in termsrof
R, and the anglet (the angle between the vectarandR)
as

x> =r1*+ R? — 2R cos()

The distance dependence integrated over the inner sphere is
then

7 27R sin(o) Ficure 1. Model of the FYVE domain insertion into a spherical
f o micelle. The FYVE domain is shown in a space-filling form with
o [r2 + R —-21R COS@)P the residues perturbed by the 5-doxyl spin-label probe colored in

gradations of red. The inositol group of the bound PI(3)P is shown

. . . . as a stick model and colored blue. For any FYVE domain backbone
where the numerator isiR sin(a), i.e., a circumference of  atomi located at a distance from the center of micelle O, the

a circle produced by rotating vectar aroundr, and the attenuation effect is proportional ¢, wherex is a distance
denominator ise. between the atom and the spin-label located at a distRrfoem

Substitutingd(a)sin@) with d(cos@)) = dy, we obtain  the micelle center.

F(ri,R) is then summed, or numerically integrated, over 1

f 27R = f dy < j < M Gaussian-weighted spherical slices.
(r?+ R~ 2rRy) P+ R2)3 ( __2R y)3
2+ R (Ro— Rj)2

[ o2/2d TR exr{—
I o le (riz _ Rj2)4 202
To avoid singularity, the summation is carried out fior—
It further follows that(r;,R), proportional to the predicted Rl = d, whered (1, 2, or 3 A) is one of the optimization

d 1
S

1-Ay° 2(1-Ay*A

effect at atorr, can be expressed as a functiorrgindR: parameters. - . _ .
The protein’s position relative to the micelle is then
(r-2+R2) (24 2 optimized to maximize correlation betwe_en the set of
F(r,R) = 5 = predicted effectd Fi} _an_d the set of lexper_lmental values
[(r? + R?)? — 4r, "R r?— R {We# . Two sets of initial protein orientations were used

to avoid local minima.

It was shown that spin-labels are broadly distributed in the The insertion angle is defined as the angle between the
zdirection of membranes36, 36). In our model, vectorM (protein’s long axis) and the vect@P (center of

approximated such a distribution with a normalized Gaussmn micelle to the nonweighted center of the protein). The
function of R so that theith atomic contribution of one  insertion angles, calculated with various combinations of the

spherical slice of radiug, is optimized parameters, were ranked by the correlation values,
and a weighted average is obtained for the top 40 structures
(listed with weighted standard deviations).

2 2 2
r +R - R
F(rR) = 51 el R~ R)
-R DM 20 RESULTS
f r; +RJ.2 (RO—R)2 Paramagnetic Spin-Label Probes Define the Micelle
p > 2eXg = Insertion Interface of the FYVE Domaifo determine the
(" — sz) 20 precise micelle orientation of the FYVE domain, NMR

experiments with the lipid spin-label probes were carried out.
whereR is an average radial position of the spin-label in  The paramagnetic 5- and 14-doxyl-phosphatidylcholine (PC)
the micelle ando is the Gaussian width parameter. Both spin-labels carry a nitroxyl radical at positions 5 and 14,
parameters are systematically varied in the optimization respectively, of the stearoyl side chain. They readily incor-
runs: 0< Ry < Rmicele @ando = 1, 2, or 3 A, porate into DPC micelles and induce the paramagnetic
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relaxation enhancements of nearby nuclei. Thus, the 5-doxyl
probe causes the line broadening of NMR resonances of
nuclei located in the proximity of the micelle surface, i.e.,

Table 1: Experimental Restraints

5-doxyl  5-doxyl 14-doxyl 14-doxyl 5-doxyl
Ci6-PI(3)P C4PI(3)P Cis-PI(3)P C4PI(3)P Cis-PI(3)P

one to three bonds from the polar headgroups. In contrast, resiqgue (%) (%) (%) (%)  CePS (%)
14-doxyl-PC broadens the resonances in the micelle center;
; Lys1347 0 0 6.1 0 7.4
that is 16-12 bonds from the polar headgroups, as was 11348 317 20.1 17 0 77
previously measured in NMR and EPR studi@9+31). Alal1349 37.1 14.7 9.7 0 12.7
Consequently, protein residues buried in the micelle hydro- Glu1350 2.0 9.5 21.1 21.4 0
phobic core and residues located at the level of micelle ASp1351 394 2.6 11.9 19.4 12.4
phosphates are expected to experience selective line broaderéfgllgssg gg% gg g’ i;" 'Z 2§§ ggé
ing upon addition of 14- and 5-doxyl probes, respectively. va1354 509 9.0 101 51 136
When the 5-doxyl probe was added to tidl-labeled GIn1355 333 12.5 7.7 8.4 0
FYVE domain that was prebound to;&PI(3)P and DPC  Asnl356  26.9 23.2 5.9 9.1 10.6
micelles, a substantial reduction of the Asp1351, Asn1352, ﬁy?iggg Zlg'g 2;3.5 1;; 13'? zg'g
Val1354, Phel364, Serl1365, Vall1366, Thr1367, Val1368, A,§1359 126 9.2 12 75 95
Arg1369, Arg1370, Cys1381, Alal382, and Arg1399 amide cys1360 4.3 20.1 9.2 47 9.5
signal intensities was observed (Table 1). These residues are&ly1361 5.3 16.8 8.9 9.0 7.9
located in and around the MIL and form a continuous surface, Lys1362 ~ 30.4 24.3 15.4 13 7.8
which was used in this study to estimate the volume and g#;lfssé 3;161'13 320914 1121'20 127409 13597
angle of the insertion of the FYVE domain into the micelle ger1365 396 44.6 18.0 232 31.3
interior. In contrast, addition of the 14-doxyl probe caused Vval1366 72.4 76.7 57.3 49.0 49.2
line broadening of only Vall1366, Thr1367, and Val1368 Thrl367  75.4 68.1 54.1 55.5 43.6
amide resonances (Table 1). These three residues are locate '11%66% gi'g fé-g ‘Z‘g-g ‘2‘3-1 ‘3‘;-3
at the tip of the MIL and were previously found to be buried A;gl37o 138 36.7 6.4 31 450
deep in the micelle corel). A variety of micelle systems,  His1371 12.9 43.0 8.9 0 31.4
including diheptanoylphosphatidylcholine, cyclohexylbu- His1372 0 10.8 26.1 14.3 18.2
tylphosphocholine, and mixed micelles, were tested with Cys1373 0 0 8.3 0 30
similar results {5). DPC was used here since it mimics PC, érlﬂggé 127'% 21%% g% 2‘;'3 2%3
the predominant phospholipid in mammalian cell membranes, cys1376 385 120 11.7 21.9 18.7
and forms small micelles suitable for NMR studies. Itis also Gly1377  37.1 8.3 15.6 24.0 25.5
well characterized and widely employed in solution NMR Asn1378  22.9 18.3 2.3 0 10.7
studies being readily available in a perdeuterated form. 2?123173980 1225-94 2%-%1 277-% 22%% 2117-%
Although in contrast to planar membranes micelles POSSesscyci3gy 488 216 2’8 71 246
a curved surface, they are commonly used for studying aja1382 38.9 445 135 24.8 20.1
structures and functions of membrane proteins, and for Glu1383 37.1 35.0 12.9 12.3 16.8
modeling of the lipid environmentL7, 28, 37). Cys1384 204 22.2 15.2 17.6 25.1
To quantitatively define insertion of the FYVE domain, 561385 3Ll 04 18.7 53 22.0
Alal386 9.4 30.4 6.5 11.0 7.1
the intensity reduction due to paramagnetic line broadening | ys13g7  26.3 29.3 12.7 21.4 238
was used in a RaphsefNewton minimization approach. The  Asn1388  32.7 24.4 7.4 9.2 0.3
angles of insertion into micelles were estimated by optimizing Ala1389 32.7 154 15.2 7.3 26.6
an average position of the 5-doxyl radical relative to the PI3p/ Léu1390  27.9 22.7 6.9 2.7 6.0
DPC-bound FYVE domain to satisfy the experimental ggﬁggé 11;'% 11%'% %‘7 ﬁ'a %‘Z
paramagnetic restraints (see Theoretical Methods for moreserizo4  30.6 9.6 5.9 135 113
details). The vector of the insertion of the FYVE domain Lys1396  28.4 19.7 1.7 1.8 5.1
into PI(3)P-containing DPC micellédP diverges from the ~ Vall398  26.2 8.6 13.8 6.3 3.5
molecular axis of the FYVE domaid by an angle of 4& Crgl399 388 17.9 21.9 12.7 24.6
; . al1400  30.6 33.1 11.6 3.1 22.1
14°. This angle changed to 6% 10° when dicaproyl-PS  cys1401  24.1 242 10 125 243
(10% of DPC) was added to the micelles, revealing a critical Asp1402  30.4 8.9 16.6 35 5.0
role of the nonspecific electrostatic interactions between the Alal403 27.9 16.7 122 21.6 9.7
solvent-exposed basic patches of the FYVE domain and thegzzﬂg‘é 952731 22%22 297-90 11‘;-% Z‘é-%
acidic PS headgr_oups (Flgure_ 2 and_ Table 1). These rgsultsAsn1406 15.8 26.9 19.1 538 94
are consistent with the chemlcal_ shi@) @nd mutagenesis  Asp1407  30.3 27.7 10.7 54 15
data (9) and yield a model of the inserted state of the FYVE Leul408  24.7 6.3 12.0 3.3 10.3
domain in which the hydrophobic protuberance and the GIn1409 185 20.3 4.8 3.6 2.2

surrounding exposed polar residues maximize complementarvGlyl410 176 234 44 13.5 30
contacts with the interior and interfacial zones of the micelle,  ® Intensity reduction of the amide resonances of the FYVE domain
respectively. acated spin /abel probes, 5-dosyl- and 14-Goxyl-PC. a5 a peroentage
Wh'_le changing the distance dependenqe O,f the Spln'Ia‘be'of the initialpsignal in?ensity‘?’DPC myicelles Contair): 10‘%; (w/W)FG)QDS. ’
restraints from XF to 142 generally resulted in similar angles
of insertion, the I¥ model appears to describe the experi- Novel PROXYL-Pea Derative of PI(3)P. To obtain
mental data sets significantly better; i.e., the correlation additional restraints and to determine the position of the
coefficients were consistently (by 0.68.09) higher than  glycerol moiety of the ligand, a novel two-headed hybrid
those for the ? model. phosphoinositide phosphatidylethanolamine spin-label mi-
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inositol /

group of
PtdIns(3)P

Ficure 2: Insertion interface of the FYVE domain. The three orthogonal views of the FYVE domain bound to PI(3)P- and PS-enriched
DPC micelles are shown. Residues that exhibit significant signal intensity reduction upon addition of the 5-doxyl spin-label probe are
colored red, orange, and yellow for large, medium, and small changes, respectively. The micelle surface is depicted as a green mesh and
indicates the position of the phosphate group of DPC.
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Ficure 4: Comparison of the spin-label experimental data with
those predicted by the derived model. The histogram displays the
significant amide signal intensity reductions observed in HSQC
spectra (light gray) and a theoretical model (dark gray) obtained
from the titration of 5-doxyl-PC (5 mM) into the FYVE domain
(0.2 mM) bound to G-PI(3)P (1 mM) and micelles formed by DPC
(250 mM).

the interactions between the lipid ligand and the micelle-
inserted protein. Furthermore, it complements another spin-
FicURe 3: PROXYL-Pea derivative of PI(3)P. (a) Synthesis of the ' |abeled PI3P derivative with a proxyl radical attached to the

PROXYL-Pea-PI(3)P is shown as described in Experimental ; i i ; i
Procedures. (b) The histogram displays loss of amide signal acyl chain that was previously used to map interactions with

intensities in the HSQC spectra caused by the addition of PROXYL- the FYVE dqmain 5. i
Pea-PI(3)P to thd5N-labeled FYVE domain in the presence of ~ Conformational Change in the MIThe structural changes

Cis-PI(3)P and DPQkg micelles. The colored bars indicate induced in the GPI(3)P-bound FYVE domain due to the
significant changes, being greater than the average plus one standarthsertion into DPC micelles were investigated by NMR. The
deviation. (c) Residues that exhibit significant intensity reduction experimental set of restraints obtained using spin-labels and
in panel b are labeled and colored red, orange, and yellow on the . . - .
FYVE domain surface. The proxy! lipid is shown as a ball-and- the predicted restraints derlve_d fr_om the theoreuc_al model
stick model with C, O, N, and H atoms colored green, red, blue, are presented as a bar graph in Figure 4. Comparison of the
and light gray, respectively. two data sets reveals that the theoretical model of the FYVE
domain insertion underestimates line broadening of Val1354,
metic of PI(3)P was synthesized (Figure 3). This Pea-PI- Val1366, Thr1367, Val1368, and Cys1381 residues, while
(3)P analogue carries a proxyl moiety attached to the reactiveoverestimating the effect on Ser1365, Phe1364, and Arg1370.
amine of the phosphatidylethanolamine headgroup at the C The most significant deviations are observed for the Val1368
position of the lipid’s threitol backbone. Addition of PROXYL-  and Ser1365 residues. Both residues are located in the MIL,
Pea-PI(3)P to the FYVE domain, which was prebound to on the opposite sides of the loop (Figure 5b). On the basis
Ci6-PI(3)P and PS-containing DPC micelles, resulted in line of these deviations, we predict that, as a result of insertion,
broadening of several amide resonances, most significantlythe predominantly hydrophobic residues, including Val1354,
those of the Vall366Cys1373 sequence, Arg1399, and Vall366, Vall367, and Val1368, would move deeper into
Val1400 (Figure 3b,c). Mapping these residues onto the the hydrophobic core of micelles, while hydrophilic Ser1365
surface of the FYVE domain revealed that the proxyl group and Arg1370 would shift toward the aqueous interface, thus
is on average positioned near the inositol ring and the MIL. causing the MIL to become elongated (Figure 5b).
Moreover, line broadening was observed for the residues To test whether such conformational changes occur upon
located predominantly on one side of the bound PI(3)P, insertion of the FYVE domain into micelles, the patterns of
indicating that the radical is restrained by the bound inositol NOEs within the MIL were compared. Figure 5a displays
ring and also by hydrophobic contacts of the ligand’s acyl corresponding strips derived frotN-edited NOESY spec-
chains with the MIL. Consequently, this novel spin-label tra, which were collected in the absence and presence of PI-
derivative of PI(3)P offers an effective way of characterizing (3)P and DPC micelles. Upon addition of the ligands, several
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Ficure 5: Conformational changes in the MIL of the FYVE domain upon insertion into micelles. (a) Corresponding stripes derived from
three-dimensionaN-edited NOESY spectra of 1 mM FYVE domain recorded in the absence and presence of 5 mM PI(3)P and 250 mM
DPC-dzs. Upon insertion, the intensities of a number of interresidue NOEs within the MIL are perturbed, which are highlighted by green
and red boxes in panel a and indicated as green and red lines in panel b for the weakened and strengthened NOEs, respectively. (b) The
MIL region of the FYVE domain bound to PI(3)P (only the 1-phosphate group is shown for clarity) is depicted as a gray ribbon. The MIL
residues are labeled and shown as ball-and-stick models. Residues that move toward the hydrophobic core of micelles or the aqueous
interface are colored orange or green, respectively.

NOE cross-peaks became weaker or disappeared andand each affected protein backbone atom. A set of such
conversely, some NOEs appeared or became stronger. Th@paramagnetic restraints is used in a Raphddaewton
perturbed NOEs are indicated in Figure 5a by green minimization. The attenuation effect is inversely proportional
(decreased intensities) and red (increased intensities) boxeso the sixth power of the distance between the atom and the
and by green and red lines in Figure 5b. In particular, the spin-label. The projected combined effect of the spin-labels,
Ser1365 —Val1366 HN, Ser1365 HNThr1367 HN, and broadly distributed in the micelle, on each backbone nucleus
Ser1365 HN-Val1368 HN NOE intensities were signifi- is obtained via integration over a sphere corresponding to
cantly decreased, whereas the Phe1364%€r1365 HN and  the given depth of the label insertion and over a radial
Vall368 H3—Argl369 HN interproton contacts became distribution of the labels. Correlation of the observed and
stronger (Figure 5). Thus, the changes in NOE patterns for theoretical values allows us to quantitatively describe various
the MIL residues upon binding to PI(3)P-containing DPC critical geometrical parameters, including the vector of the
micelles support the lengthwise conformational extension, protein insertion (Figure 1). This straightforward approach
in which the Val1366-Val1368 sequence moves closer to has a number of advantages over the previously reported
the core of micelles, while the polar and charged residues methods. It offers a rapid mapping of the membrane binding
are pulled in the opposite direction, toward the polar regions of macromolecules providing many complementary
interface. distance restraints, using only HSQC spectra, 200N-
labeled protein (lower concentration with a cryogenic probe),
DISCUSSION under 1 mg of a spin-label, and does not require mutations

Paramagnetic relaxation enhancement of NMR signals by ©" other modiﬁcations of the proteins. Furthermore, this.
spin-label compounds has been used to study peptideapprof"‘Ch provides a nearly complete set of paramagnetic
orientations in micelles for many yearg9. It was first restrains for_large complexes, suph as the PI_3P/DPC-bound
applied for short peptides of an average size of 35 residuest Y VE domain, in which severe line broadening precludes
(29-31, 38—41), and has only recently been extended to .obtam.lng the re§tra|nts by other commonly used methods,
larger biological moleculesi), yet the geometric interpreta-  including analysis of R1 relaxation rates.
tion of the line broadening data and elucidation of the The FYVE domain has been chosen here as a model
protein’s position in micelles remain limited and qualitative. because this stable protein specifically binds a single ligand

In this study, we develop a quantitative NMR-based while inserting a single loop into the membranes. This small
approach for determining the geometry of insertion of protein cysteine-rich module targets PI(3)P-containing endosomes
into membrane mimetic micelle systems. At the core of this (42—44) and is distinguished from other RING zinc fingers
approach is the utilization of lipids with spin-label probes by two unique structural elements, the basic Pl binding
attached at various depths of the acyl chain. Such spin-labelpocket and the adjacent MIL. Three different membrane
amphiphiles are incorporated into micelles and attenuateorientations have been proposed for the Vps2¥g), (Hrs
resonance signals of protein nuclei in a distance-dependen{46), and EEAL FYVE 6, 17) domains based on crystal and
fashion. The protein backbone resonances are monitored bysolution structures of the proteins. In two models, described
recording'H—'"N HSQC spectra before and after addition for the Vps27p and EEA1 proteins, the hydrophobic loop
of the spin-label probes, and the signal intensities are inserts such that the primary (long) molecular axis of the
compared. The intensity attenuation due to paramagnetic lineFYVE domain is either almost perpendicules, @5) or
broadening is related to the distance between the spin-labelparallel (L7) to the membrane surface. The third model is
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based on a crystallized dimer& and positions the  shorter, indicating the local rearrangements within the MIL
hydrophobic loop away from the surface and instead predicts(Figure 5).
membrane interactions with the secqfigheet. Strong conservation of the MIL residues among all but
We found that the FYVE domain orientation relative to one of the 31 human FYVE domains suggests a similar site
the micelle surface can be altered by varying the lipid of insertion. The FSVTV sequence of EEA1 is replaced with
composition of the micelles. The vector of insertion of the the FTFTN and FSLLN sequences in Hrs and Vps27
FYVE domain into PI(3)P-containing DPC micell&3P proteins, and these exposed loops assume similar conforma-
differs from the protein primary molecular axid by an tions 6, 17, 45, 46). Mutations of the MIL residues reveal
angle of ~50°. This tilted orientation places the FYVE their critical role in membrane association and function of
domain neither perpendicular nor parallel to the micelle these proteins. Thus, the subcellular localization of EEAL is
surface, but at an intermediate angle that favors comple-completely lost when the Val1366 and Thr1367 residues are
mentary interactions between polar residues located aroundnutated to Gly or Glu §0). Similarly, replacement of
the MIL and the zwitterionic PC headgroups. However, when corresponding hydrophobic residues of the Vps27p or Hrs
an acidic phospholipid such as PS was added to the PI(3)PFYVE domains results in a-720-fold reduction in affinity
enriched DPC micelles, the micelle insertion angle of the for the membrane-bound PI(3)B1j. Taken together, the
FYVE domain was changed te-70° (Figure 2). The mutagenesis data, the chemical shift perturbations occurred
estimated~20° difference in the insertion angle is most likely  upon binding to micellesd), and the conserved hydrophobic
due to the nonspecific electrostatic interactions between basimature of MIL suggest a general model of the FYVE insertion
regions of the FYVE domain and the acidic PS headgroupsin which the elongated MIL is positioned to make comple-
(15). This orientation tips the FYVE domain such that the mentary hydrophobic and electrostatic contacts with the
basic residues located near the PI(3)P binding site can betteinterior and interfacial zones of the micelle.
interact with the PS headgroups. The PS-stabilized orientation |n conclusion, we have developed a theoretical basis for
is almost parallel to the micelle surface, and is similar to quantitative determination of the geometry of micelle inser-
that suggested by the crystal structure of the EEAL dimer tion by peripheral proteins, and have demonstrated a general
(17) and by computer modeling). application of this approach by defining the micelle orienta-
Additional intermolecular restraints were obtained using tion of the FYVE domain.
a novel two-headed mimetic of PI(3)P which contains a
proxyl radical near the glycerol moiety (Figure 3). This class ACKNOWLEDGMENT
of hybrid lipids was first designed for the corresponding PI-
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