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Abstract

The FYVE domain is a small zinc binding module that recognizes phosphatidylinositol 3-phosphate
[PtdIns(3)P], a phospholipid enriched in membranes of early endosomes and other endocytic vesicles.
It is usually present as a single module or rarely as a tandem repeat in eukaryotic proteins involved
in a variety of biological processes including endo- and exocytosis, membrane trafficking and
phosphoinositide metabolism. A number of FYVE domain-containing proteins are recruited to
endocytic membranes through the specific interaction of their FYVE domains with PtdIns(3)P.
Structures and PtdIns(3)P binding modes of several FY'VE domains have recently been characterized,
shedding light on the molecular basis underlying multiple cellular functions of these proteins. Here,
structural and functional aspects and the current mechanism of the multivalent membrane anchoring
by monomeric or dimeric FYVE domain are reviewed. This mechanism involves stereospecific
recognition of PtdIns(3)P that is facilitated by non-specific electrostatic contacts and modulated by
the histidine switch, and is accompanied by hydrophobic insertion. Contributions of each component
to the FY'VE domain specificity and affinity for PtdIns(3)P-containing membranes are discussed.
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The FYVE domain was identified in 1996 as a zinc binding finger that is present in a range of
eukaryotic proteins involved in membrane trafficking and phosphoinositide metabolism [1].
This conserved ~70-residue module specifically recognizes phosphatidylinositol 3-phosphate
[PtdIns(3)P] and targets many FYVE domain-containing proteins to PtdIns(3)P-enriched
endocytic membranes [2-4]. Named after the four proteins, Fabl, YOTB, Vacl and EEAL, it
can be found as a single finger or as a tandem repeat in modular proteins that often contain
other phosphoinositide binding domains, protein interaction modules, and catalytic units. The
FYVE domain is defined by the three conserved sequences: the N-terminal WxxD, the central
RR/KHHCR, and the C-terminal RVC motifs that form a compact PtdIns(3)P binding site and
distinguish FYVE from other structurally related RING fingers. Structures of five typical
FYVE domains [5-8] and molecular mechanisms of the PtdIns (3)P recognition and membrane
targeting have recently been elucidated, providing mechanistic insights into multiple cellular
functions of these proteins.

© 2006 Elsevier B.V. All rights reserved.
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1. Biological role of FYVE proteins

The family of FYVE domain-containing proteins is extensive, particularly in higher
eukaryotes, and comprises over three hundred members according to the UniGen NCBI
database. These proteins usually localize to specific subcellular compartments, such as early
endosomes, internal vesicles of multi-vesicular bodies and phagosomes, where the bulk of
intracellular Ptdins(3)P is found. PtdIns(3)P comprises nearly 0.25% of the inositol-containing
lipids in mammalian cells, yet its concentration is maintained at a relatively high local level of
~200 uM [9]. The endosomal PtdIns(3)P pool is targeted by the majority of FYVE domains
and this interaction is disrupted by the phosphatidylinositol 3-kinase (PI3K) inhibitor
wortmannin [10,11]. One of the best-characterized FYVE proteins, early endosome antigen 1
(EEALY), is recruited to early endosomes through binding to PtdIns(3)P and the small GTPase
Rab5 [12] and is required for homo- and heterotypic fusion of endosomes and for endocytic
transport [12-16]. Owing to the exclusive localization to early endosomes, EEA1 is commonly
used as a marker of these organelles. Its relative and also a Rab5 effector, Rabenosyn-5, is
targeted to early endosomes by the FYVE domain. Like EEA1, Rabenosin-5 is necessary for
the regulated fusion of endocytic membranes and is involved in transport of lysosomal enzymes
from the TGN to endosomes [17]. Similarly, FYVE protein Rabip4 translocates to early
endosomes through the interactions with PtdIns(3)P and Rab4-GTP and is implicated in
recycling from early endosomes [18]. Fusion of vesicles derived from the plasma membrane
and Golgi with the yeast vacuole is mediated by FYVE domain-containing VVac1p [19]. Another
FYVE protein, hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) [11,20-22]
and its yeast homolog Vps27p [23] are involved in trafficking from endosomes to lysosomes
or vacuoles. Thus, FYVE domains serve as a driving force that brings host proteins to PtdIns
(3)P-enriched endosomal membranes.

A small pool of PtdIns(3)P has been identified in the nucleus and mitochondria and a fraction
of this PI can be found in Golgi and plasma membrane [24], yet several FYVE proteins are
recruited to these organelles. For example, DFCP1, which contains a pair of FYVE domains
and binds PtdIns(3)P, localizes to the Golgi apparatus and endoplasmic reticulum [25,26]. The
Lz-fyve protein is found in the nucleus during embryogenic development [27]. Fgd1,
implicated in the human disease faciogenital dysplasia [28], associates with actin filaments,
Golgi and plasma membrane [29,30]. It contains an atypical FYVE domain that lacks an N-
terminal WxxD motif and recognizes both PtdIns(3)P and PtdIns(5)P [31]. The FGD1's close
relative, Frabin, is primarily recruited to the plasma membrane, most likely with the help of
its PH domain [32]. Autophagy-linked FYVE protein (Alfy) binds PtdIns(3)P in vitro and
partially co-localizes with the lipid in vivo; however, it is mainly found in the nuclear envelope
[33].

Similar to their non-catalytic relatives, a number of enzymes contain FYVE domain and
localize to endosomal membranes. PIKfyve is a phosphoinositide 5-kinase that produces PtdIns
3,5-bisphosphate and regulates membrane invagination [34]. Its N-terminal FYVE domain is
absolutely required for targeting of PIKfyve to the vesicles of the late endocytic pathway and
for controlling their size [35]. The homologous yeast kinase, Fabl, is involved in regulation
of vacuole homeostasis and vesicle formation [36,37]. The FYVE finger containing
Myotubularin-related protein 3 (MTMR3) and MTMR4 function as dual specificity
phosphatases that can act on PtdIns(3)P [38]. It was long thought that these phosphatases utilize
PtdIns(3)P as a ligand and a substrate in competitive binding. However, recent studies reveal
that the FY'VE domain of MTMR3 does not recognize PtdIns(3)P [39]. Another enzyme, Piblp
ubiquitin ligase, also contains FYVE domain that directs endosomal and vacuolar localization
of this protein [40].
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Although the majority of the FYVE domain-containing proteins are implicated in membrane
trafficking and protein sorting, a number of them, including Hrs and Smad anchor for receptor
activation (SARA), play roles in signal transduction. The FYVE domain of SARA is required
[41] and sufficient for targeting of this protein to endosomal membranes [42-45] where it
interacts with the activated transforming growth factor 3 receptor. This intracellular complex
recruits and phosphorylates Smad proteins, which translocate to the nucleus to control
transcription [41,42]. Hrs is shown to bind Smad [46] and STAM, a signal transducing adaptor
molecule [47], and appears to be involved in signaling for cytokine-mediated c-fos [48].

2. Structure of the FYVE domain

Three-dimensional structures of the S. cerevisiae Vps27p, Drosophila Hrs, and human EEA1
FYVE domains have been determined by X-ray crystallography and NMR spectroscopy [5-
8]. Two other FYVE domain solution structures, of Leishmania Major Lm5—1 and of the human
FYVE domain-containing 27 isoform B protein, have recently been solved (PDB codes 122Q
and 1WFK, respectively, unpublished data). All structures reveal a similar overall fold
consisting of two double-stranded antiparallel § sheets and a C-terminal a-helix (Fig. 1). An
additional N-terminal a-helical turn is seen in the EEA1 structure, and a short a-helix
connecting 2 and B3 is present in the structure of Lm5-1. The functionally critical 1 spans
three residues of the RR/KHHCR motif and pairs with the B2 strand, which links the two zinc
clusters. The B1 strand is preceded by an exposed hydrophobic protrusion, a so-called
membrane insertion loop (MIL), which penetrates into the bilayers upon binding of the FYVE
domain to PtdIns(3)P-containing membranes.

The FYVE domain fold is stabilized by tetrahedral coordination of two zinc ions, which are
bound by four CxxC motifs in a cross-braced topology (Fig. 1). One zinc ion (Znl) is
coordinated by the first and the third cysteine motifs, whereas Zn2 is bound by the second and
the fourth motifs in all human proteins. In yeast Vps27p, the fourth Cys residue is replaced by
His (Fig. 2). All residues that coordinate zinc ions are in o helical conformations, except for
the second pair of Zn1-binding cysteines, which are in the 3/10 conformations [5]. Zinc
coordination is required for structural stability and biological activity of the FYVE domain, as
mutation of any of the zinc coordinating residues [2,3,25,40,49] or zinc removal with chelators
[3,50] result in loss of structure and function of the domain. Interestingly, the unfolding due
to removal of zinc is reversible as evidenced by the restoration of NMR signals corresponding
to the folded protein upon the reintroduction of zinc ions [50].

The zinc coordination pattern of the FYVE domain is similar to that of the RING finger [51,
52], and the bulk of the Vps27p structure superimposes well with rabphilin zinc binding domain
[53], with a root mean squared deviation of 1.2 A. However, the two modules are functionally
unrelated and bear no sequence similarities outside the zinc coordinating residues. Unlike other
zinc fingers, that typically bind nucleic acids or proteins [51,52], FYVE domains recognize
phospholipids with the help of three highly conserved motifs, which became a hallmark of this
module.

3. Function of the FYVE domain

FYVE domains bind PtdIns(3)P and direct a wide variety of cytosolic proteins to membranes
during key signaling and trafficking events. Although the specific recognition of PtdIns (3)P
remains a major distinguishing feature of the FYVE finger [2-4], the overall mechanism of
membrane anchoring is found to be multivalent and involves non-specific electrostatic contacts
with acidic lipids other than PtdIns(3)P [54-56], activation of the histidine switch [57],
hydrophaobic insertion into the bilayers [7,55,56,58], and in some cases dimerization [8,59—
61]. Each component within the multistep binding mechanism uniquely contributes to the
FYVE domain specificity and affinity for PtdIns(3)P embedded in membranes.
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4. PtdIns(3)P binding

The ability of FYVE finger to specifically recognize PtdIns (3)P was discovered by in vitro
liposome binding experiments and was substantiated by the protein's subcellular localization
in vivo [2-4]. The FYVE domain association with PtdIns(3)P-containing liposomes was
abolished by removal of zinc or by mutation of the residues that coordinate the lipid or metal
[2,3,49,50]. The recruitment of FYVE proteins to endosomes and yeast vacuoles was blocked
by elimination of PI3K, mutations of conserved FYVE domain residues, or by the presence of
kinase inhibitor wortmannin, as was shown by fluorescence microscopy [2,3,17,24,35,62].
Consequently, the vesicular localization of these proteins was attributed to the recognition of
PtdIns(3)P by their FYVE domains.

Following these initial discoveries, a variety of biophysical and biochemical assays have been
employed to characterize the binding properties of FYVE fingers. Based on tryptophan
fluorescence and NMR spectroscopy studies, the EEA1 FYVE domain binds soluble
dibutanoyl form of PtdIns(3)P with a micromolar affinity (~130 uM) [8,55,61]. A nanomolar-
range affinity of various FYVE domains for PtdIns(3)P in bilayers and monolayers was
measured using the liposome binding [31,35,49,63], surface plasmon resonance (SPR) [24,
25,49,58], and monolayer penetration [56,58] experiments. The results of these studies have
established a general mode of PtdIns(3)P recognition shared among all FYVE proteins while
providing details on the unique features of individual FYVE fingers.

Structural insights of PtdIns(3)P recognition by the FYVE domain are provided by crystal
[8] and NMR [7] structures of the EEAL FYVE domain complexed with inositol 1,3-
bisphosphate and dibutanoy! PtdIns(3)P, respectively. Three conserved elements of the FYVE
domain, including the N-terminal WxxD, the central basic RR/KHHCR and the C-terminal
RVC motifs that together comprise a concave binding pocket, coordinate the PtdIns(3)P head
group (Fig. 3). The RR/IKHHCR motif, particularly the guanidino moiety of R1375, the
imidazole ring of H1372 and the backbone amide of H1373, provides critical hydrogen bonds
to the 3-phospate group of PtdIns(3)P [8] (Fig. 3c). The 1-phosphate is recognized by R1370,
and forms a water-mediated contact with the R1371's backbone carboxyl group. R1400 of the
RVC motif, positioned between H1372 and R1375, forms another water-mediated hydrogen
bond to the 3-phosphate group. Recognition of the 4-, 5- and 6-hydroxyl groups of the inositol
ring is crucial for stereospecificity and exclusion of alternatively phosphorylated
phosphoinositides. This recognition is mediated by D1352 of the N-terminal WxxD motif and
H1373. The 4- and 5-hydroxyl groups are hydrogen bonded to the imidazole ring of H1373,
whereas the side chain of D1352 contacts the hydroxyls at the 5 and 6 positions. Strong
conservation of the binding site elements in the FYVE finger sequences suggests a similar
mode of PtdIns(3)P recognition among the majority of these domains (Fig. 2).

The critical role of the binding site residues is underscored by mutagenesis. Substitution of the
Arg or His residues of the RR/KHHCR motif abolishes PtdIns(3)P interaction in vitro and in
vivo, yielding proteins that are diffusely distributed in the cytosol, while mutation of the
conserved Trp or Asp residues of the WxxD motif substantially reduces the FYVE domain's
affinity for PtdIns(3)P-containing membranes [2,8,49,56].

5. PtdIns(3)P binding is mediated by the histidine switch

Recently we have found that recruitment of the EEA1 FYVE domain to PtdIns(3)P-enriched
membranes is strongly pH-dependent and regulated by a histidine switch [57]. This novel mode
of regulation differentiates FYVE finger from other phosphoinositide-binding domains and

establishes its unique function as a low pH sensor of PtdIns(3)P. As determined by NMR and
liposome binding assay, the EEA1 FYVE domain is active and fully PtdIns(3)P-bound in acidic
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environments, whereas it becomes inactive at pH>8.0. At low pH (6.0), dibutanoyl PtdIns(3)
P is bound by the FYVE domain with a Kp of 71 uM. However, the same interaction appears
to be much weaker in neutral or basic conditions, that is twice, 20 times or 150 times weaker
at pH values of 6.8, 7.4 or 8.0, respectively. Thus, the FYVE domain affinity for PtdIns(3)P
varies considerably and is increased in the acidic media.

Similar pH dependence is observed for the in vivo localization of the enhanced green
fluorescent protein (EGFP)-fusion EEA1 in mammalian and yeast cells [57]. Lowering the
cytosolic pH enhances PtdIns(3)P affinity of the FYVE domain reinforcing the anchoring of
EEA1 to endosomal membranes. Reversibly, increasing the pH disrupts the phosphoinositide
binding and leads to the cytoplasmic redistribution of EEAL. The most significant changes in
the FYVE domain localization occur in the physiological pH range of 6.5 to 7.5. Furthermore,
EEAL1 translocates to early endosomes during apoptosis-induced acidification of the cytosol
with the kinase inhibitor staurosporine (STS). While in the untreated cells, the ECFP-FYVE
domain is equally distributed between cytosolic and endosome-bound fractions, the STS
treatment substantially shifts the equilibrium toward the membrane-bound state of the protein.
These in vivo data corroborate the in vitro experiments and demonstrate the physiological
relevance of the pH sensing by EEAL, suggesting that the membrane recruitment of this protein
can be regulated by intracellular pH.

The pH dependency is attributed to the histidine switch comprising of a pair of adjacent H1372
and H1373 residues of the RR/IKHHCR motif and representing the most conserved amino acids
in the FYVE domain sequences [57] (Fig. 2). The EEA1 FYVE domain binds PtdIns(3)P only
when both histidines are positively charged and releases the lipid upon their deprotonation.
Mutations in the histidine switch completely disrupt PtdIns(3)P binding in vitro and in vivo.
Because the two histidine residues are absolutely conserved among PtdIns(3)P-binding FYVE
domains, we predict that EEA1 and other FYVE domain-containing proteins exist in a balance
between diffuse cytosolic and membrane-anchored populations and are sensitive both to
changes in PtdIns(3)P concentrations and acidity within the cell. Based on the estimated
affinities and the lipid's physiological concentrations, the EEA1 FYVE domain exists mainly
in a bound state at low pH (6.0-6.6). At the cytosolic pH level of 7.3, only half of the protein
should be active, while essentially no activity is expected under more basic conditions.

The pH-dependence can influence the function of FYVE proteins in cells with unusual
cytosolic pH levels and in normal cells during physiological processes that involve changing
of pH. Intracellular pH often fluctuates in response to cell growth, development, and apoptosis,
with pH values ranging from 6.3 to 7.5 [64-67], and varies even greater in anomalous cells
[68-70]. For example, the cytosol acidification by as much as 0.8 pH units is associated with
apoptosis [67], whereas several growth and survival factors induce alkalinization of cytosol
by 0.25 pH units [71]. It will be imperative to further investigate the importance of the pH
dependency and to test whether the FYVE domain localization is altered in biological processes
other than apoptosis that are accompanied by the changes in cytosolic pH.

Intriguingly, the FYVE domains target Ptdins(3)P-containing membranes of primarily low pH
compartments, i.e., early endosomes, multivesicular bodies, phagosomes, and Golgi [2-4,41,
72]. However the neutral or slightly alkaline organelles with significant PtdIns(3)P
concentrations such as the nucleus or mitochondria do not attract FYVE proteins [24,73,74].
Can membrane anchoring of the FYVE domain be mediated by the acidic lumenal pH or local
microenvironments and gradients? This hypothesis remains to be tested. Interestingly, EEAl
co-localizes with the endosomal Na*/H*-exchanger around which the formation of acidic
microdomains has been proposed [75]. In addition, reduced association of EEA1 to
Mycobacterium tuberculosis-containing phagosomes, which are defective in lumenal
acidification, has been reported [76].

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 9.
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6. Non-specific electrostatic interactions with acidic lipids

Mammalian early endosomes are enriched in acidic phospholipids other than PtdIns(3)P, such
as phosphatidylserine (PS) or phosphatidic acid [77] that contribute to the association of FYVE
domains with endosomal membranes. The calculated electrostatic properties of the ligand-free
Vps27p, Hrs, EEAL, FENS-1 and Endofin FYVE domains suggest that membrane recruitment
of these proteins is facilitated by non-specific electrostatic interactions which occur between
basic residues of the FYVE fingers and negatively charged phospholipids in the membrane
[54,56]. The calculations show a strong positive potential surrounding the MIL, which may
drive the initial membrane association of the proteins and facilitate Ptdins(3)P binding (Fig.
4).

Furthermore, non-specific electrostatic interactions continue to play a role after PtdIns(3)P is
fully bound. Titration of PS into the EEA1 FYVE domain, which has been pre-bound to PtdIns
(3) Pand DPC micelles, causes NMR resonance perturbations in residues located in and around
the MIL and the site of PtdIns(3)P coordination [55]. The most significant changes are observed
in the contiguous polar residues, which form a predominantly basic patch surrounding the MIL,
that could easily accommaodate a PS headgroup next to a bound PtdIns(3)P molecule.
Conservation of the basic residues suggests that the non-specific electrostatic contacts are a
common feature among FYVE fingers.

The electrostatic interactions stabilize anchoring of the EEA1 FYVE domain, amplifying its
binding affinity by three fold when 10% PS is present in PtdIns(3)P-enriched DPC micelles
[55]. Furthermore, these interactions change the domain's orientation with respect to the micelle
surface, tilting the FYVE finger by ~73° and allowing the PS site to interact more extensively
with the micelle [55]. PS-stabilization nearly aligns the FY'VE domain with the micelle surface
in orientation similar to that suggested by the crystal structure of the EEA1 dimer [8], and by
computer modeling [54], thus providing a unifying mechanism for the range of previously
proposed insertion modes [5,7] (Fig. 5). Interestingly, computational studies predict similar
angled membrane orientation for most FYVE domains, with exception of Vps27p, which is
positioned to bind in a perpendicular ‘side-on’ orientation [54,56].

7. Membrane insertion

In addition to the stereospecific recognition of PtdIns(3)P and non-specific electrostatic
contacts with acidic lipids, the exposed hydrophobic residues of MIL (membrane insertion
loop) of the FYVE domain penetrate the bilayer. Insertion of the residues at the tip of this loop
into membranes upon interaction with PtdIns(3)P was initially suggested based on the crystal
structure of Vps27p FYVE domain [5] and on the micelle-induced changes in NMR resonances
of the MIL residues of the EEAL FYVE finger [50]. It was further corroborated by monolayer
penetration [56,58], liposome binding [31,56], computational modeling [54] and NMR studies
with membrane mimetic micelle systems [7,55].

The multiple anchoring resulting from binding the PtdIns(3) P headgroup, non-specific
electrostatic interactions and insertion of a set of aliphatic or aromatic residues provides the
strength and selectivity that are necessary for the proper localization and function of the FYVE
fingers. Thus, FYVE domains bind PtdIns(3)P-enriched acidic vesicles several orders of
magnitude more tightly than soluble lipids or isolated inositol headgroups [8,49]. The FYVE
domain of EEA1 exhibits a 130 uM affinity for short chain dibutanoyl Ptdins(3)P [8,55], while
a 50 nM affinity is measured for a long chain lipid embedded in acidic liposomes [49]. Other
FYVE proteins including FENS-1, Endofin, Drosophila Hrs and yeast VVps27p bind PtdIns(3)
P-containing liposomes with comparable affinities of 0.6 nM, 1 nM, 25 nM and 32 nM,
respectively [25,56,58]. However, soluble 1,3-inositol bisphosphate is recognized by these
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FYVE domains three orders of magnitude weaker [58]. Even in the neutral vesicles, human
Hrs FYVE domain greatly prefers intact lipid in a bilayer over the isolated headgroup [31].
Likewise, the EEA1 FYVE domain affinity is significantly increased in the presence of
dodecylphosphocholine (DPC) micelles [55]. Consequently, the hydrophobic insertion in
concert with electrostatic interactions stabilizes anchoring of the FYVE domains to
membranes.

Recent computational and monolayer penetration studies have shown that binding of PtdIns
(3)P facilitates penetration of the FYVE domains and increases their membrane residence time
by decreasing the positive charge surrounding the MIL [54,56]. In agreement, selective
broadening of MIL resonances of the EEA1 FYVE domain by paramagnetic probes
incorporated into DPC micelles is not observed in the absence of PtdIns (3)P [55], supporting
that the deep and stable insertion into membrane requires Ptdins(3)P.

The depth and angle of the insertion into micelles have been determined by NMR experiments
using spin label probes incorporated at various positions within micelles and based on
intermolecular nuclear Overhauser effects observed between the MIL residues of EEA1FYVE
and the alkyl chain of DPC [55,78] (Fig. 5a). The VT 1368 sequence of the EEA1 FYVE domain
is immersed into the hydrophobic core of DPC micelles, and is surrounded by polar and
hydrophilic residues located at the level of the lipid's headgroups and properly positioned for
the non-specific electrostatic contacts. Conformational changes in the MIL accompany the
micelle interaction, in which hydrophobic residues of the loop tend to move deeper into the
non-polar core of micelles, whereas hydrophilic residues move toward the aqueous interface,
hence stretching the MIL [78].

Substitution of the membrane-inserting residues of the FYVE domains abolishes or
significantly decreases the membrane association and disrupts the normal biological functions
of these proteins [50,56,61]. Thus, the endosomal localization of EEA1 is completely lost when
V1367 and T1368 are mutated to Gly or Glu [50]. Similarly, replacement of corresponding
hydrophobic residues of the Vps27p or Hrs FYVE domains results in a seven to twenty fold
reduction of their affinities for the membrane-bound Ptdins(3)P [56].

While the hydrophobic nature of MIL is conserved among FYVE domains, suggesting a similar
mode of insertion, variations occur. In particular, hydrophobic residue immediately preceding
the RR/IKHHCR motif is often replaced by a basic or a polar residue. Two human FYVE
domains, FENS-1 and WDF2 contain an 11-residue insert in their MILs. Furthermore,
biophysical measurements and computational studies suggest that minor structural variations
in the MIL cause considerable changes in the membrane binding properties and in subcellular
localizations of the FYVE domains [58]. The FYVE fingers of EEAL, FENS-1 and Endofin
penetrate membranes much better than the FYVE domains of Vps27p and Hrs [56,58].
Although the contribution of MIL penetration to the energetics of membrane targeting varies,
it has been noticed that, remarkably, all FYVE proteins, which are able to localize to endosomal
membranes, penetrate the bilayer [58].

8. Multiple PtdIns(3)P interactions and dimerization

Membrane localization of a number of FYVE proteins is greatly enhanced by bivalent or
multivalent PtdIns(3)P interactions. For example, the synthetic construct containing a pair of
covalently linked Hrs FYVE domains shows much higher affinity for PtdIns(3)P-containing
membranes and was cleverly used to map the intracellular distribution of PtdIns(3)P [24].
While a singly expressed GFP-fusion FYVE domain of Hrs appears to be cytosolic, it
translocates to endosomal membranes when a region adjacent to the FYVE finger is dimerized
[61]. The stable dimers and higher oligomers are intrinsically formed by the FYVE-containing
SARA and this ability to oligomerize is important for the endosomal localization of this protein
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[61]. Furthermore, some proteins, such as DFCP1, naturally contain a FYVE domain tandem,
which selectively binds PtdIns(3)P [25,26].

The FYVE domain-containing proteins can also dimerize by their coiled coil modules. The
coiled coil region of EEAL forms a parallel homodimer that juxtaposes two C-terminal FYVE
domains allowing for simultaneous interactions with two PtdIns (3)P headgroups [8,59] (Fig.
5b). When conjugated with this coiled coil, other cytosolic FYVE domains are able to localize
to endosomes [3]. The coiled coils are also predicted next to the FYVE domains of human
proteins including FYCO1, Hrs, MTMR3, MTMR4, Rabenosyn-5 and RUFY2. Increased
avidity due to the parallel dimerization may represent yet another means to boost the membrane
binding by the FYVE fingers.

Dimerization-mediated targeting is suggested from the crystal structure of a long EEA1
construct, which contains a substantial portion of the coiled coil region and an adjacent FYVE
domain [8]. The structure identifies a 1200 AZ interface between the two FYVE domains that
was devoid of hydrogen bonding and electrostatic interactions (Fig. 5b). The side chains of the
conserved tryptophan of the WxxD motif and a non-conserved proline of the variable p3/p4
hairpin comprise the core of the interface. It contributes weakly to the stability of the EEA1
homodimer and together with more extensive and robust coiled coil interaction juxtaposes the
two FYVE domains to concomitantly bind two Ptdins(3)P molecules [8] (Fig. 5b). In this
model, the MILs of both FYVE domains are positioned to angularly penetrate the membrane,
which is in good agreement with the NMR-derived orientation of a single FYVE domain [7,
55], computational modeling [54] and biophysical studies [56,58].

A distinct dimer has been observed in the crystal structure of the Drosophila Hrs FYVE domain
[6]. Antiparallel packing between the Hrs FY'VE domains, bridged by a citrate ion, buries 1920
AZin the interface, including the functionally important N-terminal tryptophan and the second
histidine of the RR/IKHHCR motif. Due to partial occlusion of the binding site, a different
PtdIns(3)P coordination and membrane docking mode have been proposed. The general
relevance of the Drosophila Hrs dimer interface remains unclear.

Despite the ability of some FYVE domain-containing proteins to dimerize or oligomerize, it
appears that isolated FYVE fingers can strongly bind Ptdins(3)P in vitro and target proteins to
endosomes in vivo. For example, both full-length FENS-1 and its isolated FYVE domain bind
PtdIns(3)P and localize to endosomes to the same extent [25]. The endosomal localization of
Endofin is also comparable to the distribution of its isolated FYVE domain in cytoplasmic
vesicles [79]. Ultracentrifugation experiments show that FENS-1, Endofin and Hrs remain
monomeric even at high protein concentrations [58]. In addition, localization of Rabenosyn-5
to early endosomes is shown to be similar to that of a truncated version, which contains
primarily its FYVE domains [2,17]. Thus, dimerization of FYVE domain-containing proteins
is not strictly required. It is, however, important for the membrane targeting of a subset of
FYVE domains.

9. Regulation of activity

Function of the FYVE domain can be regulated at several levels. The intracellular concentration
of PtdIns(3)P is increased by the activity of phosphatidylinositol 3-kinases [80,81] and
decreased by PtdIns(3)P 5-kinases [34,36,82,83] and MTMR phosphatases [38]. The endocytic
PtdIns(3)P pool is hydrolyzed in lysosomal compartments, which is a principal pathway of
PtdIns(3)P turnover [84]. In addition, local pools of this lipid may be affected and stabilized
by proteins that contain the PtdIns(3)P-recognizing FYVE, PX [85-88] and PH [89] domains.

The activity of FYVE domains may also be modulated by protein interactions. For example,
the EEA1 FYVE domain's affinity for PtdIns(3)P-enriched membranes is increased by coiled
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coil dimerization [8]. Furthermore, the membrane recruitment of EEA1 and Rabenosin-5 is
found to be regulated by p38 mitogen-activated protein kinase (MAPK) that phosphorylates
their FYVE domains on T1392 and S215 residues, respectively [90]. Other proteins may
directly bind FYVE fingers, as has been reported for Src homology 3 domain of Etk, which
recognizes the FYVE domain of RUFY1 [91].

Recent studies have shown that the FYVE domain of EEAL binds PtdIns(3)P in a pH dependent
manner in vitro and in vivo [57]. However, several questions remain unanswered. Is targeting
of the EEAL FYVE domain to endosomal membranes regulated by the changes in cytosolic
pH that occur in a variety of biological processes? Does the EEAL FYVE domain sense acidic
intralumenal pH? Do other FYVE domains exhibit similar pH dependence? Why do most
FYVE proteins target endocytic pools of PtdIns(3)P and not its nuclear or mitochondrial
accumulations? Furthermore, the mechanisms by which FYVE proteins localize to the Golgi
[25,26], plasma membrane [32] or nuclear envelope [27,33] remain to be determined, as do
the roles of their FYVE fingers.

10. Conclusion

Remarkable progress has been made since the discovery of FYVE domain 10 years ago. The
structural, biophysical and cellular studies offer a detailed molecular mechanism of the
multivalent docking and anchoring of the monomeric or dimeric FYVE domain to PtdIns(3)
P-containing membranes (Fig. 6). This mechanism involves stereospecific PtdIns(3)P head
group recognition, which is facilitated by non-specific electrostatic contacts with acidic lipids
and modulated by the histidine switch, and is accompanied by hydrophobic insertion into the
bilayers.
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Fig. 1.

Crystal structure of the Vps27p FYVE domain [5] (PDB code 1VFY). The backbone ribbon
is colored using a graded scheme from the blue N-terminus to the red C-terminus. The zinc
ions are shown as yellow spheres. This figure and Fig. 5b are prepared with MOLSCRIPT
[92] and Raster3D [93].
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Fig. 2.

Alignment of the FYVE finger sequences of 30 human proteins and Drosophila Hrs and S.
cerevisae Vps27p: absolutely, moderately and weakly conserved residues are colored brown,
green and yellow, respectively. Three PtdIns(3)P binding elements and the MIL residues are
indicated above the alignment by blue and orange bars, respectively. The secondary structure
of EEA1 FYVE is shown below with every tenth residue of EEA1 marked with a black dot.
The following human protein sequences are aligned: Alfy or WDF3 (aa 3447—-3514); Ankhzn
(aa 1097-1161); DFCP1_A (aa 591-659); DSP1_B (aa 708—775); DSP1C (aa 1112-1179);
EEA1 (aa 1345-1410); Endofin (aa 740—805); FENS-1 or WDF1 (aa 277-352); FGD1 (aa
723-790); FGD2 (aa 451-518); FGD3 (aa 525—588); FLJ39537 (aa 100— 166); Frabin (aa 552
—619); FYCO1 or FCCD1 (aa 1166—1231); Hrs (aa 156—220); KIAA0321 (aa 808—875);
KIAA1255 (aa 1163-1227); KIAA1362 (aa 547-6134); KIAA1643 (aa 916—983); MGC2550
(aa 37-104); MTMR3 or DSP1A (aa 1075-1142); MTMR4 (aa 1087—1149); Phafinl (aa 145
—212); Phafin2 (aa 145-212); PIKfyve (aa 151-229); Rabenosyn-5 (aa 150—260); RUFY1 or
EIP1 (aa 527-592); RUFY2 or Rabip4 (533-598); SARA (aa 692—758); WDF2 (aa 277—352).
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Fig. 3.

PtdIns(3)P binding pocket defined from the crystal structure of the EEA1 FYVE domain
complexed with 1,3-inositol bisphosphate, a head group of PtdIns(3)P [8] (PDB code 1JOC).
(a) Surface of the FYVE domain with the residues involved in PtdIns(3)P binding labeled and
colored blue (basic) and red (acidic). MIL is in brown. 1,3-inositol bisphosphate is depicted as
a stick model with C/P and O atoms colored yellow and red, respectively. (b) Gray ribbon
represents the protein's backbone. Side chains of the binding site residues are shown and
colored as in (a). (c) Diagram illustrating 1,3-inositol bisphosphate coordination.
Intermolecular hydrogen bonds are shown as dotted lines. The numbering of the FYVE domain
residues here and in the text corresponds to the new NCBI deposited sequence of EEAL (Gl:
34222508), which replaced the old sequence (G1:2135066) in 2005. The new sequence matches
the numbering in the crystal structure [8] while it differs by one residue from the numbering
in solution structure [7] of the EEA1 FYVE domain. This figure and Figs. 5a and 6b are
prepared with Insightll.
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Fig 4.

Electrostatic properties of the Vps27p and Endofin FYVE domains. The FYVE domains are
depicted as the white ribbons with zinc ions represented as the magenta balls. The MIL residues
are shown in space-filling representation and colored green. The electrostatic potentials of the
FYVE domains were calculated using GRASP [94]. Red and blue meshes correspond to the
negative and positive potentials, respectively. This figure is kindly provided by D. Murray and
R. Stahelin.
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Fig. 5.

Insertion of the MIL into membranes accompanies PtdIns(3)P binding. (a) Depth and angle of
the FYVE domain insertion into DPC micelles determined NMR experiments using spin label
probes. Inserted residues and residues located near the micelle surface are colored in red and
grades of orange, respectively, on FYVE domain surface (NMR structure, PDB code 1HY).
The insertion axis is shown as a vertical vector. (b) Crystal structure of the homodimeric region
of containing coiled coil and FYVE domain, shows similar orientation of the protein (PDB
code 1JOC).
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Fig 6.

Multivalent molecular mechanism of the membrane docking by the FYVE domain. (a)
Schematics of the dimeric EEA1 anchoring to Ptdins(3)P-enriched endosomal membranes.
Dimerized coiled coils juxtapose two FYVE domains for the simultaneous interactions with
two head groups of PtdIns(3)P (dark yellow). Binding to PtdIns(3)P is facilitated by non-
specific electrostatic contacts with acidic lipids (PS, green) and accompanied by a hydrophobic
insertion (brown) into the bilayer. The protonated state of the two adjacent His1371 and
His1372 residues (blue pentagon) is required for the binding. A signal is initiated by
phosphorylation of PtdIns at the third position by PI3K. Three membrane proteins, V-type
ATPase, CI~ channel and Na*/H*-exchanger regulate the acidification of early endosomes. (b)
A model of the monomeric FYVE domain anchoring (NMR structure, PDB code 1HY).
Conserved His and Arg residues of the PtdIns(3)P binding pocket, as well as MIL and PS
binding site are colored in blue, brown and green, respectively. PtdIns(3)P and PS are shown
as stick models.
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