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ABSTRACT. A number of biochemical and genetic studies have suggested that certain annexins play important
roles in the endocytic pathway, possibly involving the generation, localization, or fusion of endocytic
compartments. In a yeast two-hybrid screen for proteins that interact with the N-terminal domain of annexin
A2 we identified the mu2 subunit of the clathrin assembly protein complex AP-2. The interaction depended
upon two copies of a Yx® amino acid sequence motif (*¥ tyrosine, x= variable residued = bulky,
hydrophobic residue) in the annexin that is also characteristic of the binding site for mu2 on the cytoplasmic
domains of transmembrane receptors. The interaction between mu2 and full-length annexin A2 was
demonstrated in vitro to be direct, to require calcium, and to be functional in the sense that annexin A2
was able to recruit the mu2 to immobilized lipids. Examination of other annexins and mu subunits
demonstrated that annexin A2 also binds the mul subunit of the AP-1 complex, that annexin A6 binds
mul and mu2, and that annexin Al binds only mul. We propose that annexins can “masquerade” as
transmembrane receptors when they are attached to membranes in the presence of calcium and that they
might therefore function to initiate calcium-regulated coated pit formation at the cell surface or on
intracellular organelles.

The annexins are a family of calcium-dependent, membrane-calcium-dependent endosome fusion in vih The use of
binding proteins that are expressed at high levels in mosta dominant negative annexin A2 construct in cells led to the
eukaryotic organismsl( 2). Their abundance suggests they improper trafficking and localization of endosomes). (
may play important roles in the overall structure, organiza- Recent studies employing the use of inhibitory RNA to
tion, and interactions of membranes when intracellular effectively reduce annexin A2 levels in cells have confirmed
calcium levels are elevated. The “bivalent” ability of many the importance of annexin A2 in the localization of transferrin
of the annexins to bind to two membranes and form tight receptor-containing recycling endosomés)(as well as in
contacts between them led to the early suggestion that thethe apical transport of vesicles in polarized epithelial cells
annexins may act as “chaperones” of membrane fusion in(11) and in the formation of multivesicular transport inter-
processes such as exocytosds4). However, more recent  mediates following endocytosid2). In addition, the traf-
cell biological studies involving in vitro membrane trafficking  ficking of GLUT4 glucose transport vesicles to the plasma
models, in vivo localization studies, and techniques to alter membrane in adipocytes in response to insulin was inhibited
annexin expression or function in cells, have suggested that60% by knockdown of annexin A2 levels by siRNAJ).

the annexins may also play important roles in the process of - Apnexin A1 also has been associated with vesicle traf-
endocytosis and the movements, interactions, and Iocallzatlonﬁcking in cells. In early studies, it was found to undergo

of endosomes. For example, annexin A6 was shown 10 be yssphorylation during processing of the epidermal growth
an essential component of an in vitro model that recapitulatess, ~tor receptor in the multivesicular body4). It was also

the formation of coated pits from isolated plasma membraness \nd to be associated with early endosomes through an
(5). Annexin A6 was also found to stimulate endocytosis ;iaraction that required its N-terminal domaitsy, and it

when overexpressed in Chinese hamster ovary cells and Qa5 found to be necessary for the recruitment of the S100C
influence the trafficking of low-density lipoprotein to the protein to early endosomes®).

relysosomal compartmeng . . .
prely P A Particularly relevant to the studies reported here, annexins

A””E‘)?'” A2 was report_ed to be a major component of A2 and A6 were found to be components of isolated coated

fusogenic endosomal vesicles that was transferred between — . L

X . e S ; vesicles from the adrenal cortex. The association of these
vesicles during fusion in vitro7). Inhibition of annexin A2

with an inhibitory peptide or specific antibodies inhibited annexins with the coated vesicles was calcium mdepend_ent

and therefore did not appear to be related to the canonical
property of annexins to bind lipids in a calcium-dependent
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Institutes of Health (GM59891) and by a Pilot and Feasibility Grant ) . . o
from the University of Virginia Diabetes Center. Although these prior studies provide a strong indication
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contexts would likely depend on the interactions of annexins formants in each screen. The library vector, pACT2, has the
with other proteins, we have been screening for binding human cDNAs cloned to the C-terminus of the GAL4
partners for annexins, previously by biochemical methods activation domain. The host cell, AHLOMATa trp1-901,

(18, 19), and here by yeast two-hybrid technology. We have leu2-3,112, ura3-52,his3-200, gal4, gal8Q\, LYS2:
focused our attention on interactions with the N-terminal GAL1yas—GAL1tata—HIS3, GAL2uas—GAL27atA-ADE2,
domains of the annexins since the C-terminal core domainsURA3::MEL1,,s —MEL11ata-lacZ) has been engineered so
may be primarily occupied with binding calcium and that reconstitution of an active GAL4 protein results in
phospholipids in the cell. Here we report that the mu subunits expression of HIS3 and ADE2. Transformants were plated
of the AP clathrin assembly protein complexes are potential on Leu, Trp~, His~, Ade  selective plates. Colonies
binding partners for annexins and suggest mechanistic rolesappearing on these plates after 3 or 4 days were streaked
annexins could play in coated pit formation and endosomal onto plates with the same medium to verify growth. After 3

trafficking based on these observations. or 4 days the plasmids from colonies growing on these plates
were captured by transformation &f coli in ampicillin-
EXPERIMENTAL PROCEDURES containing medium and DNA minipreps were prepared for

retransformation of the host cells harboring either the original
annexin A2 bait vector or the bait vector without insert. The
inserts of plasmids that promoted growth of the host cell
harboring the annexin bait construct but did not promote
growth of cells harboring the empty bait vector were scored
as positive interactors.

Mutagenesis of YxXx Motifs in Annexin A2Tyr24 and
Tyr30 in the N-terminal domain of annexin A2 were replaced
by alanines by amplifying the corresponding cDNA from
the two-hybrid bait vector (pGBKT7) with PCR primers
containing codon replacements and then religating into the
bait vector. Primers were synthesized that were the exact
complements of the following sequences. The mutations are
marked in bold:

DNA ConstructsPlasmids for the expression in yeast of
human annexin A120), annexin A2 20), annexin A6 21),
T356 D mutant annexin A&(l), and annexin A720) were
previously described. cDNA encoding residues-1235 of
human mu2 was obtained by screening a human fetal brain
yeast two-hybrid library in vector pACT2 obtained from
Clontech (Catalog No. HL4028AH). cDNAs for human mul
and mu3 were obtained as EST (IMAGE) clones from the
American Type Culture Collection. The portions of these
cDNAs encoding residues 12423 of mul and 123418
of mu3 (isoform mu3a) were amplified by PCR and
subcloned into the Eco RI and Xho | sites of the yeast two-
hybrid library vector pGADT7 (Clontech).

cDNAs encoding the N-terminal domains of human
annexins Al (amino acid residues-43), A2 (residues
1-34), A6 (residues 421, and residues 327364 of the
interdomain linker), A7 (residues-1145) and A11 (residues
1-201; ref19) were amplified by PCR from the plasmids
listed above and subcloned into the yeast two-hybrid bait Y24A mutant
vector pGBKT7 (Clontech). Allinserts included the initiating v s 2 a2 ¢ s v ¥ a v 7 8 ¥ b * sa1
meth|0n|ne (as reSIdue number 1) Of the Ol’lglna| anneX|n CCA AGT GCA GCT GGG TCT GTC AAA GCC TAT ACT AAC TTT GAT TGA GTC GAC CGC
cDNAs, now fused at the C-terminus of the GAL4 DNA
binding domain.

The portions of the mul, mu2, and mu3 cDNAs in the
yeast tWO_hybrId VeCtorS descrlbed above were SubclonedCCA AGT GCA TAT GGG TCT GTC AAA GCC GCT ACT AAC TTT GAT TGA GTC GAC CGC
after PCR amplification into the Sal | and Not | sites of the Y24A, Y30A double mutant
GST fusion vector pGEX-4T1. > s a a 6 s v k¥ a a T w F b + st

PrOteInSHuman anneXInS Al’ A2’ A6 (natlve a'nd T356D CCA AGT GCA GCT GGG TCT GTC AAA GCC GCT ACT AAC TTT GAT TGA GTC GAC CGC
mutant), and A7 were produced as recombinant proteins in

yeast using the plasmids described above and purified by Expression of the Abl Kinase in the Yeast Two-Hybrid Host
calcium-dependent binding to phospholipid vesicles as Cell. The yeast two-hybrid assay was modified by expressing
described 20). Proteins extracted directly from lipids with  the Abl kinase in the host cell, AH109. The catalytic domain
the calcium chelator EGTA were used without further of the Abl tyrosine kinase with a'Snuclear localization
purification other than buffer exchange on Sephadex G25 sequence was integrated into the Ade2 locus of the AH109
or dialysis into appropriate experimental buffers. Bovine chromosome using a yeast integration vector (YIpDCE1-
annexin Al 22) and bovine annexin A2S100A10 tetramer  Ap|) kindly provided by Dr. Cynthia Corley Mastick of the
(23) were prepared from bovine lung as previously described. ynjversity of Nevada. The modified host cell was trans-
GST fusion proteins of mul, mu2, and mu3 were formed with the annexin A2 N-terminal bait vector and the
expressed irEscherichia coliand purified by binding to  mu2 library vector and the interaction was tested by selection
glutathione-substituted agarose as described previously foron His™ plates. Negative control experiments were performed
copine target proteins24). with AH109 cells transformed with the YIpDCE1 vector
Yeast Two-Hybrid Assaifhe Clontech system 3 vectors without insert, and positive control experiments were per-
and AH109 host cells (similar to strain PJ69-4A; 28j were formed with a copie | A domain bait and the N-terminal
used for the two-hybrid assay. The annexin A2 N-terminal domain of protein phosphatase 5 as a binding prot&i. (
bait vector described above was used in two independent GST Pull-Down AssaylThe GST-mu fusion proteins (or
screenings of a human fetal brain cDNA library (Clontech GST alone in control experiments), bound to agarose beads
Catalog No. HL4028AH) with approximately 200 000 trans- were washed in binding buffer (50 mM Hepes-NaOH, pH

Native sequence

P S A Y G S v K A Y T N F D * SAL I

CCA AGT GCA TAT GGG TCT GTC AAA GCC TAT ACT AAC TTT GAT TGA GTC GAC CGC

Y30A mutant

P S A Y G S v K A A T N F D * SAL I
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7.3, 150 mM KCI) plus 0.2% Triton X-100. Pull-down
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with 300uL of plate assay buffer, incubated with 200 of

experiments were carried out by incubating approximately a 1:2500 dilution of goat anti-rabbit 1gG coupled to

20 ug of the fusion protein bound to beads with 2 of
purified annexin A2 in a total volume of 5Q€L of binding
buffer plus 0.04% Triton X-100 and 5 MM EGTA or 5 mM
CaCl for 1-2 h on a shaker at room temperature. The
volume of beads in each experiment was brought ta50

horseradish peroxidase (American Qualex A102PN) in plate
assay buffer plus 0.5% BSA, then washed three times with
300 uL of plate assay buffer. Finally, the bound GST was
guantitated by incubation with 10 of 1 mM ABTS (2,2-
azino-bis(3 ethylbenzthiazoline-6-sulfonic acid) in 70 mM

by the addition of glutathione agarose beads without bound citrate-phosphate buffer, pH 4.2, 0.03%@4 for 1 h, and
protein if necessary. The incubations and washes werethe absorbance of the wells was read at 414 nm.

performed in “nonstick” microtubes from Research Products

Analytical Methods.Protein concentrations were deter-

International. After incubation of the sample, the supernatant mined by the method of Bradfor®{) with bovine serum
was withdrawn and the beads were washed three times Wltha|bum|n as standard, and SDS ge|s were run according to

1.5 mL of binding buffer containing 5 mM EGTA or 5 mM
CaCb. Separation of beads from buffer was achieved by
sedimentation at 5@or 1 min. Finally, proteins were eluted

Laemmli 32). DNA sequencing by the Sanger chain
termination method and oligonucleotide syntheses were
performed by the University of Virginia Biomolecular

from the beads with electrophoresis sample buffer and loadedresearch Facility core laboratories.

on SDS-PAGE gels. After electrophoresis, the proteins were
electroblotted onto nitrocellulose paper, which was then
stained with 0.2% Ponceau S in 3% trichloroacetic acid.
Recruitment Assayl o determine if annexins could recruit
the mu subunits to a lipid surface an ELISA assay was
designed. The first part of this assay involves the binding of
the annexin to lipids immobilized in the well of a microtiter

RESULTS

Identification of the mu2 Subunit of thd>-2 Complex as
a Binding Partner for the Annexin A2 N-Terminal Domain.
To search for proteins that interact with the N-terminal
domain of annexin A2, the N-terminal 34 residues were fused

plate and is based on similar assays that have been usedP the yeast GAL4 DNA binding domain and used as a bait

previously to assess lipid binding by annexins (Pollard, H.
B., unpublished results, and réf6—29). Nunc 96-well plates
with a “Polysorb” coating were used as this coating is
designed to bind hydrophobic molecules. “Macrosorb”
coating has been used previoush6,(27), but we found in
preliminary experiments that annexin binding was slightly
enhanced with the “Polysorb” coating (data not shown).
Lipids were obtained from Avanti Polar Lipids as chloroform
solutions and mixed in appropriate ratios for experiments
with mixed lipid systems. The following lipids were used:
phosphatidylcholine from egg yolk, phosphatidylserine from
brain, phosphatidylethanolamine from brain, phosphatidyli-
nositol from bovine liver, phosphatidylinositol-4,5-bispho-
sphate from brain, and cholesterol from wool grease. After
mixing of the samples, the lipids were diluted with methanol
to 20ug/mL and 10QuL of this solution was applied to each
well of a 96-well Nunc plate. Lipids were dried overnight

in a yeast two-hybrid screen of a human fetal brain cDNA
library. The bait construct was found not to cause auto-
activation in control transformations. Approximately 400 000
colonies were screened in two independent transformations
with the library DNA. Twenty-three colonies were isolated

in these screens, and the library plasmids from these were
isolated and sequenced. Six were discarded as containing
noncoding portions of cDNAs or contaminating Alu se-
guences. The others were used to retransform the host cells
containing either the GAL4 DNA binding domain alone or
the complete bait construct. Eight plasmids interacted with
the GAL4 DNA binding domain alone and were discarded,
and three plasmids failed to induce host cell growth with
either GAL4 alone or the bait construct and were also
discarded. Six plasmids promoted growth with the bait
construct only and were scored as true positives. Three of
these six plasmids encoded portions of the mu2 subunit of

under house vacuum at room temperature. All subsequentthe clathrin assembly complex AP-2: clone A2N-2, residues
steps were also conducted at room temperature. Wells werel 39-435; clone A2N-9, residues 12235, and clone A2N-

blocked for 30 min with 30Q:L of 0.5% defatted bovine

20, residues 148435. Thus, clone A2N-9 encoded the

serum albumin (BSA, Sigma) dissolved in plate assay buffer Portion of the mu2 protein that has previously been shown

(150 mM KCI, 40 mM Hepes-NaOH pH7.4, 2 mM Mggil
Wells were then washed 2 times with 30D of plate assay
buffer. Proteins were then applied 48 of annexin, lug of
mu—GST fusion protein) in 20QL of plate assay buffer
plus 0.5% BSA and a calcium/EGTA buffer consisting of
2.5 mM EGTA and appropriate concentrations of G&tGl

to be soluble and to bind peptides corresponding to the
cytoplasmic tails of transmembrane recept@3 84). It is

also the portion of the mu2 subunit that was used to
determine the crystal structure of mu2 bound to a peptide
corresponding to a receptor taB3). This clone was used
for the subsequent studies reported here.

give the desired free calcium concentration as determined The mu2 protein is known to recognize a specific amino

by calculation 8, 30). After 30—60 min incubation the wells
were washed once with 30QL of plate assay buffer
containing the appropriate calcium/EGTA buffer and then
twice with 300uL of plate assay buffer containing 2.5 mM

acid sequence motif of Yx® in the cytoplasmic tails of
transmembrane receptors, where Y is tyrosine, x is variable,
and @ represents a bulky, hydrophobic residgs37).
Upon inspection of the N-terminal domain of annexin A2,

CacCl. All subsequent steps of the ELISA assay also included we found that two copies of this motif are present and were

2.5 mM CaC} to maintain the binding of annexirmu—
GST complexes that bound during the initial experimental
incubation. The wells were then incubated with 2Q00f a
1:2500 dilution of rabbit anti-GST antibodies (Sigma G-7781)

included in the bait construct, YGSF at residues-24, and
YTNF at residues 3033 (Figure 1). To determine if this
motif may be a general feature of annexins, we examined
the N-terminal domains of the other human annexins and

in plate assay buffer plus 0.5% BSA, then washed three timesfound that this motif is present in the N-terminal domains
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Annexin A2
MSTVHEILCKLSLEGDHSTPPSAYGSVrkaYTNFp

Annexin A1

MAMVSEFLKQAWFIENEEQEYVQT YPTFN
Annexin A3
MASIWVGHRGTVRDY PDF's -

. . mu2+
Annexin A6 N-terminal : : A
MAKPAQGAKYRGSIHDFPGFD A2

Annexin A6 Intervening

AAGQFFPEAAQVA Y QMWELSAVARVELKGTVRPANDFN

Annexin A7
usyrGYPPTGY PP Frayppa 'PPSGQYPY Y PQVPSsGYPGAGGYPAPGGYPAPGGYPGAPQPGGAPS
YPGVrraq SGYPQPP: PGGQMPSQYPGGQPTYPSQ

(1nTDSFssY PVFSPVSLDYSSE) PATVIQVTQGTIRPAANFD

Annexin All

MSYPGYPPPPGGY] Y IGLDNVATYAGQFNQDYLSGMA GG s 'YPPVpp l'[].'l]'_" |
GGFGQPPSAQQ PPY QPMPPPG QQPPGAYPGQPPVTYPGQPPVPLPGQQQPVPSYPGYPGS -
GTVTPAVPPTQFGSRGTITDAPGFD A _.‘\\ '1.' ql- f

Ficure 1: Occurrence of Yxsb motifs in the N-terminal domains
of annexins. The sequences of the N-terminal domains of the huma
annexins that have Yx& motifs are given, as well as the
intervening sequence between the two annexin core domains of
annexin A6. The Yx¥ motifs are underlined. In the case of annexin o 3 ) 3
A7, the variable splice insert is marked by parentheses. All of the FIGURE 2: Substitution of alanines for the tyrosines in the ¥xx
domains shown here, with the exception of annexin A3, were tested Motifs of the annexin A2 N-terminal domain blocks the two-hybrid
in the yeast two-hybrid assay for interaction with the mu2 protein interaction with mu2. Yeast strain AH109 transformed with the
(the annexin A7 construct tested extended only to the site of the MU2-GAL4 activation domain expression plasmid and the bait
splice insertion). plasmid harboring native or mutant annexin A2 N-terminal domain
was plated on HIS, ADE™ selective medium to assess interaction.
of four other annexins and in the sequence domain interven-The labels indicate the following constructions were usettA2:
ing the two core domains of annexin A6. Therefore, to test ﬁqmgizAgA'r-n“ ;Cté‘ffggc‘:prggz é’grcntg.rn%l“i 22{!"2 :;‘r?:x.'r? A/;Z;
. . . . u . uz— vatl | u 1V XI )
whefcher thgse mqtn‘s in other annexins might also supportmuZJrA2 Y24A: mu2—GAL4 activation domain plus Y24A
an interaction with mu2 we subcloned the N-terminal mutant annexin A2;mu2+A2 Y30A: mu2-GAL4 activation
domains of annexins Al, A6, A7, and All, as well as the domain plus Y30A mutant annexin AMmu2+A2 Y24A Y30A:
intervening domain of annexin A6, as indicated in Figure 1, mu2-GAL4 activation domain plus Y24A, Y30A double mutant
into the bait vector for the two-hybrid screen. However, no annexin A2. Note that the Y24A mutation results in a weaker

. . . ... .~ interaction as indicated by the pink color resulting from incomplete
interaction was detected with these other domains, indicating ;o mplementation of thade2mutation. The Y30A single mutation

a strict specificity for the mu2annexin A2 interaction that  and the Y24A, Y30A double mutation completely abrogate the
may depend on other structural features of the annexinannexin-mu2 interaction.

N-terminal domain.

The negative results with the other Ydxcontaining perform this test in the context of the yeast two-hybrid assay,
annexin tails raised some doubt as to whether the interactionwe employed a strategy introduced by Mastick and col-
with mu2 actually did depend on the Ydxmotif. Therefore, leagues to search for SH2 domain-containing proteins that
we mutagenized the tyrosines in these two motifs in the interact with caveolin 41). The gene for the Abl kinase,
annexin A2 tail to alanines, individually or in combination. which has a similar substrate specificity as the Src kinase,
The corresponding Y to A mutation in transmembrane was integrated into the genome of the host cell used for the
receptor tails has been shown to prevent their interaction with two-hybrid assay under control of a constitutive promoter.
mu2 38). As seen in Figure 2, mutation of the first tyrosine As illustrated in Figure 3, the presence of the Abl kinase
(Y24) resulted in a significant reduction in the growth rate blocked the interaction between the annexin A2 N-terminal
of the yeast and the introduction of a pink color, which is domain and mu2, although it did not interfere with the
the result of incomplete complementation of duke2mutant, interaction between another pair of interacting proteins in
which results in accumulation of a red intermediate in this assay-copine | and the TPR domain of protein phos-
adenine biosynthesis. Mutation of the second tyrosine alonephatase 524). Therefore, it appears that the interaction
(Y30) apparently completely blocked the interaction as no between annexin A2 and mu2 may be subject to regulation
growth was seen. The double mutation also prevented yeasby phosphorylation, although this result must be confirmed

cell growth. We conclude that the second Ybomotif is by demonstration that the correct tyrosine was phosphory-
the most important in supporting the interaction but that the lated in the bait construct and that the interaction between
tyrosine in the first motif may play a stabilizing role. the purified proteins in vitro is also regulated.

Modulation of the Interaction between Annexin A2 and  Direct Interaction of Full-Length Annexin A2 and mu2.
mu2 by the Abl Tyrosine Kinas&he tyrosine in the first ~ The critical importance of the second Y&xmotif in the
Yxx® motif is the site of phosphorylation of annexin A2  two-hybrid interaction raised a concern: The phenylalanine
by tyrosine kinases, in particular the Src kina3@.(Tyrosine in this position is highly conserved among the annexins (e.g.,
phosphorylation of the Yx® motif in the cytoplasmic tail see Figure 1) and crystallographic studies indicate that it
of the CTLA-4 plasma membrane receptor prevents its marks the beginning of the compact core domain of the
interaction with the AP-2 complex and in this way controls annexin and is pointed toward a hydrophobic pocket in the
its down regulation40). Therefore, we were interested to core @2). Therefore, it is not clear that in the intact annexin
determine if tyrosine phosphorylation of annexin A2 might protein this residue would be exposed and accessible to
also block its interaction with the mu2 subunit of AP-2. To binding mu2. Accordingly, we subcloned the entire coding
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BLANE asT GST-MU2Z BLANK asT GST-MU2

ablfO/mu2
97 — -

67 =—
<y —— -‘ - GsT-MUZ
w— g ANX A2

0= — A o s

0/0/muz || iilis O/ANT/mu2

o - -

abl fANi‘hnuz EGTA CALCIUM

abllO/PP5 FIGURE 4: Annexin A2 binds mu2 in vitro; regulation by calcium.

_ The results of a mu2GST pull-down assay were analyzed by
; staining of proteins electroblotted onto a nitrocellulose membrane
=—% following gel electrophoresis in SDS. Lanes are in pairs representing
: similar experimental conditions. The six lanes on the left represent
incubations with 5 mM EGTA, and the six lanes on the right
represent incubations with 5 mM &a Annexin A2 was incubated
with blank glutathione-agarose beads (BLANK), glutathione-agarose
O/COP/PP5 beads saturated with glutathioBdransferase (GST), or glutathione-
agarose beads saturated with the mgRitathioneS-transferase
fusion protein (GSTMU?2). See the experimental section for
further details. Note that annexin A2 bound only to the G&iu2
fusion construct in the presence of calcium.

sl annexin A2. Therefore, we tested whether the recombinant

abl /COP/PPS proteins would interact in vitro.

A GST pull-down assay was devised by subcloning the
FiGURE 3: Coexpression of the\bl kinase blocks interaction ~ Mu2 insert from the library screen (residues +235) into
between mu2 and the annexin A2 N-terminal domain. Top plate: the GST fusion vector pGEX-4T1, and this construct was
yeast strain AH109 was modified to express A tyrosine kinase used to prepare a GSTmu2 fusion protein bound to

and th_enAgfed '2”_”t‘e tWtC_"h%brt'g assay tr? tesr;[ th? ?_ensw't)? %f tlhe glutathione-agarose beads. These beads were then incubated
annexin mucz Interacton to tyrosine pnospnorylation. e l[abels : : _ : : :

indicate the constructions that were usedl/0/mu2:. Abl expres- with reco_mblnant full-length annexin A2.As _shown n Flgure_
sion plasmid, empty bait vector, mu#ZAL4 activation domain 4, @nnexin A2 was found to cosediment with beads substi-
vector; O/ANT/mu2: control expression plasmid withoubl, tuted with the fusion protein but not significantly with GST
annexin A2 N-terminal domain bait vector, mu&AL4 activation alone. Furthermore, the interaction was found to be depend-

domain vectorab/ANT/mu2: Abl expression plasmid, annexin  ent on calcium, since no interaction was seen in buffers
A2 N-terminal domain bait vector, mu2-GAL4 activation domain containing EGTA.

vector; 0/0/mu2 control expression plasmid withoétbl, empty . . . .
bait vector, mu2GAL4 activation domain vector. Note that the Although these results verified that a direct interaction

interaction seen between annexin A2 and mOANT/mu2) is between mu2 and annexin A2 could occur, it was unexpected

blocked by the expression @bl (ab/ANT/mu2). Bottom plate: that the interaction would be calcium dependent. The
control experiment showing that the two-hybrid interaction between n_terminus of annexin A2 is on the opposite side of the

the copine | C-terminal core domain and the protein phosphatase 5 tein f th Ici bindi it d th lci
N-terminal tetratricopeptide repeat doma®QOP/PPY is not protein from the calcium binding sSiteés, and the calcium

blocked by coexpression of thibl kinase &bl/COP/PPY. The binding sites function primarily to promote the binding of
labels indicate the constructions useabl/0O/PP5 Abl expression the core to phospholipids on the same side of the molecule

plasmid, empty bait vector, protein phosphatase 5-GAL4 activation as the calcium binding sites. If indeed the mu2 is binding to
domain vector0/COP/PPS control expression plasmid without e N.terminal domain of the annexin in this assay, then it
Abl, copine | core domain bait vector, protein phosphatase 5-Gal4 L . oo .
activation domain vectogblCOP/PPS Abl expression plasmid  appears that the binding of calcium to the annexin is leading
copine | core domain bait vector, protein phosphatase 5-Gal4 t0 a conformational change in the N-terminal domain. Such
activation domain vectoro/0/PP5 Control expression plasmid  a mechanism is compatible with observations that have been
v_vithoutAb_I,empty bait vector, protein phosphatase 5-Gal4 activa- made on the related protein, annexin Al, where crystal
tion domain vector. structures of the protein in the presence of EGTA or calcium
sequence for annexin A2 into the bait vector to determine if indicate that calcium causes the N-terminal domain to be
the intact protein would interact with mu2. No interaction ejected from an occluded state intertwined among the
was detected. However, we also found that when screeningbundled alpha helices of the core to a position extended away
the full cDNA library with this full-length annexin A2  from the core 43).

construct no signals were obtained, not even false positives Annexin A2 Recruits mu2 to a Phospholipid Monolayer.
representing proteins that interact with the GAL4 DNA To directly test whether the mu2 binds to the N-terminal
binding domain in the bait construct. We therefore suspect face of annexin A2 and not at the calcium binding sites, we
that the GAL4-annexin A2 fusion protein does not enter set up a solid-phase, lipid-recruitment assay to determine if
the yeast cell nucleus and that this construction cannot bemu2 would bind to the annexin when it is bound through its
used to validate an interaction between mu2 and full-length calcium-binding face to a lipid monolayer. Phospholipid
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Protein Antibody
Annexin A2 Anti-annexin
N7\
mu2-GST | Anti-GST

Annexin A2
+ mu2-GST

Ficure 5: ELISA assay for the ability of annexin A2 to recruit
mu2 to immobilized lipids. Wells of a microtiter plate were coated
with a mixture of 20% phosphatidylserine and 80% phosphatidyl-
choline (w/w). Duplicate wells were incubated with proteins and 1
mM C&" (“Ca”) or 1 mM EGTA (“EGTA"). Wells in the top row
were incubated with annexin A2 alone and were analyzed with an
antibody to annexin A2. Wells in the second row were incubated
with the mu2-GST fusion protein alone and analyzed with an
antibody to GST. Wells in the third row were incubated with
annexin A2 and the mu2GST fusion protein together and analyzed
with an antibody to GST. Note that calcium promotes the binding
of the annexin to the plate (top row), and calcium and annexin A2
promote the binding of the mu&5ST fusion protein (bottom row).

mixtures were applied to the wells of plastic microtiter plates

Creutz and Snyder
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Ficure 6: Measurement of the mu2 recruitment activity of annexins
Al, A2, and the annexin A2S100A10 tetramer. The left part of
the figure shows an SDS gel of the preparations of bovine
annexinAl, human annexin A2, and bovine annexin-&400A10
tetramer (“A2t") used in the recruitment assay. The molecular
weights of the annexins and the S100A10 subunit are marked. The
right part of the figure shows the absorbance at 414 nm of the
microtiter plate wells (triplicate wells standard deviation). Wells

that had a “Polysorb” coating that binds hydrophobic were coated with 20% PS, 80% PC (w/w). Proteins incubated in
molecules. Because of the hydrophobic nature of this coating, the wells are marked below the bars: 0, no annexin; A2, annexin
it is presumed that the fatty acyl chains of the phospholipids A2: A2 atnexin A2-5100A10 tetralmer, Al, annexin Al; muz, J

. d toward the plate surface. leaving the hvdrophilic mu2-GST fusion protein; gst, GST alone. Incubations were carrie
are oriented tov P ’ g the NyaropniliC ot in 1 mM free C&", and the amount of the muZ5ST fusion
headgroups oriented toward aqueous media introduced intoprotein bound was measured with an anti-GST antibody. See the
the well. In this orientation, the headgroups are presumedexperimental procedures section for further details.

to be available for calcium-dependent interaction with gnnexins A6 and A7. Full-length recombinant human an-
annexin A2. As shown in Figure 5 the binding of annexin nexins A6 and A7 were expressed in yeast and purified by
A2 to phospholipid t.reated \_NeIIs [20% phosphatidylserine binding to phospholipids. In addition to the native annexin
(PS), 80% phosphatidylcholine (PC)] could be detected by ag an annexin A6 mutant that has a T356D amino acid

immunoassay using a peroxidase conjugated second antibodypstitution that mimics phosphorylation in the linker

and a colorimetric substrate for peroxidase. The m@3T
fusion protein construct did not bind to the plate wells by
itself; however, it did bind if calcium and annexin A2 were
also added to the well, indicating that annexin A2 was able
to recruit the mu2 to the lipid monolayer. This suggested
that the lipid-binding face of the annexin was functional when
the annexin is complexed with mu2, and the interaction with
mu2 is likely to be taking place at the “cytoplasmic” face of
annexin A2, which is the location of the N-terminal domain.
Since the N-terminal domain of annexin A2 is also the
binding site for the S100A10 protein with which the annexin
forms a tightly bound tetramer consisting of two molecules
of annexin A2 and two of the dimeric S100A10, we sought
to determine if occupation of the annexin A2 N-terminal
domain in the formation of this complex would block its
ability to bind mu2. As shown in Figure 6, the annexin A2

tetramer was unable to recruit mu2 to a PS/PC monolayer.

between the two core domains was also prepa2éy This
mutation greatly increases the flexibility of the linker between
the two core domains and presumably allows the molecule
to adopt a greater range of conformatio@$)( Furthermore,

a preparation of annexin A6 that was completely cleaved at
Arg350 or Lys354 in the linker region so that the two core
domains can function independently was also tesgdl. (
Although the annexin A7 did not recruit mu2 to the lipid
monolayer (not shown), the annexin A6 preparations were
all active in this assay (Figure 7). Therefore, the result
obtained in vitro with annexin A6 was different from the
result obtained in the two-hybrid assay in which only the
N-terminal domain of annexin A6, or the linker between the
two domains, was tested and failed to demonstrate an
interaction. The in vitro interaction may depend on different
portions of the annexin A6 molecule or on the mode of
presentation of the Y>d& motif.

The figure also demonstrates that a preparation of annexin  Lipid Dependence of mu2 RecruitméFite lipid composi-

Al was also unable to recruit mu2 to the monolayer, further
confirming the specificity of the annexin AZnu?2 interac-

tion of the monolayer required for annexin A2 or A6 to
recruit mu2 was examined to determine if it reflected the

tion. Both the annexin A2 tetramer and the annexin Al expected requirement for the annexin to bind lipids or if the
proteins were isolated by calcium dependent binding to mu2 partner altered the overall lipid requirement. However,
phospholipids, so the failure to recruit mu2 to the monolayer during these experiments it was found that if the monolayer
is not likely to have been due to a loss of this property in was composed of 100% PS, the mu2 bound to the monolayer
the experimental preparations. The failure of the annexin A2 in the absence of the annexin. This may have been due to
tetramer to bind mu2 may underlie the earlier report that the high negative charge of this monolayer. To reveal the
annexin A2, but not S100A10, was detected in isolated effect of the annexin, it was necessary to use monolayers
coated vesicles from the adrenal cortéX)( with more physiological lipid compositions and lower charge
The specificity of the interaction of mu2 for annexin A2 densities. As shown in Figure 8, a number of different lipid
was further explored by testing for recruitment activity of compositions were tested. Pure PC was compared with 20%
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Ficure 8: Lipid specificity of mu2 recruitment by annexins A2
and A6. Microtiter plate wells were coated with the following lipids,
and the recruitment of the muZ5ST fusion protein was determined
by measurement of the absorbance of triplicate microtiter plate wells
at 414 nm+ standard deviation. Incubations were carried out in 1
mM free C&*, and the amount of the muZGST fusion protein
0 A6 A6 A6 bound was measured with an anti-GST antibody. 0, no lipid; PS,
P t 20% phosphatidylserine, 80% phosphatidylcholine (w/w mass
IR R - percent); PE, 20% phosphatidylethanolamine, 80% phosphatidyl-
FicURE 7: Measurement of the mu2 recruitment activity of annexin choline; Pl, 20% phosphatidylinositol, 80% phosphatidylcholine;
A6. The top part of the figure shows an SDS gel of protein PIP2, 20% phosphatidylinositol-4,5,bis-phosphate, 80% phosphati-
preparations used in the recruitment assays: “ gst”, glutathione- dylcholine; CH, 20% cholesterol, 80% phosphatidylcholine; PC,
Stransferase; A6 wt, native annexin A6; A6 mut, T356D annexin 100% phosphatidylcholine; RC, a mixture of lipids corresponding
A6 mutant; A6 clvd, native annexin A6 cleaved in the interdomain to the lipid composition of the inner leaflet of the red blood cell
linker; A7, annexin A7. Molecular weight markers are marked on membrane: 21% PS, 38% PE, 8% PI, and 33% cholesterol (w/w
the left in kilodaltons. The bottom part of the figure shows the mass percent, corresponding to 50% cholesterol, 30% PE, 15% PS,
absorbance at 414 nm of the microtiter plate wells (triplicate wells 5% Pl mole percent).
+ standard deviation). Wells were coated with 20% PS, 80% PC

(w/w). mu2-GST was incubated in the wells with the annexins the annexins would encounter in vivo, we used a mixture of

labeled as above. “0” indicates no annexin was added. Incubations; . : L .
were carried out in 1 mM free @ and the amount of the mu2 lipids that approximates the composition of the intracellular

GST fusion protein bound was measured with an anti-GST antibody. leaflet of the red blood cell membrane: 21% PS, 38% PE,
See the experimental procedures section for further details. 8% PI, 33% cholesterol (w/w mass percent, corresponding

PS, phosphatidylinositol (P1), or phosphatidylethanolamine 0 50% cholesterol, 30% PE, 15% PS, 5% P1 in mole percent)
(PE) in 80% PC. Interestingly, pure PC was able to promote (46). This mixture promoted the highest levels of mu2
a small amount of mu2 recruitment even though annexin A2 récruitment by either protein (Figure 8). Therefore, in general,
normally requires some acidic lipid content for efficient the lipid dependence of the mu2 recruitment activity reflected
binding. However, it has been reported that if neutral lipids the lipid dependence of the binding of the annexin in that it
such as PC are diluted in detergent micelles they will promote Was promoted by the presence of acidic lipids. In addition,
binding of annexins to the micelled4). This may indicate & biologically relevant mixture of lipids, the red cell mix,
that the geometry of the mixed micelle permits exposure of had the highest activity.

the phosphate headgroup that is responsible for the interac- Annexin Concentration Dependence of mu2 Recruitment
tion. It is possible that the lipid layer on the microtiter plate to Lipids As seen above in Figure 8, annexin A2 consistently
is also not tightly packed so the phosphates of the headgroupsecruited more muz2 to the lipid monolayer than did similar
are exposed and can support the mu2 recruitment activityamounts of annexin A6. To validate this comparison the
of the annexin. The addition of 20% PS greatly enhanced concentration dependence of the recruitment activity was
the activity of annexin A2, while modestly increasing the examined for each protein using the red blood cell lipid
activity of annexin A6 (Figure 8). PE enhanced the activity mixture that appeared optimal for the activity. As seen in
of both proteins with a greater effect on annexin A6. Pl Figure 9 the recruitment activity for both proteins is dose
enhanced only the activity of annexin A2. Annexin A2 has dependent and saturable, with annexin A6 only half as
been reported to bind phosphatidylinositol-4,5-bisphopshateeffective at saturation. Half-maximal saturation occurs at
(PIP2) 26, 45). However, in the mu2 recruitment assay the approximately 1:1 molar stoichiometry of the annexin to the
effect of PIP2 was not distinguishable from the unphospho- mu2, suggesting a simple bimolecular interaction. If either
rylated PI. Similarly, annexin A2 has been reported to bind annexin concentration is increased above the saturation point,
to cholesterol in membrane4&2), but the addition of 20%  there is a loss of activity. We speculate that this might be
cholesterol did not enhance recruitment activity of either due to annexinannexin interactions that occur at the side
annexin above PC alone. To test a mixed lipid composition of the annexin facing the aqueous phase and that hinder the
that would reflect the natural intracellular membrane surface interaction with mu2.

Ad14
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Ficure 9: Annexin concentration dependence of the recruitment
of mu2 to immobilized lipids. One microgram of the mu@ST
fusion protein was incubated with different amounts of annexins
A2 or A6 as indicated in 20QL of buffer containing 1 mM C#'.

The recruitment of the mu2GST fusion protein was determined
by measurement of the absorbance of triplicate microtiter plate wells
at 414 nm+ standard deviation. The red cell lipid mix (see legend
to Figure 8) was applied to the wells. See the experimental section
for further details.
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Ficure 10: Calcium dependence of the recruitment of mu2 to
immobilized lipids. One microgram of muZ5ST and 3ug of
annexin A2 or A6 was incubated in the presence of a calcium-
EGTA buffer with free calcium as marked inpCa €& log[C&t]).

The recruitment of the mu2GST fusion protein was determined
by measurement of the absorbance of triplicate microtiter plate wells
at 414 nmt standard deviation. The red cell lipid mix (see legend
to Figure 8) was applied to the wells. See the experimental section
for further details.

Calcium Dependence of mu2 Recruitment by the Annexins
The dependence of the recruitment activity of annexins A2
and A6 on calcium was examined using the red cell lipid
mixture and a series of calcium/EGTA buffers. As illustrated
in Figure 10 the annexin A2 activity had a fairly broad
calcium dependence with significant activity seen atM
calcium but increasing activity at higher levels up to 1 mM.
The annexin A6 activity appeared to require higher levels
of calcium with significant recruitment seen only above 100
uM calcium. Since the assay buffer contained 2 mM2Ng
the recruitment activity is specifically activated by calcium
rather than Mg". While the activity of both proteins is
strictly dependent on calcium, the differences in calcium
sensitivity suggest that in a cell the activity of annexin A6

Creutz and Snyder

mul

Ficure 11: A weak two-hybrid interaction is detected between
annexin A2 and mul and mu3. AH109 cells harboring the annexin
A2 N-terminal domain bait plasmid were transformed with plasmids
expressing mul, mu2, or mu3 fused to the GAL4 activation domain,
as marked, and tested for growth on selective medium (Treu,
His~, Ade™). Colony growth indicates a strong interaction between
annexin A2 and mu2 and a weaker interaction with mul or mu3.

Interactions with mul and mu3 AP Subunighile the
AP-2 complex is known to be involved in the process of
coated vesicle formation at the plasma membrane, homolo-
gous AP complexes are involved in clathrin-dependent
membrane trafficking in other regions of the cell. In
particular, AP-1 is involved in trafficking between early and
late endosomes and the trans-Golgi network, while AP-3 is
involved in maturation from early to late endosomag)(
Previous studies of annexin A2 indicated that it may be
involved in some of these intracellular pathways-(2).
Therefore, we tested the ability of several annexins to interact
with the mul and mu3 subunits of these homologous
complexes. The portions of human mul and mu3 (subtype
mu3A) that correspond to the portion of mu2 used in the
experiments above were subcloned into the yeast two-hybrid
library vector and challenged with the annexin A2 N-terminal

bait construct. After initially incubating the co-transformed

yeast for 4 days, vigorous growth is seen with cells harboring
mu2, confirming the interaction between mu2 and annexin
A2. However, as shown in Figure 11, only after 10 days of
incubation is a weak signal obtained with mul and mu3
represented by the appearance of a small number of colonies.
Although this signal would have to be scored as quite weak
compared to the interaction with mu2, it is nonetheless
significant as many other irrelevant, noninteracting proteins
examined with this technology failed to give any colony
growth with extended incubation (data not shown).

Since the two-hybrid assay thus suggested mul and mu3
might also interact with annexin A2, we subcloned the
portions of these proteins used in the two-hybrid assay into

may be restricted to regions of membrane close to sourcesthe pGEX-4T1 GST fusion vector so we could test the ability
of calcium, such as channels in the plasma membrane, whileof annexins to recruit the mul and m3 subunits to lipid
annexin A2 may be able to function in regions with more monolayers in the microtiter plate assay. As shown in Figure
limited availability of calcium. 12, annexins A2 and A6 were able to recruit mul to the red
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3.6 Table 1: Summary of Interactions between Annexins and AP mu
32 Subunits
mul mu2 mu3
2.8 -
annexin A1l + - —
2.4 annexin A2 + + -
annexin A2-S100A10 tetramer nd - nd
< 2.0 annexin A6 + + —
b annexin A7 nd - nd
<18 a“+4" direct interaction verified in vitro. “-”, interaction not detected
1.2 in vitro. “nd”, not determined.
0.8 .. .
not able to enhance the binding of mu3 above this back-
0.4 ground.
00 DISCUSSION
0 A2 A6 A1 0 A2 A6 A1
mul mu3 As summarized in the introduction, annexins have been

FiGure 12: In vitro mu subunit recruitment activity of annexins
Al, A2, and A6. Annexins as marked were incubated with mul

implicated in the processes of membrane trafficking at several
points in the cell, based on localization studies, as well as

GST or mu3-GST fusion proteins. “0” indicates no annexin was manipulation of annexin expression or the use of dominant
added. Recruitment to the red cell lipid mix (see legend to Figure negative or interfering annexin constructsZ, 6—14). Three

8) was determined by measurement of the absorbance of triplicate ; ; ; ; ; ;
microtiter plate wells at 414 nnt standard deviation. Incubations annexins ha\{e In partlcular_been associated with endpcyt05|s
were carried out in 1 mM free @& and the amount of the mu or the trafficking or maturation of endosomes: annexins Al,
GST fusion protein bound was measured with an anti-GST antibody. A2, and AG. Interestingly, all three of these annexins harbor
Note that mul recruitment activity was detected for all three Yxx® motifs that might promote interaction with the mu

annexins, but mu3 recruitment activity could not be detected above sypynits of AP complexes, and these are the three annexins

the background level seen in the absence of annexin.
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Ficure 13: Calcium dependence of the recruitment of mul to
immobilized lipids by annexin Al. One microgram of muGST
and 3ug of annexin Al was incubated in the presence of a calcium-
EGTA buffer with free calcium as marked inpCa €& log[C&t]).
The recruitment of the muiGST fusion protein was determined
by measurement of the absorbance of triplicate microtiter plate wells
at 414 nmt standard deviation. The red cell lipid mix (see legend
to Figure 8) was applied to the wells. See the experimental section
for further details.

cell lipid mixture. Surprisingly, annexin Al also was effective
at recruiting mul (Figure 12), although when tested in the
two-hybrid assay an interaction was not detected between
annexin A1l and mul (not shown). The recruitment of mul
to the lipid monolayer by annexin Al also required calcium
(Figure 13) with a sensitivity similar to that seen for annexin
A6 and mu2 (Figure 10).

The mu3-GST construct was found to bind to a significant
level to the lipid monolayer in the absence of an annexin
(Figure 12). The presence of annexins Al, A2, or A6 was

that were specifically found to interact with mu subunits in
this study.

Table 1 summarizes the interactions between annexin
family members and mu subunits revealed by our experi-
ments. Although some of the interactions were detected in
the yeast two-hybrid assaya strong interaction between
annexin A2 and mu2, and weak interactions between annexin
A2 and mul and mu3other interactions were not detected
by this method, such as the interaction of annexin Al with
mul, or annexin A6 with mul or mu2. The table therefore
emphasizes interactions that were verifiable in in vitro studies
with purified proteins. Although the weak interaction between
annexin A2 and mu3 in the two-hybrid assay (Figure 11)
could not be verified in vitro, it is possible that the use of a
different lipid system might reduce the annexin-independent
binding of mu3 to the lipid monolayer (Figure 12) and allow
effects of annexins on recruitment of mu3 to be revealed.

The ability of annexins A2 and A6 to interact with both
mul and mu2 suggests that they could be involved in
trafficking events at both the plasma membrane, where mu2
functions, as well as in internal movements of vesicles
between compartments in the endocytic pathway where mul
is involved. In contrast, the failure of annexin Al to interact
with mu2 may be an indication that this annexin is only
involved in trafficking between intracellular compartments.

No interaction was seen between annexin A7 and mu2.
However, the annexin A7 constructs that were used in both
the two-hybrid assay and the in vitro experiments were
derived from the shorter annexin A7 isoform that is present
in many tissues. Muscle and brain tissue express a larger
isoform that includes a 22-residue splice insertion following
residue 144 (see Figure 1, 7). It is striking that this 22-
residue insert contains a Ysxmotif, specifically YPVF. It
would be of interest to determine if this larger isoform of
annexin A7 can interact with mu subunits. Such a specific
interaction might provide a biological explanation for the
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Ficure 14: A speculative “masquerade” hypothesis for annexin
involvement in coated pit formation. In response to an increase in
the cytoplasmic calcium concentration an annexin (A1, A2, or A6)
attaches to the membrane surface and extends the N-termina
domain (annexin Al or A2) exposing a Ysxsequence motif. In

this position, the annexin appears like the cytoplasmic portion of a
transmembrane receptor and recruits the AP complex via attachmen
to the mu subunit. The assembly of clathrin and other coated pit
proteins follows suit. After invagination of the membrane the

Creutz and Snyder

performed to determine if the addition of annexin A6 to such
a cell system might confer calcium sensitivity to endocytosis,
or to other trafficking events.

In addition to a role for calcium in regulating annexin
involvement in coated pit formation, our data suggest that
phosphorylation of the annexin A2 N-terminal domain may
provide another level of regulation of this mechanism. In
particular, tyrosine phosphorylation of annexin A2 during
cell transformation might block the ability of the membrane
trafficking processes to be regulated by calcium. There are
also protein kinase C phosphorylation sites near thedy xx
motifs in annexins Al and A2, as well as a site for tyrosine
phosphorylation by the EGF receptor in annexin Al.
Therefore, we speculate that activation of protein kinase C
by a number of agonists, or activation of the EGF receptor,
could also hinder the involvement of annexins Al or A2 in
fnembrane trafficking by adversely affecting interactions of
the annexins with the clathrin assembly proteins.

Although this “masquerade” hypothesis suggests an ap-

bealing mechanistic role for annexins as critical initiators of

coated vesicle formation, it is also possible that the annexins

annexin may be released or captured in the vesicle coat structuredre simply “stowaways” after their successful masquerade:
as the vesicle moves away from the membrane. See text for furtherln response to a transient increase in calcium the annexins

discussion.

conservation and differential expression of this isoform. It
also remains important to test the ability of annexin A3, the
only human annexin with an N-terminal Ysx motif that
was not studied here, to interact with mu subunits.

A “Masquerade” Hypothesis for the Role of Annexins in
Endosome TraffickingDespite a significant literature im-
plicating annexin involvement in endosome generation or
trafficking in vivo, no clear mechanistic or biochemical
hypothesis has been put forward to explain their involvement.
On the basis of our data, we propose the annexins may

expose a Yx motif and are picked up by the coated vesicle
machinery, in substitution for a transmembrane receptor, and
are then transported to other regions of the cell where they
are released to perform other functions when the vesicle is
uncoated. A careful study of the movements of labeled
annexins within cells in comparison with vesicle trafficking
routes might shed light on the possible importance of such
a mechanism in annexin utilization.
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coated pit formation (Figure 14). In the presence of calcium,
the annexin binds a region of membrane containing acidic
phospholipids. In the case of annexin Al or A2, this causes
the N-terminal domain of the annexin to be extended into
the cytoplasm where the Y®x motifs are now accessible

to the AP complex. In the case of annexin A6, exposure of
the interdomain linker might be critical for AP recruitment.
The interaction between the AP complex and the annexin
would provide a driving force to initiate assembly of other
soluble coated pit components. A key tenant of this hypoth-
esis is that this mechanism provides a means for calcium to
regulate the initiation of coated pit formation. While there
is evidence in the literature that in some cases coated pit
formation at the cell surface might involve regulation by
calcium @8—54), there is not clear evidence that calcium is
essential in all cases, and in particular, there is little evidence
that calcium may be required for intracellular trafficking of
endosomes that would involve coated pit formation on
intracellular organelles such as the trans-Golgi network or
early endsomes. It seems likely that the role of the annexin

in these processes is not essential, but the annexin may

provide a means for acceleration of trafficking when calcium
levels are elevated. This may explain the observation, for

example, that receptor mediated endocytosis proceeds in

A431 cells that do not have detectable amounts of annexin
A6 (55). It appears that critical experiments have yet to be

assistance.
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