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ABSTRACT. Site-directed mutagenesis, electron microscopy, and X-ray crystallography were used to probe
the structural basis of annexin IV-induced membrane aggregation and the inhibition of this property by
protein kinase C phosphorylation. Site-directed mutants that either mimic (Thr6Asp, T6D) or prevent
(Thr6Ala, T6A) phosphorylation of threonine 6 were produced for these studies and compared with wild-
type annexin IV. In vitro assays showed that unmodified wild-type annexin IV and the T6A mutant, but
not PKC-phosphorylated wild-type or the T6D mutant, promote vesicle aggregation. Electron crystal-
lographic data of wild-type and T6D annexin IV revealed that, similar to annexin V, the annexin IV
proteins form 2D trimer-based ordered arrays on phospholipid monolayers. Cryo-electron microscopic
images of junctions formed between lipid vesicles in the presence of wild-type annexin IV indicated a
separation distance corresponding to the thickness of two layers of membrane-bound annexin IV. In this
orientation, a single layer of WT annexin 1V, attached to the outer leaflet of one vesicle, would undergo
face-to-face self-association with the annexin layer of a second vesicle. The 2.0-A resolution crystal structure
of the T6D mutant showed that the mutation causes release of the N-terminal tail from the protein core.
This change would preclude the face-to-face annexin self-association required to aggregate vesicles. The
data suggest that reversible complex formation through phosphorylation and dephosphorylation could
occur in vivo and play a role in the regulation of vesicle trafficking following changes in physiological
states.

Annexins are a family of structurally related eukaryotic while others, including annexin V, do not promote aggrega-
proteins characterized by the property of binding, or annex- tion. Phosphorylation of aggregation-promoting annexins has
ing, anionic phospholipid membranes in a calcium-dependentan inhibitory effect on that property (for review, sée The
manner. This property underlies most of their proposed present study focuses on the effects of phosphorylation by
biological functions, which include vesicular transport, protein kinase C (PKCG)n membrane aggregation mediated
exocytosis and endocytosis, and interactions between memby annexin IV. This 35-kDa annexin is abundant in many
branous and cytoskeletal elements—6). Cells contain tissues, where it localizes to the apical membrane of epithelial
multiple annexins, and family members may exert specialized cells 8—10). Annexin IV has been associated with the
regulatory influence on membrane processes. For exampleregulation of chloride ion efflux from these cells in culture
transport and insertion of membrane components into a(11, 19.
functional site provides a mechanism for rapid response to The ability of annexins to aggregate membranes has been
changes in the physiological state. This process can be rapidlylocalized primarily to the N-terminal region, which also
reversed through endocytosis or sequestration of plasmacontains the major phosphorylation sites. Annexins share a
membrane domains as vesicles in the cytoplasm. Severalcommon structural organization comprised of a highly
annexins including I, I, and IV, when membrane-bound, conserved “core” region, which binds calcium ions and
aggregate phospholipid-containing vesicles prior to fusion, phospholipid membranes, and an N-terminal “tail” region
that varies in both length and sequence. Chimeric proteins
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terminal core of annexin V possess the ability to aggregate were excised and religated into pET11d for protein expres-
membranes, a property of annexin | but not annexirl ¥ sion.

15). The detailed mechanism of membrane aggregation by E. coli BL21DE3 harboring pET11d annexin N3Q, 3]
annexins is unclear, though several models have beenwere induced to express protein with 0.4 mM isoprgpyg-
proposed 16). Cryo-EM studies of annexinmembrane  thiogalactopyranoside after exponential growth was moni-
junctions @7) have shown that annexin-binding accessory tored by the optical density of 0.6 at 600 nm. After 3 h,
proteins, such as the pll component of the annexin Il bacteria were harvested by centrifugation. Pellets were
heterotetramer, can be involved in coupling two membrane- resuspended in 50 mM HEPES (pH 7.3) buffer containing
bound layers of annexins. Yet junctions also form in the 150 mM NaCl and 5 mM EDTA and were stored -a80
absence of these accessory proteins, proving that the annexifiC. Soluble protein was released from bacteria by thawing
structure is sufficient in itself to aggregate membranes. The in the presence of 2 mg/mL lysozyme and sonicating 3 times
ability to self-associate into extended ordered arrays on for 20 s. Particulate material was removed by centrifugation
phospholipid monolayer surfaces (2D crystallization), which at 1000@ for 30 min. Annexin IV was purified from the
has been visualized for annexins ¥8( 19 and VI (20, 2J), supernatant as previously describé). (The sample was
may be part of this process. However, to date, this crystal- dialyzed against a buffer of 20 mM Tris (pH 7.4), 1 mM
lization behavior has not been documented for any annexinsEGTA, 0.2 M NaCl, 1 mM magnesium acetate, and 7 mM
that promote membrane aggregation. Neither annexin | nor 2-mercaptoethanol. Calcium was added to achieve a final
annexin Il has been observed to form trimer-based arrays asconcentration of 1 mM excess, and the sample was applied
does annexin V (A. Brisson, unpublished observations). Theto a 30-mL column of phenyl-Sepharose 4B (Pharmacia)
annexin-liposome junction studies by cryo-EM show that coated with bovine brain phospholipid fraction Il (Sigma).
annexin-coated membrane surfaces participate in formationColumn wash buffer (150 mL) contained 1 mM CaCl
of these junctions. Although this observation suggests the Annexin IV was eluted by chelation of calcium with buffer
stabilizing role of proteir-protein interactions, it was not containing 1 mM EGTA. Annexin IV was further concen-
proven that true 2D-ordered arrays were formed under thesetrated and purified by Mono Q chromatography (Pharmacia)
conditions. using a gradient of 200 mM NaCl @82). Mass spectral

The crystal structure of wild-type bovine annexin IV has analyses of wild-type annexin IV and the T6D and T6A
been determined@, 23. The ability of annexin IV to self- ~ Mutants were consistent with the sequences of the respective
associate on membrane surfaces also has been repjed ( full-length proteins. Samples were run by electrospray
though not in the form of 2D crystals. Annexin IV has been ionization (ESI) on a Micromass (Beverly, MA) Quattro I
shown to aggregate synthetic phospholipid vesicles andtriple quad.rupolle tandem mass spectrometer, located at the
chromaffin granulesa4—26), but as yet no accessory protein Boston University School of Medu:me Mass Spectrometry
has been identified. Annexin IV is phosphorylated by PKC Resource. Wild-type rat annexin V was prepared as described
but not calmodulin-dependent kinase II, protein kinase A, Previously 83). _ o _
or tyrosine kinases. The major site for annexin IV phospho- Annexin IV Phosphorylation by Protein Kinase Wild-
rylation is Thr6, whereas the PKC sites in annexins | and Il tyPe annexin IV -was phosphorylated with rat brain protein
are concentrated in the N-terminal tail regions that are not kinase C (Calbiochem). The reaction was performed in 20
common with annexin IV 7). Site-directed mutagenesis MM HEPES buffer (pH 7.4), 2 mM ATP, 10 mM Mgg/|
studies of annexins | and Il have demonstrated that substitu-0-2 MM CaC}, 0.02% Triton X-100 with sonicated 0.2 mg/
tion of acidic residues at the PKC sites mimics phosphoryl- ML brain phospholipid and 0.004 mg/mL diacylglycerol as
ation and can have a negative effect on properties such agctivator. Protein kinase C (1.7 units, phosphorylating 1.7
annexin 1l/p11 association and annexin-induced membraneMol/min) was added to 0.5 mg of annexin IV and incubated
aggregation Z7—29). In the present study, site-engineered at 30°C for 30 min. EGTA was added at a final concentra-
mutants of annexin IV were used to study the consequencedion of 5 mM excess chelator to release annexin IV from
of PKC phosphorylation at Thr6. X-ray crystallographic and Phospholipid. Phospholipid was removed by centrifugation
electron microscopic analyses were performed on wild-type at 10000@ for 30 min. The supernatant was dialyzed against
and mutant annexin IV proteins to evaluate the effects of 90 MM HEPES (pH 7.4), 100 mM KCI, 0.1 mM DTT, and
phosphorylation on annexin structure, self-association, and0-1 MM EGTA for further studies. Protein concentrations
formation of inter-liposome junctions during membrane Were determined using Coomassie Plus Protein Assay

aggregation. Reagent (Pierce) using bovine serum albumin as a standard.
Liposome PreparatiarLiposomes used for the aggregation
MATERIALS AND METHODS assays were composed of 1:1 mixtures of DOPS/DOPC

(Avanti Polar Lipids), and were prepared by drying lipid/

Recombinant Annexin ProteiriRlasmid pMNEndol within  chloroform solutions by rotary evaporation and suspension
E. coli strain BL21DE3 was kindly provided by Carl E. in buffer (0.1 M KCI, 50 mM HEPES, pH 7.4, 0.02% NaN
Creutz, University of Virginia. The bovine annexin IV 0.1 mM DTT) to a final concentration of 5 mM. The lipid
(Endol) cDNA was excised from the pET11d vector with suspensions were extruded through an Avestin 100-nm
Ncd and EcdRl, and was inserted into the plasmid pKK233-2 membrane pore size LiposoFast homogenizer2Btimes.
(Pharmacia Biotech). The Transformer Site-Directed Mu- The final phospholipid concentrations were determined by
tagenesis Kit (Clontech) was used to convert threonine 6 a phosphate ashing procedudd)( Liposomes used for cryo-
(ACT) to alanine (GCT) or aspartic acid (GAT). Correct base EM were prepared as described previoudly) (using DOPC
changes to yield T6A and T6D were verified by double- and DOPG from Avanti Polar Lipid$\-Octyl-3-b-glucopy-
strand DNA sequence analysis. Mutated annexin IV inserts ranoside -OG) and N-(2-hydroxyethyl)piperazin®¥-3-
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propanesulfonic acid (HEPPS) were from Sigma. LIpoSOMeS 1ap16 1. Crystallographic Data and Refinement Statistics

were prepared by detergent dialysB5( 36, as follows.
Appropriate volumes of chloroform solutions were mixed

Crystallographic Data

g space group R3
which correspond to 1 mg of DOPG, 4 mg of DOPC, and cell dimensions (A) a=119.055¢ = 82.157
25 mg of 3-OG. After evaporation of the chloroform, lipids resollgtiO_n rangil(/?\%_ theoretical (obsd) 10;’92?;20 (28686)
H Nno. of unique retlections, theoretical (0bs
were resuspended in 100 mM KCI, 3 mM Nghe5 mM redundancy (highest resolution shell) 2.00 (1.97)

HEPPS, pH 8.0, at a final lipid concentration of 5 mg/mL.

: completeness (%) (highest resolution skell) 97.9 (99.2)
The mixture was allowed to standrfb h atroom temperature

Rmerge(highest resolution she#ty 0.065 (0.124)

and was then poured into Spectra/Por no. 1 dialysis tubing averagd/ol (highest resolution sheff) 16.9(9.0)

(Medicell Int., London, U.K.) with a molecular mass cutoff Model Refinement

of 6000-8000 Da. Dialysis was performed at ambient applied resolution |imit_(A) _ 2.0

temperature for 2 days against a bath containing 500 mL of 1o 8; Leg'ne_ﬁ'g?:r#:ed in refinement 253209

the same buffer, with an exchange of the dialysis solution no. of calcium ions >

after 1 day. no. of sulfate ions 1
Liposome Aggregation Assaysggregation of liposomes no. of water molecules 256

by annexin IV was determined from the change in absorbance ~ Ronsf g-gggj

following the increase in turbidity of the liposome suspension mesede bond '

(37). Absorbance was measured at 350 nm in a Perkin-Elmer |en'gths A 0.005971

Lambda 2 spectrophotometer. Data were collected and angles (deg) 1.12117

recorded at discrete intervals. The experiments were carried ~ averaged-factor (AZ})&2 27.3586

out in 1-cm quartz cuvettes at room temperature. The mg‘;?r}‘”u”%%ﬂﬁgr(( AZ)) ég:g?gi

standard assay was conducted for 3 min in 300 mM sucrose;
40 mM HEPES buffer, pH 7.4, in the presence of 1 mM P X P intensity of an individual reflection and
CaCp, 0.5 mM MgCh, and 10ug of protein. To initiate the Eﬂgyi?the %r?e?a\r,]vri]r?treisli?y”:)? that refl):actioﬁRc,yst= S|IFel = [Feadl/
reaction, an aliquot of the vesicles was added to give a final 2|F,| x 100 wherelFcad is the calculated structure factérRyec is as
vesicle concentration of 80M. defined by Biuger 61). ¢ rmsd= root-mean-square deviation.
Ca**"-Dependent Phospholipid Bindinédnnexin IV pro-
teins, wild type, wild type phosphorylated by PKC, mutant were collected to 2.0-A resolution at the Brookhaven
T6D, and mutant T6A, were assessed fo?'Gdependent  National Laboratory Synchrotron and were processed and
binding to artificial membrane vesicles. Phosphatidylserine scaled using DENZO and SCALEPACR®) (Table 1). The
(Sigma B-1627) containing vesicles were prepared accordingstructure was solved by molecular replacement, using
to Hamman et al.30). The vesicles (40QL, 1 mg/mL) were AMoRe (39). Crystals of T6D annexin IV are isomorphous
pelleted at 18 psi for 15 min in a Beckman airfuge. Four with the R3 crystals of the wild-type annexin IV structure
pellets were resuspended individually with 0.1 mg of the reported at 3-A resolutior2@). However, a search model
four annexin IV isoforms in 20@L of a buffer containing obtained from a wild-type annexin IV structure solved to
10 mM Tris (pH 7.4), 1 mM EGTA, 2 mM Cagland 150 2.3-A resolution in @2, unit cell (22) (Protein DataBank
mM NaCl and centrifuged at 18 psi for 15 min. The resulting accession no. 1ANN), gave the best molecular replacement
supernatants were withdrawn, and the pellets were resussolution. Model-building and refinement were carried out
pended in buffer containing 1 mM EGTA but no added using O @0) and CNS 41), respectively. Iterative cycles of
CaCb. The suspensions were centrifuged at 18 psi for 15 manual rebuilding, refinement, and calculation of difference
min. The initial protein samples, the €acontaining super-  and simulated-annealing omit maps improved the model to
natants, and the proteins eluted by chelation of*Geere its final form. Data collection and refinement statistics are
treated with SDS-sample buffer (9C for 5 min), separated  presented in Table 1.
by SDS-PAGE (12% gel; NOVEX), and stained with Electron Crystallography of Annexin IV 2D crystalkhe
Coomassie blue. experimental conditions used for growing 2D crystals of both
The half-maximal C& dependence of annexin binding wild-type and T6D annexin IV on lipid monolayers were
to liposomes was estimated using a vesicle sedimentationsimilar to those described in detail for annexin 42( 43.
protocol described previously3®). Briefly, samples of Briefly, 17 uL of a 0.2 mg/mL protein solution in 2 mM
annexin and phospholipid vesicles were incubated togetherCe&", 150 mM NaCl, 10 mM HEPES, 3 mM NaNpH 7.4,
at a range of CaGlconcentrations and subsequently centri- was deposited in a Teflon well, and 0.6 mL of a lipid solution
fuged for 45 min at 100§ through a Centricon filtering  containing 150 mM DOPS/450 mM DOPC in chloroform/
device. Washed retentates and filtrates were subjected tchexane (1:1, v/v) was deposited on top of it. After overnight
SDS-PAGE. Relative band intensities were measured to incubation at ambient temperature in a humid chamber, the
assess the Cagioncentration at which half-maximal binding  crystalline material present at the -aiwater interface was
of annexin to liposomes occurred. transferred onto a 400-mesh EM grid coated with a perforated

aValues taken from output of SCALEPACK®). ® Ruerge= Z|li —

Crystallographic Analysis of Annexin IV MutantRe-
combinant bovine T6D annexin IV was crystallized at 17
°C by vapor diffusion against a reservoir of 285%

carbon film, and negatively stained with 1% uranyl acetate,
pH 3.5. Electron microscopy was carried out with a Philips
CM120 operating at 120 kV, equipped with a ¥klk Gatan-

saturated ammonium sulfate, 100 mM sodium acetate, pH794 slow-scan CCD camera. A semi-automated procedure
5.0, 0.02% sodium azide, 2 mM dithiothreitol, and 10 mM was used for selecting the areas of best crystalline quality
CaClb. Final protein and calcium concentrations at equilib- (44). Electron images were recorded under low-dose condi-
rium were 14 mg/mL and 20 mM, respectively. X-ray data tions at 4400& magnification. Image processing was
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performed using standard crystallographic methods based on A Calcium EGTA

a suite of MRC and modified IMAGIC programs. Initial  supernatant  elution
Cryo-EM of Intermembrane Junctions Formed between ' R0.v. .00 "v, o 'v,

Annexin IV and LiposomeBOPG/DOPC liposomes (25; kDa @ & FROUTE FROXD S B8

weight ratio 1:4) were mixed with either wild-type annexin 97 = !

IV (30 ug) or mutant T6D (3Qug) in a buffer containing 1 66 =

mM CaCk, 100 mM NaCl, 30 mM KCI, 3 mM Nah| 25

mM HEPES, pH 7.4, at ambient temperature. Liposomes
were prepared as described above. After 15 min incubation,
a few microliters of the mixture was deposited on an EM
grid coated with a perforated carbon film, and the grid was 31 — S
quickly plunged into liquid ethane, according to standard

cryo-EM proceduresd). Grids were mounted in a Gatan-

626 cryo-holder (Warrendale, PA), and subsequent EM 21.5mm

observations were made atL70°C. Images were recorded

at 44000« magnification and X¢m underfocus with a slow-

scan CCD camera. Density profiles of selected junctions were B
calculated as described itid). The overall thickness of the

junction was measured at the mid-position along the density '
profile, between maxima and minima, as calculated for other ]

45 -

annexin-induced junctiondl). ]
0.12
RESULTS ]
€ o104
Liposome Binding and AggregatioNative and phospho- §
rylated wild-type annexin IV proteins and the T6D and T6A 3_ 0.08
=]

mutant annexin IV proteins were evaluated for the ability to
bind and aggregate synthetic liposomes. Liposome sedimen- %%
tation assay results confirmed that all the protein samples ]

bound to the PS-containing vesicles in a?CGdependent °‘°"_ )
manner (Figure 1a). In a buffer containing 1 mM freeCa o S e
all four proteins appeared in the pellet following centrifuga- 20 0 20 40 6 8 100 120 140 160

Time (sec)

tion, indicating that they were fully bound to the vesicles.
The proteins in these samples were completely eluted fromFIGURE 1: (a) SDS-PAGE analysis of C&-dependent reversible

the vesicles after resuspending them in &'cieee buffer binding of annexin 1V to PS-containing vesicles incubated with
(.e. 1 mM EGTA Withpno ad%ed @4) and submittin wild-type annexin IV (WT), wild-type phosphorylated by PKC
D g (WT-P), or mutants T6D or T6A. (Lanes-#) Annexin IV—vesicle

them again to centrifugation, whereupon they appeared insamples at 1 mM free Ga (Lanes 5-8) Supernatant collected
the supernatant. The half-maximal € aoncentration for  following centrifugal sedimentation of annexin-Wesicle samples

annexin-membrane binding, as measured by the liposome at 1 mM free C&". (Lanes 9-12) Pellet collected following

sedimentation assa@3), was found to be at least 2 orders Sedimentation of annexin Fvesicle samples at 1 mM free Ca
’ followed by resuspension and resedimentation iff@eee buffer.

of ma_gnitude less than the_millimolar €aconcentrations (b) Spectrometric assay of aggregation of brain PS/DOPC (1:1)
used in the structural experiments (data not shown). There-jiposomes by annexin IV wild-type (circles), TEA mutant (triangles),
fore, the reported data reflect the properties of the membrane-T6D mutant (diamonds), or phosphorylated wild-type annexin 1V

bound proteins. (squares).

In liposome aggregation assays, WT and T6A annexin IV . . . .
both induced aggregation to a comparable extent, while formed by wild-type and T6D annexin IV are almost identical

phosphorylated wild-type, T6D mutant annexin IV (Figure @nd consist of annexin IV trimers packed wiiisymmetry,
1b), or a negative control, annexin V (data not shown), &S shown in F|g_ure2f(.)rW|Id-.ty.pe annexin IV. Th|§ qrdered
exhibited no aggregation. To determine whether phospholipid 2S€mbly of trimers is reminiscent of that exhibited by
composition had an effect on aggregation, vesicles composednexin V @2). Second, cryo-EM was used to study the
of a 1:1 mixture of DOPC and either brain or synthetic DOPS Structure of complexes formed between liposomes and either
were incubated with the different annexin samples and Wild-type annexin IV or mutant T6D. In the presence of wild-
assayed for aggregation. Vesicles containing brain or syn-type annexin IV, liposomes were found to be tightly
thetic PS, or DOPA or DOPG instead of PS, gave the sameassociated via characteristic junctions (Figure 3a). At the
results (data not shown), indicating that the aggregation waslevel of the junctions, adjacent liposomes exhibit almost flat
not sensitive to these differences in vesicle composition.  surfaces, indicating that the collective effect of membrane-
2D Electron Crystallography and Cryo-Electron Micros- bound annexin IV molecules is strong enough to alter the
copy. Two different electron microscopy (EM) approaches natural spherical curvature of the liposomes. The junctions
were used to investigate the structure of complexes formedoccur with a continuous width of 14 0.5 nm and a
between wild-type or T6D annexin IV and lipid membranes. consistent morphology, with the outer lipid leaflet being
First, both proteins were shown to self-organize into 2D significantly thicker than the inner lipid leaflet and often
crystals by specific binding to lipid monolayers. The crystals exhibiting a particulate pattern. The mixtures of DOPC/
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Ficure 3: (a) Cryo-electron micrograph of intermembrane junctions
induced by wild-type annexin IV. The junctions connect the
liposomes into a dense 3D network. (b) Cryo-electron micrograph
of a mixture of liposomes and T6D mutant. No junctions are
observed. (c) Profile of projected density of the junction shown in
(a) with an arrow. Shaded peaks to the left of the vertical dashed
line represent density maxima corresponding to the centers of mass
of the structural elements, e.g., the inner and outer leaflets of the
vesicles. Distance measurements are between maxima,; the thickness
of the junction is slightly greater as it is measured at the
mid-position along the density profile, between maxima and
minima, as in 17). (d) Model of an annexin IV-induced junction.

DOPG liposomes and mutant T6D presented a totally
different appearance (Figure 3b). Isolated liposomes were
observed, which appeared almost identical to pure liposomes
(not shown), with the two lipid layers well resolved,
separated by about 5 nm with no flattened surface. The
presence of bound annexin T6D molecules could be detected
by the presence of a poorly contrasted layer of material
protruding at the outer surface of the liposomes.

Three-Dimensional Crystallographic Analysis of T6D
Annexin IV Comparison of the T6D and wild-type annexin
IV crystal structures shows that the two molecular structures
are quite similar: the root-mean-square-deviation in domain
I, where the mutation occurs, is only 0.38. £onformational
differences between the two structures are evident in only
two locations, the N-terminus and one of the calcium-binding
loops (Figure 4). Electron density is not observed for residues
1-9 in the T6D mutant crystal structure. Mass spectral data
rule out truncation of the N-terminus in these crystals,
indicating that these residues are present but disordered,
unlike the WT protein (see Discussion). In the T6D mutant
structure, the position of the IIIAB loop is in a more exposed
Ficure 2: (a) Image 512x 512 of a crystalline domain of conformation than in the wild-type, a_nd the '_I'rp185 side qhain
membrane-bound annexin IV, negatively stained. Parallel striations does not adopt a buried conformation. This conformational
are observed along the direction of the arrow. (b) Fourier transform difference appears to be related to differences in lattice
of image (a). Diffraction peaks, located on a hexagonal lattice, packing in the two crystal formsP@; and R3. Two Ca&*+
extend up to a resolution of 2.5 nm. (c) 2D projection map iong gre observed in the AB (i.e., between the A and B
calculated from image (a), aft®3 symmetrization. The triangular heli C&-binding | fd ins | and IV. Th
motifs correspond to trimers of annexin IV. The unit cell dimensions e Ice.s) Inding loops of domains 1.an - Ihese are
area=b =105 A,y = 12C°. Protein densities are represented as Coordinated similarly in the WT and T6D annexin IV
contours. structures.
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The cryo-EM images shown in Figure 3 are taken from
frozen-hydrated, unstained specimens, which allows complex
macromolecular assemblies to be viewed in a near-native
environment. These data permit a detailed structural analysis
of the lipid junctions induced by annexin IV. In the density
profile shown in Figure 3c, the maxima correspond to the
centers of mass of the more strongly scattering structural
elements, while the positions of the minima delineate the
boundary of these elements. The maxima in the density
profile correspond to the dark stripes in the image in Figure
3a. The junctions formed in the presence of WT annexin IV
present four dark layers of electron scattering matter, with
the two central ones being thicker/more dense than the outer
ones. These two outer stripes correspond to the inner leaflets
of the liposomes involved in the junction. The two thicker
central stripes correspond to the two protein-bound outer
leaflets, where the protein layer is unresolved from the
membrane leaflet but contributes to the total scattering
(Figure 3c,d). In contrast, images of pure liposomes show
only two dark stripes, where the outer leaflet is considerably
thinner than that of the central stripes in the junction (data
&% . not shown). Images of liposomes with bound annexin V,
HIAB LOOP ' under conditions of 100% surface coverage, present an

. ) ) intermediate appearance between pure liposomes and annexin
Ficure 4: Ribbon diagrams of annexin IV crystal structures. (Top)

Wild-type (22). (Bottom) T6D mutant. Calcium ions are shown as !V'querEd llpqsomeSM' A”.”ex'“ V does not induce
dark spheres in the IAB (right) and IVAB (left) loops. Figure Junction formation, but its coating of the membrane surface

prepared in Swiss-PDB Vieweb(). presents a rough appearance. The overall thickness of the
membrane is about 7-53.0 nM, which is about that of one
DISCUSSION layer of annexin bound to one lipid bilayet®). The cryo-

EM image of liposomes in the presence of T6D annexin 1V,

Annexins have been widely implicated in membrane shown in Figure 3b, is very similar to that of annexin V.
trafficking (5) and are abundant in cellular locations such Here again, the outer leaflet is coated with the annexin
as chromaffin secretory granules, which can undergo an-mutant, but no junctions are observed. The protein layer adds
nexin-mediated aggregation prior to fusion. Little is known to the scattering of the vesicle outer leaflet and can be
on a molecular level regarding the mechanism of annexin- detected as faint protrusions on the otherwise smooth lipid
mediated membrane aggregation. Current knowledge islayer.
derived primarily from systems in which the annexin is  |n the present studies, the overall thickness of the WT
assisted by an accessory protein. The best-characterize@nnexin IV-mediated junctions, approximately 17 nm, is
example is the annexin Il tetramer (allt), which is composed similar to that of vesicle junctions formed by either annexin
of two molecules of annexin Il and two molecules of the | or annexin Il (L7). This indicates that the basic molecular
accessory protein, p1#§). This 11-kDa protein, like the  structure of the junctions induced by annexin IV, annexin I,
accessory proteins binding to annexingdT) VII (48), and  or annexin Il is very similar. Crystal structures show that
X1 (49), belongs to the S-100 family of E-F hand proteins. the thickness of the annexin core domain is approximately
The principal binding sites for these smaller proteins are 30 A from the convex to the concave sides of the molecule.
located within the annexin N-terminal domain. Cryo-images In the cryo-EM image of the annexin IV-induced junction,
of allt—liposome junctions show distinct “stripes” of electron the two outer leaflets are separated by 60 A, the thickness
density, which correspond to the inner and outer leaflets of of two annexin molecules. Given that the annexin convex
one vesicle, an annexin Il layer, a p11 layer, another annexinface, which contains the €dmembrane-binding sites, must
Il layer, and the two leaflets of the apposing vesidd)( be oriented toward the bilayer, the concave face must be
Phosphorylation may interfere with formation of the central the one to participate in the face-to-face self-association.
pl1 layer by disrupting annexin-Hp11 binding sites within ~ These data cannot address whether actual dimer formation
the annexin N-terminal domair29). What is unclear from  takes place between annexin monomers on different lipo-
the above model is how membrane aggregation can occursomes. Rather, the evidence indicates only that the membrane-
in the absence of accessory proteins, as observed for annexibound layer of annexin molecules must be oriented with the
IV. In cryo-EM images of lipid junctions in the presence of concave surfaces facing outward. Since the monomers form
annexins | or Il alone, the central electron-dense “stripe” extended, single-layer arrays on each leaflet, it seems equally
corresponding to the accessory protein is absent, and thdikely that the two surfaces interdigitate via the concave
junctions themselves are of lesser thickness than thoseannexin faces, but this remains undetermined.
induced by the allt tetramer. Therefore, the bridging must  Phosphorylation at the N-terminus may inhibit membrane
be of a somewhat different structural organization and, in aggregation by altering the face-to-face self-association of
the former case, accomplished solely through the annexinmembrane-bound annexin IV. The X-ray crystallographic
molecules. data described herein suggest that the conformation of the
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