REPORTS

Structural Mechanism of
Endosome Docking by the
FYVE Domain

Tatiana Kutateladze* and Michael Overduin

The recruitment of trafficking and signaling proteins to membranes containing
phosphatidylinositol 3-phosphate [Ptdins(3)P] is mediated by FYVE domains.
Here, the solution structure of the FYVE domain of the early endosome antigen
1 protein (EEA1) in the free state was compared with the structures of the
domain complexed with Ptdins(3)P and mixed micelles. The multistep binding
mechanism involved nonspecific insertion of a hydrophobic loop into the lipid
bilayer, positioning and activating the binding pocket. Ligation of PtdIns(3)P
then induced a global structural change, drawing the protein termini over the
bound phosphoinositide by extension of a hinge. Specific recognition of the
3-phosphate was determined indirectly and directly by two clusters of con-

served arginines.

Phosphoinositide 3-kinases direct membrane
trafficking and signaling by the regulated
production of PtdIns(3)P, PtdIns(3,4)P,,
PtdIns(3,5)P,, and PtdIns(3,4,5)P,. The mono-
phosphorylated product is the most abundant
because of its universal and constitutive expres-
sion in eukaryotic cells [reviewed in (J)].
PtdIns(3)P is recognized by the FYVE domain
(2—4), which is named for its identification in
the Fablp, YOTB, Vaclp, and EEA1 proteins
(5). Mammalian EEAI] fuses endosomes and
relies on its FYVE domain for specific local-
ization to PtdIns(3)P-enriched membranes
and for recruiting regulatory Rab5 (6, 7) and
syntaxin proteins (8, 9). However, the mech-
anism of membrane docking by the FYVE
domain remains unclear.

Crystal structures of the lipid-free
FYVE domains of yeast Vps27p (10) and
fruit fly Hrs (/1) suggest different models
for PtdIns(3)P recognition. To better under-
stand the mechanism of endosome target-
ing, we solved the structures of the FYVE
domain of human EEA1 in the PtdIns(3)P-
bound and phospholipid-free states (/2)
(Table 1) and defined the interactions in
the specific complex with PtdIns(3)P-en-
riched micelles, a nonspecific dodecylphos-
phocholine (DPC) micelle complex, and
aspecific complexes with PtdIns(5)P and
PtdIns.

The fold of the FYVE domain in the free
state was similar to its fold when bound to
phosphoinositides or micelles (Fig. 1). The
antiparallel sheet formed by the 81 and B2
strands was the central structural element
and played a crucial role in PtdIns(3)P
binding. The second B sheet formed an
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elongated extension that packed against
Phe'4%5 and Leu'%® in the COOH-terminal
« helix. Two zinc-binding clusters lay be-
neath and structured the PtdIns(3)P binding
site; the first cluster also anchored the ex-
posed hydrophobic Phe!3¢4-Ser-Val-Thr-
Val'3¢® Joop and mobile NH,-terminus.
PtdIns(3)P was bound through a net-
work of electrostatic, hydrogen-bonding,

Fig. 1. Solution struc- A
tures of the EEA1 FYVE
domain. (A) The Ca
traces of 20 structures
are shown that com-
prise EEAT residues
1346 to 1410 in the
lipid-free form, with
the B strands, helix,
hinge, membrane inser-
tion loop, and zinc ions
colored green, magen-
ta, cyan, brown, and or-
ange, respectively. (B)
Ribbon diagram of the
structure closest to the
average. The B1, B2,
33, and 34 strands and
a1 helix consist of res-
idues 1370 to 1372,
1379 to 1381, 1387 to
1391, 1396 to 1400,
and 1402 to 1408, re-
spectively. The two zinc
ions (Zn1 and Zn2) are
coordinated by eight
cysteines whose side
chains are shown in
yellow. (C) The Ca
traces of 20 PtdIns(3)P-
bound structures are
depicted as in (A). The
Ptdins(3)P head group
of the average struc-
ture is shown, with C

and hydrophobic interactions. The binding
pocket for the inositol head group was de-
fined by basic clusters at either end of the
B1 strand, one proximal (Arg!3®® and
Arg'37%) and the other distal (Arg'374 and
Arg!3%9) to the exposed hydrophobic loop.
The PtdIns(3)P molecule inserted parallel
to B1, as judged by nuclear Overhauser
effects (NOEs) observed between the 4’
and 5’ positions of the inositol ring and
Arg'37° His'372, and 1le'37° (Fig. 2). The
1- and 3-phosphates were ligated by the
proximal Arg!'3%® HN® and Arg!37% HN"®
groups and by the distal Arg'®7* HN® and
HN™ groups, respectively, as reflected by
changes induced in their resonances (Fig.
3A). The arginine resonance perturbations
were reciprocated by comparable changes
in the 3'P chemical shifts of the 1- and
3-phosphate groups (Fig. 3, B and C). The
electrostatic nature of the interaction was
emphasized by the FYVE domain’s surface
potential, with the most acute chemical
shift changes occurring in the side chains
that line the basic concave surface centered
about the B1 strand (Fig. 4, A and B).
Specificity for PtdIns(3)P involved indi-
rect recognition. Within mammalian cells,
FYVE domains select PtdIns(3)P over oth-
er phosphoinositides such as PtdIns(5)P, its
structurally most similar biological com-

and P atoms in yellow and O atoms in red. (D) Superposition of the Ptdins(3)P-bound and free
structures, which are colored and gray, respectively. The view has been rotated slightly to reveal the

structural differences.
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NOEs to the inositol ring 5-proton.

Fig. 3. Phosphate group
recognition by argi-
nines. (A) The HE reso-
nances of Arg'®® and
Arg'374 shift downfield
upon Ptdins(3)P inter-
action (lower panel), in-
dicating the formation
of new hydrogen bonds.
The H,N" resonances
of the Arg"™™ and
Arg'37  become re-
solved only in the pres-
ence of Ptdins(3)P (up-
per panel), indicating
that the guanidino
group rotation is im-
peded by Ptdins(3)P co-
ordination. Two regions
of five "TH->N correla-
tion spectra of the FYVE
domain (1 mM) with
Ptdins(3)P  concentra-
tions of 0, 0.1, 05, 1,
and 5 mM are superim-

posed. Arginine’s structure is shown in the upper right. (B) Ptdins(3)P moieties
recognized by the FYVE domain are indicated by absolute changes in the 'H, 13C,
and 3'P chemical shifts of Ptdins(3)P induced by addition of equimolar FYVE
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Fig. 2. Interactions in the Ptdins(3)P binding pocket. (A} The FYVE domain is shown as a solid
surface with binding-site residues labeled and differentiated by color. Ptdins is shown as a stick
model with C, O, and P atoms colored as in Fig. 1C. (B) The binding site is enlarged and depicted
with a translucent surface. The protein backbone is shown as a gray ribbon. Binding-site residues
are depicted as ball-and-stick models. The intermolecular NOEs and hydrogen bonds are indicated
as dotted lines. (C) The His'372 H™ and Arg'37° HP’s exhibit intermolecular NOE peaks (red) to the
inositol ring 4- and 5-protons in the top and bottom panels, which are extracted from '3C-edited
NOE spectra. The intraresidue correlations of the His'372 H* and Arg’3’® HP resonances are
distinguished in green and blue, respectively. The middle panel depicts intermolecular '3C filtered
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petitor. In fact, PtdIns(5)P did bind weakly
to the EEA1 FYVE domain, inducing small
but important chemical shift changes that
paralleled the changes induced by
PtdIns(3)P in the distal cluster (/3). How-
ever, the arginine resonances in the proxi-
mal cluster were practically unaltered by
PtdIns(5)P. Thus, we infer that the 5-phos-
phate could satisfy the distal cluster that
normally ligates the 3-phosphate, whereas
the 1-phosphate could not be accommodat-
ed by the proximal cluster. Consequently,
specificity for PtdIns(3)P was determined
indirectly by exclusion of the 1-phosphate
of PtdIns(5)P; rather than by the inability of
the 5-phosphate to mimic the 3-phosphate.
Direct recognition of the 3-phosphate was
also essential, because PtdIns, which lacks
the 3-phosphate group, did not bind at all.

Global conformational changes were in-
duced by PtdIns(3)P ligation. The 10 resi-
dues preceding the membrane insertion
loop constituted the most disordered region
of the unligated domain. However, upon
interaction with PtdIns(3)P, this region be-
came more constrained and moved toward
the binding pocket (Fig. 1D). In particular,
the NH,-terminal Trp'34® and Ala'3%° side
chains exhibited new NOE contacts to
binding-site residues including His'372,
Arg'374, Gly'377, Asn'378, and Ile!37°. This
motion hinged on the Glu'3%3-Val-GIn'333
residues, which became more extended in
the complex, displaying large changes in
their backbone resonances and dihedral an-
gles. Moreover, a similar motion of this
element was induced by PtdIns(5)P (13),
suggesting that distal cluster occupancy
was sufficient to engage the NH,-terminus.
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domain. Atoms are numbered according to the positions indicated in (C). (C)
Model of dibutanoyl Ptdins(3)P, with atom colors based on chemical shift
perturbations induced by addition of equimolar FYVE domain, as indicated in (B).
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The second B sheet also shifted closer to
PtdIns(3)P, and as a result of tighter pack-
ing in the distal cluster, new NOEs ap-
peared between Arg!3’4, Arg!*°°® and
neighboring residues near the basic cluster.
Local rearrangements in the core were sup-
ported by chemical shift perturbations of
buried residues, principally Ile'3”® and
Phe!38°, Together, these changes yielded a
more globular structure in the FYVE do-
main complex.

Membrane insertion of an exposed hy-
drophobic loop stabilized the complex.
Upon addition of micelles to the
PtdIns(3)P-bound FYVE domain, the reso-
nances of the Phe!3¢4-Ser-Val-Thr-Val'3¢#
loop migrated and broadened (/3), presum-
ably because of direct insertion into the
lipid bilayer (Fig. 4D). Indeed, membranes
devoid of PtdIns(3)P can interact similarly
with the FYVE domain, as judged by the
small parallel shifts of the Val'3¢¢ and
Thr!3¢7 resonances upon addition of DPC
alone (Fig. 4C). However, the nonspecific
complex was much weaker because, even at
a 600-fold excess concentration of DPC,
the micelle-bound state was still not satu-
rated (/3). In addition, this nonspecific as-
sociation was less extensive than the spe-
cific membrane interaction, which also in-
volved GIn'333, Phe!3%4, Val!368 Arg!369
and Ala'3%2. Membrane insertion critically
enhances affinity, because the FYVE do-
main binds PtdIns(3)P-containing lipo-
somes with a binding affinity of 50 nM
(14) and binds micelle-free PtdIns(3)P with
a micromolar affinity; furthermore, mem-
brane localization of EEAL1 is abrogated by
Val'3%6_Thr!3¢7 mutations (/5).

Nonspecific membrane insertion may po-
sition and prime the PtdIns(3)P binding site.
The mobile Lys'347-Trp-Ala'34° residues ap-
peared to be pried away from the PtdIns(3)P
pocket upon micelle association. In particu-
lar, the cross-peaks of these residues migrated
in directions that were essentially exactly op-
posite to those induced by PtdIns(3)P ligation
(13). Furthermore, pocket opening required
articulation about the Asn'3%2-Glu-Val!33*
hinge. The backbone amide peaks of these
hinge residues again shifted away from their
closed conformation values. Thus, as a result
of the mobility of the NH,-terminal element
and hinge, the FYVE domain existed in par-
tially open, fully open, and closed conforma-
tions, depending on whether it was unligated,
membrane-primed, or PtdIns(3)P-engaged.
We postulate that sequential progression
through these states allows FYVE domains to
target to endosomal membranes in a rapid,
specific, and stable fashion.

Although the structure of the EEAI
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fer fundamentally. Direct ligation of the
3-phosphate by Arg®?° of Vps27p (which is
equivalent to Arg!3®? of EEA1) is not sub-
stantiated by mutations (/4) or nuclear
magnetic resonance (NMR) data, which re-
vealed distinct hydrogen bonding to
Arg'374. Ligation of the I-phosphate by
Hrs residues His'”® and Arg?°® (corre-
sponding to EEAIl residues His'3?' and
Arg!3%°, respectively) is inconsistent with
the NMR studies, which instead implicated
Arg'3% and Arg'37°. Lipid bilayer interac-
tions predicted for the Vps27p Lys'8!-
Lys!®? residues or the Hrs B3 and 4

strands were not observed in the homolo-
gous EEAI residues. Moreover, the pre-
dicted membrane orientation of the Hrs
FYVE domain differs from the micelle-
binding interface of the EEA1 FYVE do-
main. Priming and clamping of the
PtdIns(3)P pocket of EEA1 depended on a
key tryptophan, which in the Hrs structure
mediates dimerization. An irregular
strand in the crystal structures does not
resemble any conformation of EEA1’s flex-
ible hinge and mobile element. Some of
these differences may be influenced by un-
physiological crystal contacts (/0) and

Table 1. Experimental restraints and structural statistics.

Structural statistics Free Complex
Structure generation
NOEs*
Intermolecular 0 7
Intraresidue 161 162
Sequential 190 193
Medium-range 157 177
Long-range 223 285
Torsional restraints
Phi 49 49
Psi 21 21
Hydrogen bond 13 18
Zinc 8 8
Average energiest (kcal mol~7)
Eyoeal 95.6 * 4.6 109.9 = 9.8
Enoe 76*23 15.4 £ 46
Eiond 26+03 31+06
Eongle 69.8 = 1.7 742 + 36
E jihedral 0.24+0.18 0.13 0.1
E, 10.5 £ 0.5 10.5 £ 0.5

improper
Restraint violations}
Average NOE violations per structure
>0.27 A
>0.34 A
>0.20 A
Average angle violations per structure (>2°)

No violations —_
— No violations

Ramachandran analysis§ (residues 1357-1410/residues 1346-1410)

Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions
RMS deviations from ideal stereochemistry
NOE (A)
Bonds (A)
Angles (°)
Dihedral (°)
Impropers (°)

Coordinate precision (A) (backbone/all heavy atoms)

Secondary structure elements
Residues 1346-1410

0.3 0.6
0.35 0.05
83.1/75.9% 79.4/70.4%
16.6/21.5% 20.1/26.3%
0.3/2.1% 0.5/2.6%
0/0.5% 0/0.7%
0.014 + 0.002 0.019 = 0.005
0.0016 + 0.000003 0.0018 + 0.00007
0.508 + 0.004 0.524 + 0.0006
0.219 + 0.134 0.157 £ 0.02
0.364 + 0.01 0.365 + 0.02
0.52/1.07 0.43/0.93
1.25/1.87 0.52/0.99

*Medium-range NOEs are between residues separated by two to five residues; long-range NOEs are between residues
separated by six or more residues. ‘tAveraged energies of 20 structures with the lowest overall energies and fewest
NOE violations. {Data for the intramolecular violations. §Prolines and glycines are not included. Analysis with
AQUA and Procheck NMR (20).

FYVE domain was similar in topology to
those reported for Vps27p (10) and Hrs
(11), the inferred binding mechanisms dif-
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dimerization interfaces seen in crystals (/1)
that are not supported by the apparent mo-
nomeric state of Hrs expressed in cells
(16).

General 3-phosphoinositide recognition
principles are shared by FYVE domains
and pleckstrin homology domains (17, 18).
Despite the lack of any homology, both
domains ligate the 3-phosphate asymmetri-
cally by HN® and HN™ groups of a con-
served arginine, which is assisted by a sec-
ond basic residue. Moreover, the 1-phos-
phate consistently forms hydrogen bonds

R¢374 €3
distal}"
R1399
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with a polar residue separated from this
arginine by three extended NH,-terminal
residues. Finally, an exposed hydrophobic
loop proximal to the point of 1-phosphate
ligation is positioned near the membrane.
In summary, we propose that EEAL is
targeted to endosomes through several
stages. The FYVE domain is recruited to
membranes through insertion of a con-
served hydrophobic loop into the lipid bi-
layer. This weak membrane complex opens
the binding site, priming it for specific rec-
ognition of PtdIns(3)P, ligation of which

PtdIns3P
—_—

micelle

0.06]0.2]

K1347

micelle

(PtdIns3P)

A1382
V1368

T1367

Fig. 4. Membrane docking mechanism. (A) The electrostatic surface potential of the lipid-free
FYVE domain is colored blue and red for positive and negative charges, respectively, and is
oriented as in Fig. 1D. (B) The PtdIns(3)P binding pocket is revealed by the surface of the
complexed FYVE domain colored according to the extent of absolute chemical shift pertur-
bations of '3C, SN, and nonexchangeable 'H’s induced by addition of fivefold excess
PtdIns(3)P; residues whose resonances show large, medium, small, very small, and negligible
chemical shift differences are colored red, orange, deep yellow, light yellow, and white,
respectively. (C) The site of nonspecific micelle association is shown by the surface of the
PtdIns(3)P-free FYVE domain colored on the basis of absolute backbone amide chemical shift
changes induced by addition of 600-fold excess DPC. The position of the lipid bilayer is shown
in green. (D) The site of stable micelle association by the PtdIns(3)P-bound FYVE domain is
pinpointed by the surface, which is colored according to the absolute backbone amide chemical
shift changes induced by addition of 250-fold excess DPC to the PtdIns(3)P complex.

clamps the mobile termini down. Potential
competitors such as PtdIns(5)P and PtdIns are
excluded by indirect and direct readout of the
phosphorylation state of the inositol ring. Si-
multaneous ligation of PtdIns(3)P and inser-
tion into the membrane enhances affinity.
Greater avidity for endosomes is afforded by
parallel dimerization of EEA1’s coiled-coil
region (/9). Finally, the structural plasticity
of the FYVE domain suggests that it may
play a key role in dynamically integrating
Rab5 (6, 7) and syntaxins (8, 9) into the
endosomal membrane fusion complex.
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