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ABSTRACT:. To understand the mechanism by which annexin | induces membrane aggregation, a
comprehensive mutagenesis of all six*Ghinding sites was performed. When the cap residues of type

[l Ca?"-binding sites were systematically mutated to Ala, a type Il site in domain Il was shown to be
essential for CH-dependent vesicle binding of annexin I. Domain Il was not, however, directly involved

in vesicle aggregation. Instead, type Il sites in domains Ill and IV, respectively, and type Il sites in
domains | and IV were involved in vesicle aggregation. When all type Il sites were deactivated, three
type 1l sites provided residual vesicle binding and aggregating activities. Their contributions to these
activities in the presence of type Il sites were, however, relatively insignificant. To further investigate
the role of each domain harboring a type Il site, a set of mutants containing only a specific type Il site(s)
were generated and their activities measured. These measurements again underscored the importance of
domain Il in vesicle binding of annexin | and the involvement of domains Il and IV in vesicle aggregation.
The roles of individual domains in vesicle binding and aggregation can be accounted for by the
conformational change of membrane-bound annexin | involving modular rotation of domains (I/IV)
following the initial membrane adsorption of domains (lI/1ll). In conjunction with mutagenesis studies
on other annexins, these results show that individual domains of annexins, although structurally homologous,
have distinct functions and that different annexins might interact with membranes via different domains.

Annexins are a family of cellular proteins that reversibly selectively deactivating the €abinding sites located in
bind the membrane containing anionic phospholipids in a individual domains §—9). These studies, however, have
Ca"-dependent mannet{3). Although exact physiologi- yielded conflicting results as to the roles of individual
cal functions of annexins have not been defined yet, they domains in annexin activities.
have been shown to have a wide variety of in vitro activities.  In the present study, we performed a comprehensive and
In particular, some annexins including annexins I, Il, IV, systematic structurefunction analysis of annexin I. An-
and VII can promote membrane aggregatid). ( The nexin | has a type Il Cd-binding site in each of domains
mechanism of membrane aggregation by annexins is still notll, 11, and IV and also contains two type Il sites in domain
understood. Also, the protein residues of these annexins| and one in domain IV, totaling three type Il and three type
involved in membrane aggregation are not identified. All [l sites. To evaluate the relative contribution of domains
annexins have highly conserved 4 (or 8 for annexin VI) core harboring these Ca-binding sites to the membrane-binding
70-amino acid domains and variable amino-terminal residues.and -aggregating activities of annexin I, we systematically
Spread over these repeating domains are multiplé™-Ca deactivated one or more domain(s) by mutating these sites
binding sites which can be classified into type Il and Il sites and measured the effects on vesicle binding and aggregation
(4). Atypical type Il site consists of 3 peptide oxygens from by annexin I. Herein we describe results from these studies
the AB loops with the (K,R)-(G,R)-X-G-T sequence and the which define the roles of individual domains of annexin | in
bidentate ligands from either Asp or Glu (so-called cap its membrane binding and membrane aggregation.
residue) that is 39 residues downstream in the sequence
(Figure 1). In contrast, a typical type llI site includes only MATERIALS AND METHODS
three ligand-donating residues: two peptide carbonyl oxy-
gens from the DE loop and Asp or Glu from the E helix.
Since essentially all in vitro activities of annexins depend
on their C&"-dependent membrane-binding activity, several
mutagenesis studies have been performed to identify domain
critically involved in various activities of annexins by

Materials. 1-Palmitoyl-2-oleoylsn-glycero-3-phospho-
serine (POPS)1-palmitoyl-2-oleoylsnglycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleogn-glycero-3-phos-
éohoethanolamine (POPE), and 1-palmitoyl-2-hydrexy-
glycero-3-phosphocholine were purchased from Avanti Polar

1 Abbreviations: EGTA, ethylene glycol bj$aminoethyl ether)-
T This work was supported by grants from the National Institutes of N,N,N',N'-tetraacetic acid; LUV, large unilamellar vesicles; POPC,

Health (GM52598 and GM53987). 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine; POPS, 1-palmitoyl-
* To whom correspondence should be addressed. Telephone: 312-2-oleoylsnglycero-3-phosphoserine; POPE, 1-palmitoyl-2-olesiyl-
996-4883. Fax: 312-996-0431. Email: wcho@uic.edu. glycero-3-phosphoethanolamine; SDS, sodium dodecyl sulfate.
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FiIGURE 1: Stereodiagram of the annexin | molecu#. Numbers indicate the cap residues of individuat'Gainding sites. 62 and 105,
type Ill sites in domain I; 171, 255, and 330, type Il sites in domains I, Ill, IV, respectively; 336, type Il site in domain IV. Roman
numerals in parentheses indicate domain numbers. Six bound calcium ions are shown as dotted circles.

Lipids, Inc. (Alabaster, AL), and used without further or frozen in an ethaneldry ice bath and stored at70 °C.
purification. Tritiated POPC fH]POPC) was synthesized Recombinant annexin | was purified according to the reported
from 1-palmitoyl-2-hydroxysn-glycero-3-phosphocholine and  procedure with some modificationgl). Cells were lysed
tritiated oleic acid (American Radiolabeled Inc., St., Louis, by ca. five freeze/thaw cycles, and the lysate was centrifuged
MO) as described elsewher®df. Restriction endonucleases at 10000@ at 4 °C for 1 h. The supernatant was filtered
and enzymes for molecular biology were obtained from either through a 0.2¢m cellulose acetate syringe filter (Nalgene)
Boehringer Mannheim (Indianapolis, IN) or New England and applied onto a Q-Sepharose Fast Flow (Pharmacia)
Biolabs (Beverly, MA). Oligonucleotides were purchased column (2.5x 18 cm) equilibrated with 50 mM Tris-HCI, 1
from Integrated DNA Technologies (Coralville, IA). EGTA mM EGTA, pH 7.6, buffer at a flow rate of-22.5 mL/min.
(>99%) and CaGl (99.99% pure) were from Fluka A significant amount of essentially pure annexin | was eluted
(Ronkonkoma, NY) and Aldrich (Milwaukee, WI), respec- in the void volume peak. Appropriate fractions were pooled
tively. and concentrated in a 50 mL ultrafiltration chamber using a
Expression and Purification of Recombinant Human YM-30 membrane (Amicon). The buffer was exchanged
Annexin 1. An EcoRlI fragment of annexin | cDNA sub-  during ultrafiltration to 10 mM HEPESKOH, 0.16 M KCl,
cloned into pUC 13 vector was a generous gift from Dr. J. pH 7.4, or 50 mM MES-NaOH, 1 mM EGTA, pH 6.4, if
Browning of Biogen. This construct corresponds to a further purification was necessary. The second purification
truncated form of annexin | missing the first six amino acids. step was performed using a Resource S cation exchange
For protein expression, the full-length annexin | cDNA was column (Pharmacia) with 1 mL bed volume preequilibrated
subcloned into pET-21d vector (Novagen, Madison, WI). with 50 mM MES-NaOH, 1 mM EGTA, pH 6.4, at a flow
This was performed by first introducing a double-stranded rate of 3 mL/min. Annexin | was eluted with a linear
synthetic linker encoding the missing six amino acids to pET- gradient of 6-0.5 M NaCl in the same buffer. Eluted
21d using restriction sites focd and EcoRl and then fractions were collected, concentrated, and desalted in an
subcloning theEcoRI—Hindlll cDNA fragment of annexin ultrafiltration chamber using a YM-30 membrane. The
l into the resulting plasmid. Linkers used weteCGAT GGC buffer was exchanged in this step to 10 mM HEPE®H,
AAT GGT ATC AG-3 and 3-AAT TCT GAT ACC ATT 0.16 M KCI, pH 7.4, and glycerol was added to a final
GC-3. The identity of the final construct (pET-Anxl) was concentration of 10% (v/v). Addition of glycerol to protein
verified by restriction digestion and DNA sequencing using Solution was necessary to avoid precipitation. The protein
a Sequenase 2.0 kit (Amersham, Arlington Heights, IL). ~ solution was stored at-20 °C. Annexin | mutants were
formed into E. coli strain BL21(DE3)pLysS, and freshly ~Scheme was designed to minimize the purification period
transformed colonies were used to inoculate 5 mL of Luria Pecause a significant degree of protein degradation (possibly
broth supplemented with 10@g/mL ampicillin and the  involving the amino-terminal region) was seen by SBS
culture was grown in a thermostated shaker (250 rpm) at 37 Polyacrylamide gel electrophoresis after elongated purifica-
°C overnight. One milliliter of the overnight culture was tion (.g., storage of protein solution overnight at@).

used to inocula 1 L of Luria broth containing 10@g/mL Protein concentrations were determined by the bicinchoninic
ampicillin and 34«g/mL chloramphenicol. This culture was ~acid method (Pierce, Rockford, IL).
grown (300 rpm) at 37C for 3.5-4.0 h until the optical Site-Directed MutagenesisSpecific mutations were in-

density at 600 nm reached 6-&.0. At this point, 0.12 g of  troduced directly into pET-Anx| plasmid using the Quick-
isopropylS-b-thiogalactopyranoside (Boehringer Mannheim) Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
was added to the culture to give a final concentration of 0.5 CA) following the manufacturer’s protocol. Briefly, ap-

mM, and the culture was grown for anoth& h at 37°C. propriate complementary synthetic oligonucleotides introduc-
The culture was then chilled on ice for-430 min, and cells ing the desired mutations were used as primers for pseudo-
were harvested by centrifugation at 5@ 4 °C for 8 min. PCR reactions performed in a DNA thermal cycler (Perkin-

Pellets were resuspended in 20 mL of 50 mM Tris-HCI, 5 Elmer) using Pfu DNA polymerase (Stratagene). The
mM EGTA, pH 7.4, supplemented with freshly added subsequent transformation @fpnl-treated linear double-
phenylmethanesulfonyl fluoride to give a final concentration stranded DNA into supercompetent Epicurian €ofiL1-

of 1 mM and either used immediately for protein purification Blue Cells (Stratagene) yielded clones the nucleotide se-
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Table 1: Nomenclature of Annexin | Mutants

OFF mutants ON mutants

name mutations name mutations
(I)-OFF D171A (I)-ON E62A/E105A/E255A/E330A/E336A
(In)- OFF E255A (11)-ON E62A/E105A/D171A/E330A/E336A
(IV)-OFF E330A (IV)-ON E62A/E105A/D171A/E255A/E336A
(IL11n)- OFF D171A/E225A (I,111)-ON E62A/E105A/E330A/E336A
(I,1V)- OFF D171A/E330A (I1,1IV)-ON E62A/E105A/E255A/E336A
(I,1IV)- OFF E255A/E330A (11,IV)-ON E62A/E105A/D171A/E336A
(IL11,1V)- OFF D171A/E255A/E330A (11,11,1V)-ON E62A/E105A/E336A
All- OFF E62A/E105A/D171A/E255A/E330A/E336A

quences of which were verified by DNA sequencing using degree of vesicle aggregation did not significantly affect the
a Sequenase 2.0 kit (Amersham). pelleting efficiency under our experimental conditions.
Preparation of Vesicles.Chloroform solutions of ap- These samples were stored on ice until used for SDS
propriate lipid mixtures were dried under a stream of nitrogen polyacrylamide gel electrophoresis. For the electrophoresis,
in a 20 mL glass vial. The dried lipid film was hydrated in 1.5 mm, 10 well 9% SDS gels (Novex) which could
an appropriate volume (5Qc.) of 10 mM HEPES-KOH, accommodate up to 5@ of sample were used. The amount
0.2 M sucrose, pH 7.0, for 10 min at room temperature and of protein in each band was quantified using an 1S-1000
then vortexed vigorously for 2 min. Large unilamellar Digital Imaging System (Key Scientific, Mt. Prospect, IL).
vesicles (LUV) with 100 nm diameter were prepared by To convert the protein band density to the protein concentra-
multiple extrusion of phospholipid dispersions through a 0.1 tion, a standard curve was constructed from density values

um polycarbonate filter (Millipore) in a microextruder
Liposofast (Avestin; Ottawa, Ontario). Vesicles were used
within 2 days of preparation. Phospholipid concentrations
were determined by phosphate analy4ig)(

Preparation of C&" Buffers. To maintain reproducible
free C&" concentrations for all assays performed in this
study, we prepared calciunrEGTA buffers according to the
method of Bers13). All Ca?" solutions were prepared in
10 mM HEPES-KOH, 0.1 M KCI, 1 mM EGTA, pH 7.0,
buffer. Seven C& buffers with free C& concentrations
in the range of 2.44M to 1.02 mM were prepared. The
buffers with different free Cd levels in this range were
prepared by appropriate dilution of these buffers.

Vesicle Aggregation and Binding Experimentgesicle

of varying amounts of annexin | samples (61 ug).

RESULTS

Design and Expression of Mutant Proteingnnexin |
has a type Il C&-binding site in each of domains I, IlI,
and IV and also contains two type Il sites in domain | and
one in domain IV, totaling three type Il and three type |
sites @#). We systematically deactivated one or more
domain(s) by mutating the cap residue of type Il sites in
each domain to Ala (these mutants will be referred to as
OFF mutants hereafter). Also, we generated a series of
multisite mutants retaining only specified type Il €a
binding site(s) with all type Il sites deactivatedDN
mutants). For instance, (IPN refers to the E62A/E105A/

aggregation assays were carried out in a quartz cuvette withE255A/E330A/E336A mutant whose entire “Cdinding

1 cm light path using 2 mL of appropriate €abuffers
preequilibrated for ca. 1 min with phospholipid vesicles (0.2
umol) prior to protein addition (80.3 nmol). The dilution

of C&* buffers during mixing was minimized by adding

sites except a type Il site in domain Il are removed. A
majority of ON and OFF mutants used in these studies are
listed in Table 1. Bacterial expression of annexin | and all
its mutants generally yielded more than 15 mg of pure protein

small volumes of concentrated stock solutions of vesicles per liter of medium, indicating that none of mutants has

(20 mM in total lipid concentration) and of proteins—«8
mg/mL). Turbidity changes were followed continuously at

significantly lower thermodynamic stability or altered folding
pathway. The CD spectra of all mutants (in the absence of

450 nm using a Lambda 6 Spectrophotometer (Perkin-Elmer) C&") were essentially indistinguishable from that of wild
for 500 s. The initial background absorbance of liposomes type, indicating a lack of significant changes in secondary

was about 0.02 AU, and maximal turbidity signals which
were achieved within the first-23 min were typically 710
times the background values. The maximal turbidity signals
were plotted as a function of free €aconcentration, and
the concentrations of Ga giving rise to a half-maximal
aggregation ([CH].,) were determined. To determine the
amount of protein bound to vesicles, the mixtures with
different calcium concentrations were centrifuged at 109000
at 25°C for 15 min using a Sorvall RCM120EX micro-
ultracentrifuge immediately after turbidity measurements.

structure due to mutations (data not shown).

Optimization of Aggregation Assay Conditiohe ag-
gregation assay used herein continuously monitors the
turbidity change at 450 nm in a €abuffer containing
annexin | (or its mutant) and phospholipid LUV (100 nm
diameter). Aggregation assays were carried out using
sucrose-loaded LUV in order the enhance the pelleting
efficiency of vesicles in ensuing binding measurements. To
optimize the assay condition in terms of sensitivity and
reproducibility, the total amount of protein and phospholipid,

Supernatants and pellets were separated, and pellets werthe molar protein:phospholipid ratio, the free?Caoncentra-

redissolved in 1%L of 10 mM HEPES-KOH buffer, pH
7.0, containing 100 mM KCI, 1 mM EGTA. In control
experiments, vesicles were doped with 0.1 moFgPOPC,
and scintillation counting revealed thab% of the vesicles

remained in the supernatant after centrifugation. Also, the (e.g., 20 uM) (data not shown).

tion, and the size and composition of liposomes were varied.
When 150ug of POPS (ca. 0.2mol) was used to prepare
LUV in 2 mL of buffer, ca. 10ug (0.3 nmol) of annexin |
gave a saturated signal at a saturating"Gabncentration

As the phospholipid
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Ficure 2: Aggregation of phospholipid vesicles by annexin | as a
function of C&" concentration. The aggregation was initiated
(indicated by an arrow) by adding 0.1/ (final concentration)

of protein to the assay buffer (10 mM HEPEROH, 0.1 M KCl,

pH 7.0) containing 0.1 mM POPC/POPE/POPS (2:5:2) LUV and
varying concentrations of free €a(7 uM to 3 mM).
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Ficure 3: Vesicle binding of annexin I&) and selected mutants
including (1)-OFF (@), (Ill)-OFF (m), and (II,1I1,IV)-OFF (a).
Assay mixtures contained 0.13/ protein, 0.1 mM POPC/POPE/
POPS LUV, and varying concentrations of free2Can the assay
buffer (10 mM HEPESKOH, 0.1 M KCI, pH 7.0). Pellets
separated by ultracentrifugation were redissolved inulL5f 10
mM HEPES-KOH buffer, pH 7.0, containing 100 mM KCl and 1

composition C_’f liposomes was var_ied, dramatic changes in mm EGTA, and the amount of bound protein was quantified by
the C&" requirement for aggregation were observed. For densitometric determination of the annexin band on a SDS

instance, the [Cd] needed for half-maximal aggregation of
POPC/POPS liposomes with £500% POPS composition
varied from 90QuM to 5 uM. As reported previouslyl,

polyacrylamide gel (see Materials and Methods). The relative degree
of binding was calculated by dividing the amount of vesicle-bound
protein by the total protein. A slight decrease in vesicle binding
was observed for annexin | at high calcium concentrations. Data

15), the addition of PE into these liposomes also significantly points indicate means of duplicate determinations, an average

decreased the €arequirement for binding and aggregation.

standard error of which was about 10%. {Ca, values were

Based on these results, we selected POPC/POPE/POPS LUetermined graphically.

(2:5:2) for a standard vesicle aggregation assay. For this

vesicle, 4uM Ca&* was required for half-maximal aggrega-
tion by annexin | (Figure 2).

Vesicle-Binding and Vesicle-Aggregating Properties of

OFF Mutants. First, the relative vesicle-binding affinity and
vesicle-aggregating activity of annexin | and its type IFGa
binding siteOFF mutants were evaluated in terms of?Ca
concentrations required for half-maximal binding and ag-

gregation. Calcium dependencies of vesicle binding and

aggregation by annexin | and select®fF mutants are

shown in Figure 3 and Figure 4, respectively, and the
[C&a2™]1/2 values for these processes are summarized in Table

2. Comparison of [CH]y, values for vesicle binding of

these single-site mutants showed that domain Il plays a more

important role than domains Ill and 1V in vesicle binding.
A 7.5-fold increase in the [C&]y, value for (II)-OFF
indicated that the reduced Caaffinity of this binding site
greatly affected the Ca-dependent vesicle binding of
annexin I. In contrast, (IIIPFF and (IV)-OFF showed
essentially the same &arequirement as wild type. For (l1)-
OFF, the weaker vesicle-binding was well correlated with
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Ficure 4: Vesicle aggregation by annexin ©O) and selected
mutants including (INOFF (@), (1I1)- OFF (m), and (I1,111,IV)-OFF
(a). Assay mixtures contained 0.18v protein, 0.1 mM POPC/
POPE/POPS LUV, and varying concentrations of freé"Gathe

its reduced vesicle aggregating activity, as seen from assay buffer (10 mM HEPESOH, 0.1 M KCl, pH 7.0). Vesicle

comparable [C&]/, values for vesicle binding and vesicle

aggregation. Since vesicle aggregation would occur after

(or coincidentally with) vesicle binding of annexin I, no
additional effect of the (I ©FF mutation on vesicle ag-
gregation implied that domain Il does not play a direct role

in vesicle aggregation. On the other hand, two other single

mutants, (I11)OFF and (IV)-OFF, had twice higher [Cd]12

aggregation was followed by continuously monitoring turbidity
changes at 450 nm as shown in Figure 1. The relative degree of
aggregation was calculated by dividing the observed turbidity
change by the maximal turbidity change (at saturating*Ca
concentration). Data points indicate means of duplicate determina-
tions, an average standard error of which was about 5% [Ga
values were determined graphically.

appeared that domain Il is essential for vesicle binding of

values for vesicle aggregation than expected from their annexin | and that domains Ill and IV might be involved in

respective [C&#]y, values for vesicle binding. Thus, it

vesicle aggregation. This notion is further supported by the



Mutagenesis of Annexin |

Table 2: Calcium Requirements for the Binding and Aggregation of
Vesicles by Annexin | and It©FF Mutants

C&" required for Ca& " required for
annexin | half-maximal half-maximal
mutantg binding M) aggregationgM)®

wild type 48+ 5 43+ 3
(I-OFF 360+ 30 410+ 50
(1)- OFF 4145 80+ 7
(IV)-OFF 4145 91+ 4
(11,1)- OFF 3604+ 40 450+ 30
(ILIV)- OFF 360+ 20 610+ 30
(1,IV)- OFF 81+4 130+ 30
(ILNLIV)- OFF 630+ 20¢ 850+ 90
All- OFF nod nce

aSee Table 1 the for nomenclature of mutaft®etermined with
100 nm LUV composed of POPS/POPE/POPC (2:5:2 mole ratio). Data
indicate meant SD from at least two sets of measuremeftReached
only ca. 30% saturation (see Figure 8Not detected with up to 3
mM C&".

properties of double-site mutants. (II,IIQFF and (11,1V)-
OFF had essentially the same [€%y, for vesicle binding

as (II)-OFF but had higher [CH]./, for vesicle aggregation
than (1)-OFF. This trend was more pronounced for (ll,1V)-
OFF. Another double mutant, (Ill,IVIOFF, further dem-
onstrated that type Il Ca-binding sites in domains Il and
IV are more important in vesicle aggregation than in vesicle
binding. When all three type Il Cé-binding sites were
mutated, i.e., (IL11,IV)OFF, vesicle-binding and -aggregat-
ing activities of annexin | were greatly reduced but not fully
abolished. As shown in Figures 3 and 4, at saturatirgf Ca
concentration (3 mM), (I1,11IV)OFF showed ca. 30% of
wild-type vesicle-binding activity while exhibiting essentially
full vesicle-aggregating activity, which suggested that it has
an altered vesicle-binding mode which is also conducive,
albeit less effective, to vesicle aggregation. More impor-
tantly, the residual vesicle-binding and -aggregating activities
of (IL11,1IV)- OFF indicated that lower-affinity type Ill Ca-
binding sites might also contribute to these activities. We
therefore mutated three type 1l €abinding sites to assess
their contributions. None of the three mutants, E62A
E105A, and E336A, showed any significant change in
vesicle-binding and -aggregating activities when compared
to wild type (data not shown). When all six €abinding

Biochemistry, Vol. 37, No. 28, 19980235
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Ficure 5: Vesicle binding of annexin I) and selected mutants
including (I1)-ON (@), (11,1ll)- ON (m), and (ILIII,IV)-ON (a).
Measurements were performed as described in Figure 3.
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FIGURE 6: Vesicle aggregation by annexin ©) and selected

' mutants including (1N©N (@), (11, 111)- ON (m), and (I1,111,IV)-ON

(a). Measurements were performed as described in Figure 4.

Table 3: Calcium Requirements for the Binding and Aggregation of

sites were mutated, i.e., E62A/E105A/D171A/E255A/ E330A/ Vesicles by Annexin | and ItON Mutants

E336A (All-OFF), however, the mutant showed no detect-
able vesicle-binding and -aggregating activities even in the
presence of 3 mM Ca (data not shown). These data
indicate that type lll C&-binding sites make small but
definite contributions to the vesicle-binding and -aggregating
activities of annexin | which are relatively insignificant when
compared to those from higher affinity type Il sites.
Vesicle-Binding and Vesicle-Aggregating Properties of ON
Mutants. Having established that ADBFF mutant had
essentially no vesicle-binding and -aggregating activities, we
reactivated one or more type Il &abinding site(s) from
this mutant to systematically analyze the contribution of each
C&'-binding site (and the domain harboring each site) to
vesicle-binding and -aggregating activities of annexin I. This

was done by systematically mutating cap alanine residues

of the All-OFF mutant back to the original glutamate or

Ca*required for Ca*required for
annexin | half—maximal half—-maximal
mutants binding MmM)® aggregationriM)®

wild type 48+ 5 43+ 3
(I-ON 125+ 2 350+ 20
(1)-ON nct ndk
(IV)-ON nd° nd®
(I1,l11)- ON 40+ 10 90+ 20
(I,1V)- ON 47+ 2 200+ 20
(I11,IV)- ON 470+ 3¢ 760+ 50
(IL11,1V)- ON 32+2 70+ 10

aSee Table 1 for the nomenclature of mutaAt®etermined with
100 nm LUV composed of POPS/POPE/POPC (2:5:2 mole ratio). Data
indicate meant SD from at least two sets of measuremeffdot
detected with up to 3 mM Ca. “Reached only ca. 30% saturation (see
Figure 5).

and aggregation are summarized in Table 3. The comparison

aspartate. Calcium dependencies of vesicle binding and ofof single-siteON mutants again demonstrated the critical role

aggregation by resultin@N mutants are shown in Figures
5 and 6, respectively, and [€3/, values for vesicle binding

of the type Il C&*-binding site in domain Il in binding of
annexin | to phospholipid vesicles. (IQN showed signifi-
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cant vesicle binding affinity whereas (IIN and (IV)-ON

Bitto and Cho

by comparing the properties of (IN and (II)-OFF mutants,

displayed no significant aggregating and binding activity whose functional Ca-binding sites are only the type Il site

even in the presence of 3 mM &a Interestingly, (1)ON
required much higher Cafor vesicle aggregation than for
vesicle binding, indicating again that domain (Il) is not
directly involved in vesicle aggregation. When compared
to single-site mutations, double-si@N mutations clearly

in domain Il and all but this site, respectively. Both mutants
have a comparable €arequirement for vesicle aggregation,
but (11)-OFF requires 3 times more €athan (11)-ON for
half-maximal vesicle binding. Thus, the type Il site in
domain Il alone is much more effective than all other sites

showed the synergism between domains in both vesiclecombined in bringing annexin | to vesicle surfaces. How-

binding and aggregation. (ILIIBN and (I1,IV)-ON es-
sentially recovered the binding affinity of wild type, and,

ever, vesicle binding of this site (and domain) does not appear
to be directly involved in vesicle aggregation. This notion

furthermore, the former mutant showed large improvement is further supported by the finding that (IDFF has the same

in vesicle-aggregating ability compared to (ON. As
expected from the properties of (lll,IMpFF mutants,
(I,IV)- ON showed the weakest vesicle-binding and ag-
gregating activities among double-sii& mutants. Interest-
ingly, this mutant behaved similarly to (Il,11I,IVRFF in
that its vesicle-binding reached only 30% of wild-type
activity while showing full vesicle aggregating activity at
high C&" concentrations (e.g., 3 mM). Again, this mutant
might have an altered vesicle binding mode which is
conducive to vesicle aggregation. Finally, (II,11I,NON
showed slight further improvement in aggregation activity
when compared to (II,IIPNand (11,IV)-ON, which suggests

a minor synergism between domains Il and IV in vesicle
aggregation.

DISCUSSION

Ca&* requirement for vesicle binding and vesicle aggregation.
Since vesicle binding and vesicle aggregation of annexin |
are most likely discrete steps, the finding that domain Il is
important in vesicle binding but not in vesicle aggregation
points to the involvement of other domain(s) in vesicle
aggregation. Although these mutational analyses could not
unambiguously identify the domains involved in vesicle
aggregation, evidence suggests that type fir@inding sites

in domains Il and IV are involved in vesicle aggregation.
For instance, all mutants with deactivated type Il sites in
domains Il and IV have higher €arequirements for vesicle
aggregation than for vesicle binding. Interestingly, combi-
natorial mutations of these sites show more pronounced
effects on vesicle aggregation than expected from individual
mutations [compare, for example, (IIQON and (l11,1V)-ON

in Table 3], implying synergism between the two domains.

This paper describes the first comprehensive mutagenesig-inally, type Il sites in domains | and IV also appear to

of Ca*-binding sites of annexin | aimed at evaluating the
roles of individual domains in its vesicle binding and

have some effect on vesicle aggregation when comparing
[Ca*]y2 values for aggregation of (IBN and (I1l,IV)-

aggregation. The mechanism by which annexins induce OFF: the former containing only the active type Il site in

vesicle aggregation is still not fully understood. Several

domain Il requires ca. 3 times moredhan the latter with

hypothetical models have been proposed for the vesiclethe active domain Il site and all type Ill sites. Since vesicle
aggregation by annexins which can be classified into two binding of annexin | must precede vesicle aggregation, it is

main categories.

The first model assumes that vesicle difficult to assess the contributions of all these sites to the

aggregation results from the association of annexin moleculesvesicle-aggregating activity separately from the vesicle-

bound to different vesicles via protetprotein interactions

binding activity. Qualitatively speaking, however, it is

(16, 179. The second model holds that annexins induce evident from these studies that annexin | has two functionally

vesicle aggregation by directly binding two vesicles in a
bidentate mode 18—20). In general, the latter model

distinct domains: one involved in membrane binding (do-
main 1l) and the other involved in vesicle aggregation

assumes that the binding of a primary binding site of annexin (domains Ill/IV and possibly domain ).
to a vesicle induces the binding of a secondary site to another Related mutagenesis studies have been performed on three

vesicle ((8). Both models assume that vesicle binding of

other annexins, including annexin B,(6), annexin IV ),

annexins is a prerequisite for vesicle aggregation and thatand annexin V 9), to evaluate the relative contributions of
the two processes are discrete steps. The membrane bindingndividual domains to their in vivo and in vitro activities.
of annexins is generally believed to take place through the These studies were all based on the same experimental

formation of annexir-Ca*"—phospholipid(s) complex in
which the C&"-binding sites are directly involve@(, 22.
Thus, one can positively identify the €abinding site(s)

approach of mutating cap residues of type IFGhinding
sites in individual domains. Despite high structural homol-
ogy among annexins, these studies yielded conflicting results

and domain(s) that play an essential role in membrane as to the relative importance of individual domains. For

binding by assessing the effect of mutations of'Gainding

instance, it was shown that for annexin 1V the’?Gainding

site on vesicle binding. The membrane aggregation might site in domain IV plays a significant role in binding to

not, however, directly involve Cé-binding sites especially
if it is mediated by proteirprotein interactions. Thus, the
effect of mutations of Cd-binding sites on membrane
aggregation would only provide indirect information as to

isolated chromaffin granules and the site in domain |
synergistically complements this binding)( Domains Il

and Ill do not contribute significantly. On the other hand,
the mutagenesis of annexin Il revealed that all three domains

whether the membrane binding of these sites is linked to (i.e., Il, lll, and IV) make essentially the same contributions

subsequent membrane aggregation.
Our results clearly indicate that the type 11 #inding

to vesicle binding and aggregation when assayed using pure
POPS vesiclesy 6). However, a more recent cell study

site in domain Il plays an essential role in anchoring the using annexin Il mutants indicated that domain Il plays a

annexin | molecule to vesicle surfaces. The critical role of
domain Il in vesicle binding can be most clearly highlighted

more direct role in binding to human endothelial cell surfaces
(8). Finally, the characterization of annexin V mutants by
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a phospholipase Ainhibition assay indicated that domain |  of domain I. Although this hypothetical model could explain

is essential for membrane binding while domain IV also plays much of our mutagenesis data, further studies are needed to
some minor role9). Taken together with our results, these understand exactly how membrane-bound annexin | under-
studies all point to the following common themes. (1) Four goes a conformational change, how the change leads to
domains (or eight for annexin VI) of annexins, although membrane aggregation, and which protein residues are
structurally homologous, have distinct functions. (2) Dif- ;,0lved in these processes. These studies pave the way

ferent.annexms might interact with membranes via different toward better understanding of these aspects of annexin |
domains. actions

Structural analyses of annexin V provide some clue to the
differential roles of individual domains of annexin | in its
membrane binding and membrane aggregat@s). ( For
annexin V bound to phospholipid monolayers, it was shown . - .
that the protein initiglly trFi)mer?zes on ph())/spholipid mono- We tha_nk Dr. Sung Hou K.'m for providing us with the
layers and then trimers aggregate to form polymers which full coordinates of the annexin I molecule.
grow into two-dimensional crystals. The comparison of REEERENCES
structures of free and monolayer-bound annexin V revealed
a large degree of rotation of the module made of domains Il 1. Raynal, P., and Pollard, H. B. (1998jochim. Biophys. Acta
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