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High-Affinity Binding of a FYVE Domain to Phosphatidylinositol 3-Phosphate
Requires Intact Phospholipid but Not FYVE Domain Oligomerization
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ABSTRACT. FYVE domains are small zinc-finger-like domains found in many proteins that are involved
in regulating membrane traffic and have been shown to bind specifically to phosphatidylinositol 3-phosphate
(PtdIns-3-P). FYVE domains are thought to recruit PtdIns-3-P effectors to endosomal locations in vivo,
where these effectors participate in controlling endosomal maturation and vacuolar protein sorting. We
have compared the characteristics of Ptdins-3-P binding by the FYVE domain from Hrs-1 (the hepatocyte
growth factor-regulated tyrosine kinase substrate) with those of specific phosphoinositide binding by
Pleckstrin homology (PH) domains. Like certain PH domains (such as that from phospholipaseh@e-

Hrs-1 FYVE domain specifically recognizes a single phosphoinositide. However, while phosphoinositide
binding by highly specific PH domains is driven almost exclusively by interactions with the lipid headgroup,
this is not true for the Hrs-1 FYVE domain. The phospholipas® €H domain shows a 10-fold preference

for binding isolated headgroup over its preferred lipid (phosphatidylinositol 4,5-bisphosphate) in a
membrane, while the Hrs-1 FYVE domain greatly prefers (more than 50-fold) intact lipid in a bilayer
over the isolated headgroup (inositol 1,3-bisphosphate). By contrast with reports for certain PH domains,
we find that this preference for membrane binding over interaction with soluble lipid headgroups does
not require FYVE domain oligomerization.

FYVE domains are small zinc-finger-like domains of face of early endosomes and internal vesicles of multive-
around 76-80 amino acids that were first identified in several sicular bodies §). By participating in the recruitment of
yeast and mammalian proteins implicated in membrane traffic specific FYVE domain-containing effector molecules to these
(1—3). Studies of EEAL, the early endosome antigen-1, locations, Ptdins-3-P is thought to play a key role in
indicated that its FYVE domain plays an important role in regulating steps in endosomal maturation and vacuolar
localizing the protein to endosomeg) (and that this protein sorting 8, 9). The FYVE domain of Hrs-1 (hepa-
localization depends on Pl 3-kinase activi®).(Several tocyte growth factor-regulated tyrosine kinase substrate), for
groups have subsequently demonstrated that the FYVEexample, appears to be one of several determinants for the
domains from EEAL, Hrs-1, Vps27p, Vaclp, Fablp, and subcellular localization of this protein in mammalian cells
Pib1p all bind specifically to PtdIns-3-P in vitr&{7) and (10). An intact FYVE domain, PI 3-kinase activity, and active
that, where studied, protein fragments containing FYVE receptor-mediated endocytosis are all required for epidermal
domains are targeted to endosomal locations in vivo. Ptdins-growth factor (EGF) stimulated phosphorylation of Hrs-1,
3-P appears to be restricted in its location to the cytoplasmic presumably at an endosomal compartment that is “marked”

by Ptdins-3-P and can recruit FYVE domain-containing
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agreement, however, that the basic residues in the FYVE FGD1 FYVE

domain signature motif are involved in binding, and analysis
of NMR chemical shift differences upon Ptdins-3-P associa-
tion with the EEA1 FYVE domain has confirmed this4j.

The same NMR studies provided experimental evidence for
the involvement of a set of residues in PtdIns-3-P binding
that is not completely consistent with either hypothetical

model, indicating that the actual binding configuration has

yet to be elucidated.

We were interested to compare the mode of Ptdins-3-P
binding by FYVE domains with that of specific phosphoi-
nositide recognition by Pleckstrin homology (PH) domains.
The PH domains from phospholipasedc{PLC,), the
general receptor for phosphoinositides-1 (Grpl), and Bruton'’s
tyrosine kinase (Btk) each recognize a specific polyphos-
phoinositide, almost exclusively through interactions with
the inositol phosphate headgroup5( 16). Although the
degree of ligand-binding specificity shown by the Hrs-1 and
FGD1 FYVE domains is similar to that seen for these PH
domains, we find that the two types of domain differ
dramatically in their reliance on lipid headgroup for phos-

phoinositide recognition. Whereas headgroup interactions

dominate PH domain bindindl), this is not true for the
FYVE domains. For high-affinity binding of FYVE domains
to Ptdins-3-P, the intact lipid and its presence within a

membrane structure appear to be critical. These findings s-mercaptoethanol.

illustrate a difference in the mode of phosphoinositide
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Ficure 1: Visualization of FYVE domain phosphoinositide-binding
specificity using a dot-blot procedure. Tenll spots of phospho-
lipid were spotted onto nitrocellulose in the pattern listed in the
key (see Experimental Procedures), and filters were probed with
32P-labeled GST-fusion proteins of the FGD1 or Hrs-1 FYVE
domains. Bound radioactivity was visualized using a Phosphorim-
ager.

For GST-fusion protein purification, cells were lysed by
sonication in 50 mM Tris-HCI, pH 7.5, and 100 mM NacCl,
containing 10% glycerol, 1 mM PMSF, and 2.5 mM
Protein was bound to glutathiene
agarose (Sigma) for 20 min at 4. Beads were washed

recognition by the two membrane targeting modules, possiblefour times with lysis buffer, and protein was eluted with 15

origins of which are discussed. Finally, our lipid-binding

affinity measurements, in light of previous literature, provide
insights into the strength of binding required for recruitment
of effector molecules to PtdIns-3-P-containing membranes.

EXPERIMENTAL PROCEDURES

Materials. PtdIns-3-P, PtdIns(3,4)Pand PtdIns(3,4,5°
were purchased from Matreya Inc. (Pleasant Gap, PA).
Ptdins, PtdSer, Ptdins-4-P, and PtdIins(4:5)ere from
Sigma-Aldrich (St. Louis, MO). PtdIns-5-P, PtdIns(3,5)P
Ins(1,3)B, and di-G-PtdIns-3-P were from Echelon Inc. (Salt
Lake City, UT). PtdCho and di(dibromostearoyl)-PtdCho
were from Avanti Polar Lipids (Birmingham, AL).

Production of FYVE DomainsThe polymerase chain
reaction (PCR) was used to amplify a DNA fragment
encoding residues 13826 of human Hrs-118) from a
HeLa cell cDNA library. UniqudBanHI| andBglll restriction
sites were introduced by PCR at the termini of the fragment.
Similarly, DNA encoding the FYVE domain (residues 714
795) from FGD1, the Cdc42 guanine nucleotide exchange
factor responsible for faciogenital dysplasi®), was ampli-
fied by PCR from a WI-38 human lung fibroblast cDNA
library. In this case, a uniqudanHl site was introduced at
the end encoding the N-terminus of the FYVE domain, and
anEcaRl site was introduced at the opposite end. The FYVE
domain fragments were ligated into tBanHl site (Hrs-1)
or between th&anH| and EcoRl sites (FGD1) of pGEX-

mM reduced glutathione in lysis buffer. Glutathione was
removed by size-exclusion chromatography or dialysis. For
preparation of monomeric FYVE domains, GST-fusion
proteins were washed three times while bound to glutathione
agarose with 20 mM Tris-HCI, pH 8.0, and 150 mM NacCl,
containing 20% (w/v) glycerol and 2.5 mM CaCand were
subsequently eluted in this buffer containing 15 mM reduced
glutathione. Two units of thrombin was then added per
milligram of protein, and digestion was allowed to proceed
at room temperature for 5 h. The cleaved protein was
dialyzed overnight at 4C against 25 mM HEPES, pH 8.0,
containing 100 mM NaCl and 1 mN\B-mercaptoethanol
(HBS) with 3500 MWCO tubing. Protein was then loaded
onto a NNTA column (Qiagen), washed with HBS
containing 75 mM imidazole, and eluted with 150 mM
imidazole and 300 mM imidazole in HBS. Finally, the FYVE
domain was gel filtered using a Superose 12 column
(Amersham-Pharmacia) in HBS containing ftanercapto-
ethanol.

Dot-Blot Assay.Purified GST-fusion proteins (1@Q)
produced using pGEX-2TK clones were labeled wAtR
exactly as described®(—22), while bound to glutathione
agarose, and were then eluted with glutathione for use in
dot-blot assays.

As described 15, 22), phospholipids at 2 mg/mL in 1:1
chloroform:methanol solution (containing 0.1% HCI) were
spotted (L) onto nitrocellulose sheets in the pattern shown

2TK (Amersham-Pharmacia), and the sequences of insertsn Figure 1. After being dried, the nitrocellulose was blocked

were confirmed by automated dideoxynucleotide sequencing.

overnight at £C in Tris-buffered saline (TBS) plus 3% BSA

For expression of His-tagged GST-fusion proteins, fragments (without detergent)3?P-Labeled fusion protein at 0,g/

encoding residues 7807 of FGD1 and residues 138
221 of Hrs-1, followed in each case by six histidines, were
subcloned intdBanHI| and BanHI/EcdR| digested pGEX-
2T, respectively.

mL in TBS/3% BSA was then used to probe the phosphoi-
nositide-containing nitrocellulose for 30 min at room tem-

perature. Filters were washed five times with TBS (without
detergent) and air-dried, and bound radioactivity was visual-
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ized using a Phosphorimager (Molecular Dynamics). and K is a partition coefficient that corresponds to the

Preparation of Small Unilamellar Vesicles (SUV’k)mit- proportionality constant between the concentration of protein
sonicated small unilamellar vesicles (SUV’s) were generated bound to the outer SUV leaflet and its concentration in bulk
exactly as describedlb, 17, 22). Di(dibromostearoyl)- solution. Determination ofK makes no assumptions of
phosphatidylcholine (PtdCho) was codissolved with the stoichiometry, althougKp for phosphoinositide binding can
phosphoinositide of interest in 1:1 chloroform:methanol be estimated as (mole rati&)if 1:1 binding of phosphoi-
containing 0.1% HCI, to give a molar ratio of 97:3 (PtdCho: nositides is assumed.

PtdInsR). The lipid mixture was then dried under a stream  Competition for Vesicle Binding by Lipid Headgroufs.

of nitrogen, followed by exposure to high vacuum. Dried compare binding of the headgroups of PtdIns-3-P (Ins(1,3)-
lipids were hydrated by addition of assay buffer (25 mM p,) and Ptdins(4,5)P (Ins(1,4,5)B) to FYVE and PH
HEPES, pH 7.2, 100 mM NaCl) to generate a suspension domains with the binding of the corresponding intact lipids
containing 25 mM total phospholipid, and the pH of this in a PtdCho vesicle background, competition experiments
mixture was checked (and corrected if necessary). SUV's were employed. Competition experiments for the RY;ERH
were then generated by multiple cycles (more than 20) of domain were performed with &M protein and with a
freezing (in liquid nitrogen) and thawing, with extensive bath constant (effective) Ptdins(4,5)Roncentration of 15:M
sonication at 45C, until the suspensions became optically ([total lipid]ayaiape= 0.5 mM), while FYVE domain experi-
clear, indicating that small vesicles had been formed. Using ments employed 1&M FYVE domain and an effective
PtdIns(4,5)R-containing vesicles generated with this ap- Ptdins-3-P concentration of 28/ ([total lipid] avaiiabe= 0.93
proach, we previously showed that 57% of the Ptdins(4,5)- mM). Lipid vesicles were preincubated with increasing
P, is accessible on the outer surface of the vesicles for PH concentrations of free headgroup or diHexdIns-3-P (up to
domain binding 7). 1 mM), and protein was added last. The sample was then

Centrifugation Assays for Lipid Vesicle Bindiriginding mixed, and residual vesicle binding was assayed as described
of proteins to lipid vesicles was assessed (in assay buffer asshove.

defined above) by their ability to pellet with vesicles of -~ Apayytical UltracentrifugationSedimentation equilibrium
d(_efmed.composnmn upon.uItracentrlfugatl.on. Since SUV's experiments employed an XL-A analytical ultracentrifuge
will ordinarily not pellet in an ultracentrifuge, we used (Beckman). Samples were loaded into six-channel Epon
PtdCho that contains dibrominated acyl chains as our chaycoal-filled centerpieces, using quartz windows. Experi-
ba_lc_kground I_|p|d, to mcrease_the vgsmle density ar_wd gllow ments were performed at 2& using two different speeds
efficient pelleting (2.3). A centrlfugaplon assay for blnd|r)g (18 000 and 23 500 rpm), detecting at 280 or 300 nm, with
of the FYVE domain to a given lipid involved preparation jyentical results. Solvent density was taken as 1.0037 g/mL,
of 80uL samples in seven tubes, each containing a different ;.4 the partial specific volume of the FYVE domain was
concentration of phospholipid but a constant concentration ogtimated from its amino acid composition as 0.714 mk. g
(10”'\3);)“ FYVE domain. Thel lipid lc%?clent(rjatlons chozen Experiments were performed with the FYVE domain at 58
ranged from 0 to 2.5 mM total available lipid (estimated as ; i
50‘5J of the total lipid), correspondin to—%’S( M phos- MM- (PET-derived pr.ote|r_1) and 6’%/! (cleaved from GST ;

0 pid), P 9 HM P fusion). Data were fit using the Optima XL-A data analysis

phoinositide (present at only 3 mole percent). Following ¢ofware (Beckman/MicroCal).
mixing of vesicles and protein, the samples were centrifuged

for 1 h at 25°C at 85 000 rpm in a Beckman Optima TLX RESULTS

ultracentrifuge, using a TLA-120.1 rotor. Sixty microliters

of the supernatant was then taken and assayed for protein To investigate specific Ptdins-3-P recognition by mam-
content. After the remaining supernatant was discarded, themalian FYVE domains, we began by using a “dot-blot” lipid-
vesicle pellet was resuspended in/80 of assay buffer by  interaction assayl6) to compare binding of the isolated
bath sonication, and 6@L was taken for protein assay. FYVE domains from Hrs-1 and FGD1 (&-labeled GST-
Protein assays employed the Pierce BCA assay, as directedusion proteins) to a series of phosphoinositides and other
by the manufacturers. For protein assays using resuspende@ellular phospholipids. As expecte8~7), both the Hrs-1
vesicles, SDS (1%) was added after incubation with the and FGD1 FYVE domains gave a significant signal with
detection reagent in order to remove scattering artifacts whenPtdIns-3-P in this assay (Figure 1). For the Hrs-1 FYVE
measuring absorbance with a spectrophotometer. A standardlomain, no significant signal was detected for any other lipid
curve for each protein was generated in tandem, using thetested, indicating remarkable specificity for Ptdins-3-P that
Pierce BCA assay, and the percentage of protein added inmatches the highest degree of specificity seen with PH
the assay that bound to the lipid vesicles (and therefore domains using this and similar assay$,(25). The FGD1
pelleted) was determined as the average suggested by assdyYVE domain appeared to be slightly less selective and also
of pellet and supernatant. Molar partition coefficierks, showed significant binding to Ptdins-5-P, as well as weak
as defined 24), were then estimated by fitting the data (in signals with Ptdins(3,4)PPtdIns(3,5)R, and PtdIns(3,4,5)-

ORIGIN) to the equation: Ps.
o To compare the Ptdins-3-P binding affinity of a FYVE
% protein bound= 10 K[lipid] domain with values measured for PH domains that bind
1+ K[lipid] phosphoinositides specifically, we employed a centrifugation-

based vesicle-binding assay that we have used for our
where [lipid] is the concentration of available lipig~{pro- previous PH domain studied, 22) (see Experimental
teinlyoung, @pproximated by one-half the total lipid concentra- Procedures). Purified GST-FYVE fusion proteins bound
tion (assuming 50% is available on the SUV outer leaflet), strongly to vesicles containing PtdIns-3-P but showed a
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FIGURE 2: Vesicle binding by the Hrs-1 FYVE domain. Binding ~FIGURE 3: Hrs-1 FYVE domain is monomeric. Sedimentation
samples) to vesicles containing di(dibromostearoyl)phosphati- FYVE domain produced by cleavage from a GST-fusion protein
dylcholine with 3 mole percent Ptdins-3-B)( PtdIns-4-P ©), or sediments as a monomeric species. A plot is shown of the logarithm
Ptdins-5-P £), measured using the centrifugation assay described ©f the absorbance at 280 nM [In{#)] against the square of the

in Experimental Procedures. Data are plotted as the percent proteifadius ( — r¢?)/2, wherer is the radial position in the sample and
bound to pelleted vesicles against the tatailable lipid concen-  fois the radial position of the meniscus. For an ideal single species,
tration, estimated as one-half of the total lipid concentration. this plotis linear and the gradient of the line is proportional to the

Effective phosphoinositide concentrations are 3% of the millimolar Molecular mass of the species. Idealized results are plotted for the
value plotted on the horizontal axis. Data for PtdIns-3-P binding Monomeric FYVE domain (solid line) and a dimeric FYVE domain

represent the mean of three experimetitstandard deviation). The ~ (broken line). The data collected for a 23 500 rpm spin at@®f
fit of the Ptdins-3-P data to the binding function described in the Hrs-1 FYVE domain produced by cleavage from a GST-fusion

Experimental Procedures yields a partition coefficiétdf 12 020 protein coincide very closely with the expected data for a monomer

M-, which would correspond to lép of 2.5uM if 1:1 PtdIns-3-P and give a monomeric molecular mass in data fitting (see Results).

binding by the FYVE domain were assumed. ) ) ) ) )
GST-fusion-derived FYVE domain only in lacking the

tendency to precipitate that prevented quantitative interpreta-C-terminal hexahistidine tag (which does not influence
tion (data not shown). By contrast, isolated FYVE domains Ptdins-3-P binding by the GST fusion). One possible
expressed from pET vectors without fusion to GST did not explanation for this difference in binding was that the FYVE
bind PtdIns-3-P-containing vesicles. Since fusion to GST domain cleaved from the GST-fusion protein actually exists
induces dimerization2@), we hypothesized on the basis of as a dimer-perhaps in a metastable folded state. This
these initial observations that FYVE domains require dimer- phenomenon has been observed with the N-terminal domain
ization in order to bind Ptdins-3-P in lipid vesicles. We of CD2, which occurs as a dimer only when produced by
previously found that the dynamin PH domain only binds cleavage from a GST-fusion proteir27). To test this
phosphoinositides when dimeri2d). Moreover, Kutateladze  possibility and to rule out possible aggregation of the cleaved
et al. have reported that the EEA1 FYVE domain binds much Hrs-1 FYVE domain, we used analytical ultracentrifugation
more strongly to PtdIns-3-P-containing vesicles when fused sedimentation equilibrium to measure the molecular mass
to GST than when not tagged4). of the protein. When loaded in the centrifuge cell au6b3,

To test directly the hypothesis that dimerization of FYVE the cleaved FYVE domain sedimented as a single 10 464
domains is required for their phosphoinositide binding, we Da species, while the pET11a-derived Hrs-1 FYVE domain
analyzed a form of the Hrs-1 FYVE domain that was initially (loaded at 58M) behaved as a 9213 Da species (this protein
produced as a GST-fusion protein but from which GST had lacks the hexahistidine tag). As shown in Figure 3, the Hrs-1
been removed proteolytically. A GST/Hrs-1 FYVE fusion FYVE domain produced by cleavage from a GST-fusion
protein with a C-terminal hexahistidine tag was purified as protein clearly sediments as a monomeric (expected molec-
described in Experimental Procedures. Following cleavageular mass= 10980 Da), and not a dimeric, species.
with thrombin, the isolated FYVE domain was separated Dimerization of the Hrs-1 FYVE domain in solution is
from GST by metal-affinity chromatography and size- therefore not a prerequisite for its binding to PtdIns-3-P in
exclusion chromatography and was analyzed for Ptdins-3-Pvesicles.
binding using the centrifugation-based vesicle-binding assay. From these findings it can be argued that a monomeric
As shown in Figure 2, this protein pelleted efficiently with form of the Hrs-1 FYVE domain binds PtdIns-3-P-containing
phosphatidylcholine (PtdCho) vesicles containing 3 mole vesicles with substantial affinity. The failure of protein
percent PtdIins-3-P but not with similar vesicles containing produced from pET11a constructs to bind Ptdins-3-P may
Ptdins-4-P or PtdIns-5-P. Thus, fusion to GST is not required result from misfolding or incomplete charging with Zn
for strong binding of the Hrs-1 FYVE domain to Ptdins-3- but we have not investigated this issue any further. For
P. binding of the GST-fusion-derived monomeric Hrs-1 FYVE

As mentioned above, when expressed from pET1la domain to Ptdins-3-P in small unilamellar vesicles (SUV’s),
without fusion to GST, the Hrs-1 FYVE domain failed to the molar partition coefficient (see Experimental Procedures)
bind any of phospholipids tested, despite differing from the estimated by curve fitting (Figure 2) is 12 020 M If a
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Ficure 4: Headgroup competition assays. Binding of the Hrs-1
FYVE domain (present at 10M) to vesicles containing PtdIns-
3-P (with [PtdIns-3-Peciive Of 28 uM) is completely unaffected
by addition of Ins(1,3)Pto concentrations of up to 1.5 mM or by
addition of soluble dibutanoyl-PtdIins-3-P to concentrations of 800
uM. By contrast, when binding of the PL& PH domain (at 5
uM) is studied to vesicles containing Ptdins(4,5ffPtdIns(4,5)-
P;]efrecive = 15 uM), the headgroup of the lipid [Ins(1,4,5)As a
very effective competitor for vesicle binding. Addition of Ins(1,4,5)-
P; to just 75uM is sufficient for almost complete disruption of
PLCo-PH binding to Ptdins(4,5containing membranes. Data for
the PLG)-PH competition are from Kavran et all5).

stoichiometry of 1 PtdIns-3-P per FYVE domain molecule
is assumed, this corresponds to an appatentof ap-
proximately 2.5uM for PtdIns-3-P binding. Thi¥p value

is comparable with th&p measured by isothermal titration
calorimetry for PtdIins(4,5)binding by the PH domain from
PLC-1 (=2 uM) (17) but is actually around 4-fold stronger
than the PLG-PH/Ptdins(4,5)R interaction studied using
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here does not dimerize at concentrations 10-fold higher than
used for this experiment, the explanation for the failure of
Ins(1,3)R to compete for vesicle binding cannot arise from
a simple avidity effect (see Discussion). One possible
explanation for the failure of this competition is that
interactions of the FYVE domain with the glyceryl ester
backbone of PtdIns-3-P are required. This simple explanation
was excluded by the inability of freely soluble dibutanoyl-
PtdIins-3-P (with short acyl chains) at concentrations up to
800 uM to compete with the FYVE domain from vesicles
containing dihexadecanoyl-PtdIns-3-P (Figure 4).

DISCUSSION

The experiments presented here allow direct comparison
of specific phosphoinositide binding by a FYVE domain and
a well-studied PH domain (from PL@;). Dot blots and
vesicle-binding studies indicate that the selectivity of the
Hrs-1 FYVE domain for PtdIns-3-P over other phospho-
inositides is as great as, if not greater than, that shown by
PLCS-PH for its target, Ptdins(4,5)PWhile binding of Hrs-1
FYVE to PtdCho vesicles containing 3% Ptdins-4-P or
PtdIns-5-P is virtually undetectable compared with PtdIns-
3-P binding (Figure 2), PL&PH shows only an ap-
proximately 5-6-fold preference for Ptdins(4,5Fover
Ptdins-4-P 17, 28) or PtdIns(3,4)R(28) in PtdCho vesicles.
While these observations indicate that the Hrs-1 FYVE
domain is more selective in its phosphoinositide recognition
than PLG-PH, we find surprisingly that PtdIns-3-P binding
by the FYVE domain is recapitulated far less well by the
isolated lipid headgroup than is the case for BLEH
binding to Ptdins(4,5)Pand for other specific PH domain
interactions. There are several possible explanations for this
difference, as outlined below.

precisely the same centrifugation-based vesicle binding assay Our initial hypothesis was that Hrs-1 FYVE domain

(15). Thus, binding of the monomeric FYVE domain from
Hrs-1 to lipid vesicles containing PtdIns-3-P is similar in
strength, if not stronger, than binding of monomeric BLC
PH to vesicles containing PtdIins(4,%)P

Membrane binding by PL&PH and other phosphoi-
nositide-specific PH domains is dominated by high-affinity
recognition of the inositol phosphate headgroag)( For
example, PLG-PH binds nearly 10-fold more strongly to
the isolated headgroup Ins(1,4,5)Ran to Ptdins(4,5)R17),
and the PH domains from Grpl and DAPP1 show similar
characteristics1(5). Indeed, since the headgroup is the only
region in which different phosphoinositides are distinct, it

binding to PtdIins-3-P in vesicles is multivalent. Univalent
Ins(1,3)R or dibutanoyl-PtdIns-3-P (di4PtdIns-3-P) would
compete very inefficiently with PtdIns-3-P in vesicles for
binding to a species with multiple binding sites for the lipid
headgroup, since the energies of individual binding sites
would add to create a high-avidity interaction with the vesicle
surface. If this hypothesis is correct, the individual FYVE
domains could contain multiple Ptdins-3-P binding sites,
which seems unlikely for such a small protein module, or
they could oligomerize to generate the avidity effect.
Analytical ultracentrifugation studies show that the Hrs-1
FYVE domain remains monomeric at concentrations at least

is expected to be the primary site of interaction with domains 6-fold higher than those used for the vesicle binding studies
that recognize specific phosphoinositides. However, for the reported here (Figure 3). Thus, by contrast with the case for

Hrs-1 and FGD1 FYVE domains, we were unable in
preliminary studies to detect significant binding’t-labeled
Ins(1,3)B (not shown). Competition binding studies pre-
sented in Figure 4 highlight a critical difference between the
mode of phosphoinositide recognition by the Hrs-1 FYVE
domain and the PL&; PH domain. Ins(1,4,5)As a very
effective inhibitor of PL®-PH binding to vesicles containing
3% PtdIns(4,5)R When present at a concentration ofui,
Ins(1,4,5)R completely prevents binding of PI&GPH (at 5
uM) to PtdIns(4,5)R-containing vesicles (with an g of
approximately 2Q«M). By contrast, even at a concentration
of 1500uM, Ins(1,3)R has no detectable effect on binding
of the monomeric Hrs-1 FYVE domain (at ®1) to Ptdins-

the PH domains from dynamin-1 and dynamin22)( there

is no requirement for strong FYVE domain oligomerization
in order for the Hrs-1 FYVE domain to bind phospho-
inositide-containing vesicles. From NMR analysis of trans-
lational diffusion coefficients, Kutateladze et al4] ob-
served that the FYVE domain from EEALl begins to
oligomerize at concentrations above 0.2 mM. A weak
tendency to oligomerize when free in solution would translate
into a much stronger tendency to self-associate when FYVE
domains are concentrated and restricted to two dimensions
at a membrane surfacgd). Under these circumstances, weak
monovalent PtdIns-3-P binding and weak self-association
could cooperate to generate an effective high-avidity interac-

3-P-containing vesicles. Since the Hrs-1 FYVE domain used tion, with which univalent Ins(1,3)Por di-C,-PtdIns-3-P
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would not compete efficiently. Furthermore, it is possible monomeric PH domain from PL@: (17, 28, 33—35).
that conformational changes, indicated by the NMR chemical However, &K, for Ptdins-3-P binding of 2.5M (Figure 2)
shift perturbations seen upon binding of dj-Btdins-3-P is not sufficient for significant membrane targeting of a
binding to the EEA1 FYVE domairld), lead to stabilization =~ monomeric FYVE domain. Gillooly et al. found that the
of an oligomeric form of the FYVE domain only at the isolated Hrs-1 FYVE domain is predominantly cytoplasmic
membrane surface. when expressed in mammalian cel. (Similarly, Lawe et

In addition to this possible contribution to membrane al. found that fragments of EEAL are targeted to endosomes
association, it has been suggested that the FYVE domainin vivo only if they can bind to both Ptdins-3-P and Rab5
penetrates the hydrophobic region of the lipid bilayer and (36). The fact that &p of approximately 2:M is sufficient
that this may add to the strength of Ptdins-3-P binding. for membrane targeting of the PL&-PH domain, but not
Certainly, this contribution would only be relevant for for FYVE domains, is likely to reflect the simple fact that
binding to PtdIns-3-P in vesicles and not for association with cellular levels of PtdIins(4,5)xceed those of Ptdins-3-P
di-C4-PtdIns-3-P or Ins(1,3}PAs such, surface penetration by 20—25-fold (37). There is therefore no reason to expect
could provide at least part of the explanation for the failure that aKp strong enough for Ptdins(4,5)Rargeting in vivo
of the univalent, soluble, ligands to compete for vesicle will be sufficient for Ptdins-3-P targeting.
binding. The X-ray crystal structures of the Vps27p and  Cellular Ptdins-3-P levels are roughly comparable with
Hrs-1 FYVE domains revealed an exposed hydrophobic levels of Ptdins(3,4)Pand Ptdins(3,4,5)seen in agonist-
patch, immediately preceding the R(R/K)HHCRXCG signa- treated cells 37). PH domains that can be recruited (as
ture motif in the FYVE domain sequencEX 13). This patch monomers) by these transiently occurring 3-phosphoinositi-
lies at the “tip” of the FYVE domain, and its hydrophobic des (the PH domains from Grpl, Btk, and DAPP1, for
nature is well conserved among FYVE domains. Resonancesexample) bind to them witlp values between 30 and 50
from residues in this region of the EEA1 FYVE domain nM (16). A Kp in this range should therefore also suffice
disappeared in NMR spectra when micellar (but not soluble) for targeting of FYVE domains to endosomes. While the
Ptdins-3-P was added to the sample, supporting the suggesisolated Hrs-1 FYVE domain is predominantly cytosolic
tion that they are surface actived). The structurally related  when expressed in BHK cells, Gillooly et al. showed that a
Clb domain from PK@ has a region similar to the “double FYVE” (2 x FYVE), in which two Hrs-1 FYVE
hydrophobic protrusion of the FYVE domair8@), and domains are present in a single protein molecule, is targeted
monolayer studies of the PKCC1 domain showed that it  very efficiently to endosomes8). The effectiveKp for
does penetrate the membrargl)( most likely using this binding of a tandem pair of FYVE domains to a PtdIns-3-
hydrophobic protrusion. Finally, while this paper was in P-containing membrane is predicted to range from perhaps
review, Kutateladze et al. reported an NMR determination 0.01 nM to 10’s of nanomolar, depending on how well the
of the EEA1 FYVE domain structure in complex with di- two FYVE domains cooperate (based on the results shown
C,-PtdIns-3-P, as well as observations of its interactions with in Figure 2). Surface plasmon resonance (SPR) stu8jes (
Ptdins-3-P-containing mixed micelle83). Evidence for suggested &p of 38 nM for binding of a GST-FYVE-fusion
conformational changes upon binding to diHexdIns-3-P protein to membranes containing PtdIns-3-P [the use of a
was seen but none that appeared to alter the oligomeric statelimeric GST-fusion protein in these studies leads to an
of the domain. More importantly, the region immediately overestimate of the monomer affinit§g) and may represent
preceding the FYVE domain signature motif was shown to a reasonable estimate of binding bk 2FYVE]. With aKp
penetrate the surface upon binding of the EEA1 FYVE of 38 nM or less, 2x FYVE is a very effective PtdIns-3-P
domain to mixed micelles containing Ptdins-3-P. This study probe @), suggesting that Hrs-1 ordinarily achieves its
therefore argues that polar interactions with the PtdIns-3-P endosomal localization through oligomerization or with the
headgroup and hydrophobic interactions with the membraneadditional involvement of other, unrelated, interactioh®) (
interior cooperate to drive high-affinity binding of the FYVE
domain to Ptdins-3-P-containing membranes. According to ACKNOWLEDGMENT
this model of Kutateladze et al32), neither di-G-PtdIns-
3-P nor PtdCho bilayers should be able to compete the FYVE
domain away from PtdIns-3-P in PtdCho bilayers, although
either component alone can bind weakly to the FYVE
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