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Interaction of32-Glycoprotein 1 with Phosphatidylserine-Containing Membranes:
Ligand-Dependent Conformational Alterations Initiate Bivalent Binding
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ABSTRACT. 2-Glycoprotein 1 §2GP1), a 50 kDa serum glycoprotein that binds anionic phospholipid-
containing membranes, plays a regulatory role in physiology and pathology. The protein is a member of
the short consensus repeat (SCR) superfamily containing four typical repeating domains and an aberrant
fifth domain constructed into an SCR-like core at the C-terminus. To investigate the contribution of the
individual domains to the binding @#2GP1, a series of sequential domain-deleted recombinant protein
fragments were generated and assessed for their interaction with PS-containing vesicles. Spectral analyses
of lipid binding-dependent alterations in tryptophan emission spectra revealed that the (single) tryptophan
residues of the individual domains underwent binding-dependent conformational alterations. Depending
on the ionic strength, some domains moved from polar to nonpolar environments, while others moved
from less polar to more polar environments. Analysis of a series of acrylamide quenching and resonance
energy transfer experiments indicated that the binding of N-terminal domain 1 to PS membranes exists in
two, ionic strength-dependent, conformations. At low ionic strengths, domain 1 bound to the vesicles and
induced their precipitation and/or aggregation. At physiologic ionic strengths, domain 1 detached from
the membrane surface while the remaining domains maintained their association with the membrane.
Under these conditions, membrane-bound conformationally altered domain 1 projects away from the
membrane surface, enabling it to interact with other proteins and/or cell surface ligands or receptors.

p2-Glycoprotein 1 2GP1} is a major lipid binding Binding of 52GP1 to small particles such as negatively
protein in plasma that has been shown to play a role in charged lipid vesicles or mitochondria results in their
autoimmunity (—3), coagulation 4), and the clearance of  agglutination and subsequent precipitatib®, €0). However,
apoptotic and senescent cels-@). It is composed of 326  the mechanism responsible for the precipitation of mem-
amino acids and is a member of the short consensus repeapranes is largely unknown. Conceivably, precipitation could
(SCR) superfamily containing four typical repeating domains be due to simple aggregation as a result of bivalent (or multi-
and an aberrant fifth domain constructed onto an SCR-like valent) protein-lipid interactions or due to direct alterations
core at the C-terminu®9¢11). While both domains 1 and 5  in the hydrophobicity of the target membrarid); Indeed,
have been shown to have lipid binding properties, domain 5 observations by Hagihara et al2) suggested that charge
is the principal lipid binding domainl@—14). Binding of charge interactions betwe@@GP1 and anionic lipids shield
lipid to domain 5 occurs through a series of positively the charge repulsion that impedes protgimotein and
charged lysine residuedq, 16) that likely results in the anionic amphiphile-anionic amphiphile interactions, result-
insertion of a partially hydrophobic loop into the lipid bilayer ing in increased hydrophobicity. In principle, this could
(17). From its crystal structure, Bouma et al8( suggested ~ provide the driving force for the formation of large ag-
that domains 44 remain in solution, leaving the N-terminus ~ gregates as a result of decreased solubility in aqueous media.

available for other membrane interactions. Conceivably, this  To further investigate and better characterize the interac-
secondary reaction could involve the binding of domain 1 tion betweens2GP1 and phospholipid membranes, we
to other negatively charged lipids or to specific cell surface carried out a series of precipitation and intrinsic fluorescence
receptors. measurements using sequential domain-deleted recombinant
fragments of f2GP1 and phosphatidylserine-containing
T This work was supported by NIH Grants GM-64610 and CA-98527 membrgngs. Our results mdlca.lte that membrane altgg'regatlon
(AJ.S). in low-ionic strength buffers is dependent on binding of
* To whom correspondence should be addressed: The Departmentligand to domain 5 and subsequent binding to domain 1. This
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792-8586. Fax: (713) 792-8747. E-mail: aschroit@mdanderson.org. &0NS 0 domain 5 that propagate through the protein to
! Abbreviations: 2GP1,52-glycoprotein 1; D, domain; PC, phos- domain 1. Domain 1 can then bind to PS on the same or
phatidylcholine; PS, phosphatidylserine; Rho-RElissamine rhodamine  adjacent membranes and induce vesicle aggregation, which

B sulfonyl)-1,2-diacyle-o-phosphatidylethanolamine; Tris buffer, 10 ; initati
mM Tris and 0.1 mM EDTA (pH 7.0); SUV, small unilamellar vesicles; results in precipitation of the target membranes, or at

PE, phosphatidylethanolamine; dansyl-PE[(5-dimethylamino)-1- physiologic ionic strength, to cellular receptors that recognize
naphthalenesulfonyl]-PE; RET, resonance energy transfer. and bind (target membrane-bourg)GP1.

10.1021/bi700621j CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/23/2007



Interaction off2GP1 with PS Vesicles Biochemistry, Vol. 46, No. 37, 200710613

Domain 1 Domain 2 Domain 3 Domain4 Domainb

| p2s

[verra H H
| H H H H (ntae)

Ficure 1: Construction 0f2GP1 domain-deleted mutants. Deletion constructs were initiated from the linker region between the disulfide-
linked domains (green), thereby keeping distal domains intact. The approximate locations of cut sites (red) are illustrated in panel A. Panel
B shows the schematic diagram of the primer start site of the respective PCR amplification product. Panel C maps the domains present in
the different constructs with their respective N-terminal amino acid sequence. Constructs were based on human liver cDNA (EMBL accession
number X57847).

EXPERIMENTAL PROCEDURES TCGTAAAATGCCCATTC 3), and (5) domain 5 (Sorimer
used, 5GGAATTCGCATCTTGTAAAGTAC 3). A com-
mon 3 primer (3 TTCTAGATTAGCATGGCTTTAC 3)
was used for PCR (polymerase chain reaction) for all of the
fragments. The forward primer (B5GAATTCGGACG-
GACCTGTCC 3) and the reverse primer '(55CTCTA-
GATTATTTACAACTTGGC 3) were used to clone the
domain V-deleted (domains-4) fragment ofs2GP1. PCR-
amplified fragments were inserted in-frame between the
EcdR1l andXbd restriction sites of the pPI&€A directly
downstream from thex mating factor signal sequence. A
stop codon was introduced at the end of each of these

Materials. Dioleoylphosphatidylcholine (PC), bovine brain
PS, N-Rho-PE, and dansyl-PE were from Avanti Polar Lipids
(Alabaster, AL). All other reagents were obtained from
Sigma (St. Louis, MO). Fluorescence was measured with a
Perkin-Elmer LS50B spectrophotometer. Small unilamellar
vesicles (SUV) were prepared by drying lipid underahd
sonicating in Tris buffer [10 mM Tris and 0.1 mM EDTA
(pH 7.0)]. Large vesicles and titanium fragments were
removed by centrifugation. Dansyl-PE-labeled vesicles were
prepared from the sonicated preparation via solid phase

exchange from glass. Briefly, an appropriate amount of . : L
dansyl-PE was dried under,NVesicles were then added fragments to prevent fusion of the recombinant proteln with
the c-myc epitope and the His tag at the C-terminus.

and vortexed. Gel filtration analysis revealed that virtually R binant fruct teHsoherichi i
all of the dansyl-PE was incorporated into the vesicle . ecombinant constructs were propagateusanerichia col

membrane. Nucleotide sequence analysis and amino acid" the presence of 19@9/”“ bIasﬂcujm. The plasmlq
sequence analysis were performed by the University of Texasconstructs were Vef“"ed for au_thentlcny by restriction
M. D. Anderson Cancer Center and Baylor College of analysis and nucleotide sequencing.
Medicine Sequencing Core Facilities, respectively. Transformation and Screening of Expression Clofiée
Construction and Expression of Full-Length and Domain- recombinant plasmids were linearized with restriction enzyme
Deleted 32GP1. The pPIC®&A yeast shuttle expression Sad and purified; 10ug of the linearized recombinant
vector (Invitrogen) and the MtX-33 host strain (Invitrogen) ~ plasmids was then used to transform host strain X-33
were used. This expression vector contains therédmoter according to the manufacturer’s protocol (Invitrogen). The
and the 3transcription termination sequences of the metha- transformants were selected on YPD (yeast extract peptone
nol oxidase geneAOX1J). A yeasta mating factor signal ~ dextrose medium) plates containing 4@9/mL blasticidin.
sequence downstream of tA@®©X1promoter allows fusion ~ Several clones for each of these constructs were restreaked
of foreign cDNA for the secretion of the recombinant on YPD plates with 40&g/mL blasticidin to determine the
heterologous protein into the culture medium. true integrants. Ten clones for each of these constructs were
Five expression constructs were made on the basis of thethen streaked on minimal dextrose (MD) and minimal
structure ofs52GP1 shown in Figure 1: (1) the entire coding methanol (MM) plates. Five clones for each construct
region of 52GP1 cDNA without its cognate signal peptide growing equally well on both MD and MM plates were then
(domains £5; 5 primer used, 5GGAATTCGGACGGAC- grown in liquid MD and MM medium for 24, 48, 72, 96,
CTGTCCCAAGC 3), (2) domain 1 deleted (domains-3; and 120 h. At different time points, the supernatants and
5 primer used, 5GGAATTCGTATGTCCTTTTGC 3), (3) pellets for each clone were analyzed by Western blotting
domains 1 and 2 deleted (domains® 5 primer used, 5 with rabbit antibody to humafi2GP1. Clones showing the
GGAATTCGCTCCCATCATCTGC 3, (4) domains 1, 2, highest protein expression levels were used in large-scale
and 3 deleted (domains—=b; 5 primer used, 5GGAAT- preparations.
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Ficure 2: SDS-PAGE analysis of recombinant, domain-deleted
B2GP1. Purified domain-deleted recombinABGP1 (5 ug) was
loaded onto SDSPAGE gels and stained with Coomassie blue.
Purity was estimated by laser scanning densitometry.

Purification of the Recombinant ProteinRecombinant
proteins were produced using culture conditions recom-
mended by Invitrogen. Each clone was cultured in 5 mL of
buffered minimal glycerol complex medium (BMGY) at
30 °C overnight with vigorous shaking. The cells were
collected and inoculated to 25 mL of BMGY and grown for
an additional 2 days. Cells from 25 mL of culture were used
to inoculae 1 L of buffered minimal methanol complex
(BMMY) medium (1.0% methanol). To maintain protein

Hamdan et al.

Fluorescence Measuremeni&he interaction of the five
recombinan{32GP1 constructs with SUV was assessed by
monitoring the fluorescence emission spectra of tryptophan
(Aex = 278 nm). Briefly, 5uL of recombinant protein
solutions was added to 498 of Tris buffer in a cuvette,
and emission was scanned from 300 to 400 nm upon addition
of sequential aliquots of SUV (6L from 1 mM lipid). The
experiments were then duplicated in buffers containing NaCl
(150 mM). Resonance energy transfer (RET) experiments
were carried out to monitor the interactions between the
tryptophans of full-lengtif#2GP1 and domain 5 with dansyl-
PE-labeled, PS-containing vesicles. Acceptor vesicles con-
sisted of PS, PC, and dansyl-PE (70/28/2). Emission spectra
were recorded between 300 and 500 iy & 278 nm)
before and after the addition of increasing amounts of
acceptor vesicles. RET was assessed as a function of
decreased tryptophan fluorescence (at 350 nm). Because the
intrinsic tryptophan fluorescence @2GP1 significantly
increases upon lipid binding (see Figures 4 and 5), control
curves were generated from the same batch of vesicles that
did not contain dansyl-PE. RET was calculated using

1= (= 1/, — 1p) (1)

wherel is the relative fluorescence intensity of the tryp-
tophan peak before the addition of acceptor vesiclesland
and I, are the relative fluorescence intensities of the

expression, the culture was continued for 4 days, addingtryptophan emission peak in the presence of identical
methanol (1% final concentration) every 24 h. The culture concentrations of unlabeled and dansyl-PE-labeled vesicles,
medium was then clarified by centrifugation (4@0@r 15 respectively.

min), and the supernatant was dialyzed for 2 days &t 4 Acrylamide QuenchingAcrylamide (4 M) in Tris buffer
against 50 mM Tris buffer. The solution was then applied was used to test the accessibility of the tryptophan residues
to a DEAE-Sephacel column equilibrated in the same buffer. in each domain to the surrounding aqueous solvent in lipid-
The flow-through was collected and applied to a heparin- bound and unbound states. Five microliters of each of the
Sepharose column. The flow-through from the heparin and #2GP1 constructs (brought to the same molarity) was mixed
the bound protein was eluted wit. M NaCl. The proteins with 495 uL of Tris_ bgffer, and the relative fluorescence gt_
were analyzed by Western blotting and N-terminal sequenc- the tryptophan emission peak was measured after the addition

ing to confirm the authenticity and cleavage of tiedactor

of the indicated amounts of acrylamide. The data were

leader sequence. The protein yield varied from 10 to 25 mg/ @nalyzed according to the modified Steiviolmer equation

L. To facilitate accurate molecular weight determinations,
aliquots of protein were deglycosylated withglycosidase

F. The deglycosylated proteins revealed molecular masses

of 46.8, 35.6, 30.9, 17.1, 10.2, and 33.5 kDa for fragments
1-5, 2-5, 3-5, 4-5, 5, and +-4, respectively (see Figure
2).

Gel Diffusion AssayTo assess the ability gi2GP1 to
precipitate PS vesicles, a modified Octherlony gel diffusion
test, commonly used to test the specificity of antigen/antibody
reactions, was employe®)( In this assayf$2GP1 and PS
vesicles diffuse from small opposing circular wells cut in

for collisional quenching42):
l/(lo — 1) = 1/ + LK [QI) )

wherel andlg are the fluorescence intensities in the presence
and absence of acrylamide, respectively, [Q] is the acryla-
mide concentration, and and Ks, are the fraction of
accessible fluorophores and modified collision constant,
respectively. The values dfand Kg, were determined by
plotting the data ofy/(lop — 1) versus 1/[Q].

RESULTS

agarose gels. Analogous to antibody/antigen reactions, a Recombinani32GP1. SDS-PAGE analyses of the re-

typical precipitin line is formed upon binding ¢R2GP1 to

combinant protein fragments used in this study are shown

PS'Containing vesicles. MinOSCOpe slides were coated W|th|n Figure 2. Molecular masses of the fragments were

0.9% agarose in Tris buffer to yield a punch hole volume of
~20 uL. The center holes were filled with the indicated
vesicles and the surrounding wells with the recombinant
proteins. The plates were developed overnight at’@0
Unbound protein and lipid were removed by washing for
24 h in large volumes of the same buffer. The gels were
then dried, and the protein-containing precipitates were
detected by staining with Coomassie Blue.

consistent with the expected8 kDa contribution for each
domain in the fully deglycosolated protein. Molecular masses
were found to be~47, 36, 30, 17, 10, and 33 kDa for
fragments 5, 25, 35, 4-5, 5, and -4, respectively.
Purity, determined by scanning densitometry, wa85%
with the exception of that of fragment-%, which was
~70%. Authenticities of all the fragments were verified by
N-terminal sequence analysis.
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FiGURE 3: Precipitation of vesicles with domain-delet8aGP1. 300 330 360 390 300 350 360 360 7552050405080
Vesicles [20uL from 1 mM PS/PC vesicles (75/25) or 100% PC] wavelength lipid (M)
were loaded into the center wells of punched agarose (1% in Tris 220 a8
buffer) immediately followed by the addition of recombing2GP1 D E
(20 uL from a 40uM solution) to the surrounding wells. The plates a2

were incubated overnight at 2C, washed with large volumes of
Tris buffer to remove unbound protein, and stained with Coomassie 160
blue. Clockwise from the asterisk: B5 (full-length), D2-5, D3— o 350

5, D4-5, and D5. 2
Binding of 5,GP1 to PS VesiclesTo determine the eer
propensity of the domain-delet¢dGP1 to bind PS-contain- .

ing membranes, PS/PC vesicles were loaded into the center
well of “Ochterlony” gel diffusion plates. The variog@GP1
fragments were then loaded into the five surrounding wells. . .

FiGUre 4: Fluorescence emission spectra of recombif@@P1

After incubation at room temperature for 24 h, the plates fragments incubated with vesicles. Increasing amounts of vesicles

were quhed with large volum.es of Tris buffer to emove  \ere added to full-lengti2GP1 (0.4«M), and the emission spectra
nonprecipitated32GP1 and stained with Coomassie blue. were recorded: (A) PS/PC (75/25) vesicles and (B) PC vesicles.

Figure 3 shows that the full-length recombinant protein Panel C shows the spectral shifts calculated from the data shown

; ; . ini ina in in panel A. (D and E) Relative fluorescence intensity at the emission
interacted with the PS-containing membranes, resulting in peaks and biue shift of the different fragments) O1-5. ©)

precipitation of the complex. Prempmn lines did not form D2—5, (@) D3-5, (O) D45, and &) D5. Iy is the peak intensity
with any of the other constructs. Vesicles composed exclu- of protein alone] is the peak intensity in the presence of vesicles.
sively of PC were not precipitated. Because the principle
lipid binding site of 52GP1 is located in domain 5, these In an attempt to dissociate the electrostatic interactions
results raise the possibility that both domain 1 and domain that bind 52GP1 to negatively charged membranes, tryp-
5 are required for target membrane precipitation. tophan fluorescence was also measured in the presence of
Although these results indicate that only the full-length NaCl. Figure 5 shows that the progressive increases in the
protein can precipitate membranes, they do not rule out thefluorescence intensity of domains—% and 2-5 were
possibility that the other domain-deleted proteins also bind abrogated in the presence of salt. Intensities of domaiis 3
to PS membranes, albeit without inducing precipitation. Since and domains 45 were moderately affected, and that of
B2GP1 contains only five tryptophan residues, one in each domain 5 remained unchanged. By comparing the relative
disulfide-delineated domain, the relative contribution of each fluorescence intensities in the absence and presence of NaCl
domain to binding can be estimated by monitoring the (Figure 4D vs Figure 5), we conclude that the interaction of
intrinsic tryptophan emission maxima and blue shift upon domains 1 and 2 with target membranes is charge-dependent
the addition of target membranes. Figure 4 shows that thesince the increase in tryptophan fluorescence was relieved
sequential addition of target membranes to recombinantby NaCl.
domains 5 (Figure 4A), 2-5, 3—5, and 4-5 resulted in To directly assess the microenvironment of the protein’s
a significant blue shift (Figure 4E) and enhancement in the tryptophan residues and exposure to the aqueous phase,
intensity of the tryptophan fluorescence emission (Figure acrylamide quench curves were generated for all the recom-
4D). The addition of domain 5, on the other hand, resulted binant proteins in the presence and absence of NaCl (150
in an uncharacteristic decrease in fluorescence intensitymM). From data generated as described in the legend of
(Figure 4D) with a very minor+2 nm) blue peak shift  Figure 6, quench constants were calculated from the slope
(Figure 4E). Since the observed tryptophan emission spectraandy-intercepts obtained from eq 2. With the exception of
represent an average of all the tryptophans, it is difficult to domains *-4, the data presented in Table 1 show relatively
predict the contribution of each domain to vesicle binding. consistent quenching constants for all the proteins in the
Nonetheless, the dramatic difference in fluorescence en-absence of lipid. While all the proteins demonstrated a
hancement between all the domains versus domain 5 and otoncomitant decrease in quench constants after binding
domains 2-5 suggests thg#2GP1 undergoes a conforma- vesicles in the absence of salt, domainssldemonstrated
tional change upon binding to its target membrane. On the a dramatic change is, from 17.9 to 7.6 M. The inclusion
basis of the vesicle-dependent increase in fluorescenceof 150 mM NacCl in the binding assay partially or totally
intensity, it appears that the tryptophans in domain 5 and reversed the binding constants to values consistent for the
domain 2 become more polar, while those tryptophans in protein in the absence of vesicles. Consistent with the data
domains 1, 3, and 4 become more hydrophobic upon lipid showing a concomitant increase in fluorescence intensity
binding. The addition of control, neutral PC, vesicles did upon binding of lipid to the full-length protein (domains
not alter the fluorescence emission maxima or the relative 1-5), the decrease i, observed for the protein in the
fluorescence intensity of the tryptophan residues (Figure 4B). presence of lipid suggests that the tryptophan in domain 1

0.40 346

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

lipid (1M) lipid (M)
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1.40 Table 1: Stera-Volmer Quenching Constarits
1.30 Ksv (M7Y)
PS/PC vesicles PS/PC vesicles
120 protein alone  with Tris buffer  with Tris and NaCl
110 D1-5 17.9 7.6 22.5
o D2-5 19.4 16.0 17.2
= D3-5 20.7 11.4 15.5
1.00 D4-5 19.6 13.1 21.2
D5 17.6 13.1 16.6
0.90 D1-4 12.9 13.5 -
aKg values for domain-deleted fragments3&GP1 in the presence
0.80 and absence of vesicles with and without NaCl (150 mi4).values
of protein alone in both Tris buffer (10 mM) and NaCl (150 mM)
0.70 buffers yielded identical values. Experimental conditions are the same
as those described in the legends of Figures 4 and 5.
060 1 1 1L 1 1L 1 1
0 10 20 30 40
lipid (M) decrease ifksy indeed reflects protection of the tryptophans

FiIGURE 5: Fluorescence emission spectra of recombi@@P1 from the ac_rylamlt_je quencher; e.g., they reorient into a more
fragments incubated with PS/PC vesicles in the presence of 0.151Ydrophobic environment. Importantly, both the quench
M NaCl. Increasing amounts of vesicles were added to the different constants (Table 1) and the fluorescence intensity (Figure
B2GP1 fragments, and the fluorescence intensities at the emission6B) of domains +4 remained unchanged in the presence
Eeiﬁvﬁr%%eﬁor%e?h?&gﬁh E%Eitzy_oSf' é’gtgﬁ’]—;bﬁ?_i?‘t‘ge of vesicles. This suggests that binding of domain 5 to the
peak intensity in the presence of vesicles, target membrane is esse_ntlal for initiation of a reaction thqt
propagates a conformational change through the protein
causing a dramatic alteration in domain 1 that facilitates

e -]

71 A concomitant binding to the target membrane.
6  y=0.0625x+0.473, @@ Resonance Energy Transfer betwgBGP1 and Target
T 5 MembranesPrevious studies have raised the possibility that
= binding of the fifth domain 0f2GP1 initiates the absorption
= 13 of domains *-4 parallel to the bilayer surface of the target
2 membrane 17). To confirm our data suggesting that the
1 y=0.0355x+0.636, O-O tryptophans in domain 5 and domain 1 were excluded and
0, q-o 4-0 6'0 8'0 ol included into the hydrophobic membrane environment of the

target vesicles, respectively, resonance energy transfer
experiments between the tryptophans of the full-length
protein and domain 5 to dansyl-PE-containing vesicles (75/
23/2 PS/PC/dansyl-PE) were carried out. Sequential emission
scans were taken immediately upon the addition of increasing
concentrations of control vesicles (without dansyl-PE) and
dansyl-containing acceptor vesicles. RET was calculated
from the difference in fluorescence intensity of the tryptophan
emission peaks of control versus dansyl-PE-containing
vesicles using eq 1. The data presented in Figure 7 show an
0.50 e increase in the RET of the full-length protein with increasing

0 30 60 90 . :
lipid (M) acceptor vesicle concentrations that plateauedd@% RET

Ficure 6: Acrylamide quenching 0f2GP1 tryptophan fluores- eff'.c'ency'_ The add't'on_Of NaCl (to 150 m,M) resulted in
cence. (A) Modified SteraVolmer plots of trytptophan fluores- ~ an immediate decrease in the RET~20% efficiency. RET
cence fex = 280 nm;lem = 350 nm) quenching of2GP1 by was not detected with domain 5. Taken together with the
acrylamide in Tris buffer. Protein and lipid concentrations were data presented above, these results suggest that the binding

0.4 and 3QuM, respectively: (empty symbolgPGP1 alone, (filled ; ot
symbols)32GP1 with PS/PC vesicles, (circles) 10 mM Tris buffer, of 52GP1 to membranes can be separated into two distinct

and (squares) 10 mM Tris buffer with 150 mM NaCl. (B) Relative interactions: (1) primary binding of domain V' that is
fluorescence intensity as a function of lipid concentratic®) H1— insensitive to ionic strength and (2) a secondary binding
5, (O) D5, and ) D1—4. reaction involving domain 1 that is ionic strength-dependent.

It should be noted that while these binding activities appear

reorients into a more hydrophobic environment’ thereby to be diStinCt, both are PS-dependent since domain 1 does
becoming more shielded from the quencher. Althokgh not interact with vesicles composed exclusively of RQ)(
values reflect a decrease in the degree of exposure of [2GP1-Dependent Precipitation of Lipid Vesicl@hese
tryptophan to a polar environment, they can also be due todata raise the possibility that, in addition to domain 5, domain
decreased fluorescence lifetimes. It should be noted, however,l is essential for vesicle aggregation that results in vesicle
that since lifetime is related to fluorescence intensity increase, precipitation. To test this directly, PS/PC vesicles were
the decrease iKs, for the domains that showed increased labeled with trace amounts of Rho-PE and incubated with
intensity upon lipid binding (Figure 4) suggests that the saturating amounts of all ti#2GP1 fragments. The proteins

1/acrylamide (M)

Io/(lo-1)
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50 B2GP1 that result in a significant increase in the risk of

thromboembolisms34—36).

One of the major issues regarding the interactiofi2isP1
with target membranes and/or cells is that there is-@2800-
fold difference in the dissociation constants of the protein
in low- and high-ionic strength~107° and ~10°6 M,
respectively 20, 37)] buffers. Several studies have shown
that while 52GP1 binds to target cells and membranes at
physiologic salt concentration&9, 20, 27, 31), the binding
to target membranes in low-ionic strength buffers results in
their agglutination and precipitatio2@ 21). Conceivably,
this can occur through high-affinity (low-salt)-dependent

lipid (M) global alterations in the target membranes that result in
FicURe 7: RET between tryptophan and dansyl-PE-labeled vesicles. Increased hydrophobicity and subsequent precipitation from
Intrinsic tryptophan fluorescencée = 278 nm) was used for RET ~ the aqueous phas@1) or because of low-salt-dependent
to dansyl-PE by monitoring tryptophan emission maxima. Increasing multiple proteir-membrane cross-linking reactiorts7( 38).

concentrations of acceptor vesicles were added to full-lgb@@P1 The notion that precipitation of membranes in low-ionic

and D5 (0.4«M), and complete emission spectra (from 300 to 525 : : :
nm) were recorded (100 nm/min). Once the RET plateau was strength buffers is the result of multiple proteimembrane

reached, salt was added (to 150 mM) and the spectra were agairintéractions is supported by the observations of Hagihara et
recorded after 10 min at 20C. RET efficiency was calculated as ~ al. (12), who have shown that in addition to the relatively
described in Experimental Procedure®) O1-5 and ) D5. high-affinity binding of domain 5 to lipids, domain 1 also
binds to target membranes, albeit with relatively low
50 affinities. Moreover, the crystal structure 82GP1 indicates
that its five domains exist in the form of a fish hook, J-like
structure, suggesting a functional partitioning of the protein
30 1 over the C- and N-terminil@, 39).
20 | The interaction 0B2GP1 with PS-containing vesicles was
monitored by assessing the tryptophan fluorescence emission
I . maxima and blue shift (an indication of an increase in the

S B e - . — hydrophobicity of the environment of the tryptophans) of

D15 D26 D35 D45 DS D14 the various fragments upon binding to the target membranes.
FIGURE 8: PreC|p|tat|On of PS/PC vesicles with domain-deleted Flgures 4 and 5 ShOW that the ﬂuorescence malea and blue

2GP1. PS/PC vesicles (0.5 mM) were labeled with Rho-PE _, :
€~0.1%) and incubated wigh the in(%icated fragments (M in shift were dependent on the total number of domains present

Tris buffer (dark gray bars) or Tris buffer containing 150 mM Nacl in the recombinant fragments. Several tentative conclusions
(light gray bars) for 16 h at 26C. Aliquots were removed before ~ can be drawn by comparing the data obtained in the presence

and after centrifugation (500 and the fraction of precipitated  and absence of salt. In low-ionic strength buffer, domain 5,
vesicles was calculated from the decrease in supernatant fluoresiny contrast to the other fragments, exhibited a decrease in
cence after centrifugation. fluorescence suggesting that, upon binding, its tryptophan

were incubated in low- and physiologic-ionic strength buffers reorients to a more polar environment. Domainsshowed
phy 9 9 a dramatic increase in intensity that compensated for the

for 1 h atroom temperature and centrifuged at 5@6r 10 ; . . : _
. . . decrease in the intensity of domain 5, suggesting that the
min, and the residual fluorescence in the supernatant was

determined. The data in Figure 8 show that the extent of domain 4 tryptophan becomes protected in the target

- L . , membrane. An additional increase in fluorescence intensity
vesicle precipitation dramatically decreased with a decrease . : ! )
. L . . .~ “was observed in domains-5, suggesting that domain 3 also
in protein size. With the exception of the full-length protein, . : : .
oE : — embeds itself in the bilayer membrane. Domainrss2 on
ionic strength did not affect binding.

the other hand, showed a slight decrease in intensity,
DISCUSSION suggesting that the domain 2 tryptophan became more polar.
Fluorescence intensity was restored with the full-length
The interaction betweef2GP1 and various phospholipid-  protein (D1-5), suggesting that domain 1 resides in a
containing target membranes forms the basis for the pur-hydrophobic environment. The pattern of relative fluores-
ported physiologic and pathogenic functions of the protein. cence intensities between the various fragments was, in
Physiologically, the protein can participate in the regulation general, preserved in the presence and absence of salt with
of coagulation and fibrinolysis by binding to the PS- the exception of the full-length protein. In this case, the
containing prothrombinase compleXd), factor XI (24, 25), intensity decreased to levels that were slightly below and
and plasminogen2g), respectively. It participates in the above the intensities of domains-2 in the absence and
“immune” clearance of liposome®27) and apoptotic cells  presence of salt, respectively. Taken together, these data
and debris&, 28—30) that express negatively charged lipids. indicate that the hydrophobic protection conferred by domain
The protein also binds to the surface of endothelial c8lls ( 1 in the full-length protein is relieved at physiologic ionic
32) where it likely functions as a regulator of angiogenesis strength, resulting in tryptophan emissions consistent with
(33). Pathologically, it serves as the principal antigen in that of domains 25.
autoimmune “antiphospholipid” syndrome where autoanti-  Acrylamide quench curves were generated to directly
bodies bind to ligand-dependent conformationally altered assess the accessibility of the tryptophan residues to the

40

30

20

RET efficiency

40

precipitation (%)
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low | hysiologic |
D1 binds to juxtaposed
membranes resulting in
precipRatian/Agaragetion D1 isfree to interact
‘ with cell surface receptors/

other ligands

Ficure 9: Interaction of32GP1 with lipid membranes. Domain 5 resides in the aqueous phase upon binding to anionic membranes. The
decreased fluorescence of domain 5 is compensated by domain 4-i, Bdggesting that domain 4 is membrane-bound. The inclusion

of domain 3 (D3-5) resulted in a dramatic increase in fluorescence, suggesting that it becomes embedded in the membrane. The decrease
in fluorescence with D25 suggests that domain 2 resides in the aqueous phase. The decrease in tryptophan fluorescence, RET, and
precipitation indicate that domain 1 is released from the membrane under physiologic conditiong,Sihtéinds multiple lipid residues

through domain 5 and domain 1, it induces intervesicular aggregation and precipitation by binding juxtaposed mehibrdresnic

strength.

aqueous environment. The data presented in Figure 6in the bilayer membrane, providing a hydrophobic, acryla-
calculated as described in eq 2 indicated that the quenchingmide-protected environment for its tryptophan. The inclusion
constant Ks,) for the full-length protein in low-salt buffer ~ of domain 2 (D2-5) resulted in decreased tryptophan
decreased from 17.9 to 7.6 mol/Lin the presence of lipid.  fluorescence and only a minor decrease in the extent of
This dramatic decrease iy, was completely reversed when acrylamide quenching, suggesting that domain 2 resides in
the experiment was carried out in the presence of 150 mM the aqueous phase. The only dramatic change in the relative
NaCl (Table 1). tryptophan fluorescence intensity and extent of acrylamide

Similar to the relative patterns of fluorescence intensities duenching in high-ionic strength buffers occurred for the full-
shown in Figures 4D and 5, the observed decrease inlength protein (D5). This suggests that low-ionic strength-
guenching constants for the other constructs followed a dependent bound domain 1 is released from its relatively
consistent pattern. For example, domains53 which hydrophobic, membrane-protected, environment in an ionic
demonstrated the highestl, values (Figures 4 and 5), Strength-dependent manner. This conclusion is reinforced by
demonstrated a large alteration in lipid-bound quench the RET (Figure 7) and precipitation data (Figure 8) which
constants followed by domains—4 and 2-5. Consistent ~ Showed a dramatic decrease in RET efficiency and the
with the notion that the binding f2GP1 to membranes is ~ absence of precipitation upon the addition of salt. A model
dependent on binding through domain 5, major alterations consistent with these data depicting the various domain
in Ks, (Table 1) or increases in fluorescence intensities conformations acquired in the absence and presence of salt
(Figure 6B) of domains 14 in the presence of PS vesicles is shown in Figure 9.
were not observed. These data reinforce the notion that the Taken together, these data support the hypothesis that
interaction of f2GP1 with target membranes is indeed [2GP1 can adopt at least two conformations upon binding
dependent on domain 5. to PS-containing targetsl?, 18). In low-ionic strength

These data show that the individuARGP1 domains  buffers, the protein assumes a conformation in which both

exhibit ionic strength-dependent water-soluble and membrane-the C- and N-termini are oriented along the plane of the lipid
bound states. Taking all of the data together, we can estimatedilayer with each domain acquiring its specific membrane
the orientation of the protein in its membrane-bound state- intéraction. In isotonic buffers, however, only the C-terminus
(s). Under conditions of low ionic strength, domain 5 binds iS bound, leaving the N-terminus in solution. A domain 5
to the membrane through its multiple lysine residues which Pinding-dependent conformational change still occurs, albeit
likely results in juxtaposition of its tryptophan to the charged @ssociation of the N-terminus with the target membrane is
PS headgroup. This would explain the lipid-dependent precluded. Such a situation would provide a conformationally
decrease in fluorescence intensity and protection from altered N-terminus that becomes available for physiologically
acrylamide. The fact that this tryptophan did not function as importantZ2GP1 interactions. Indeed, the protein has been
an energy donor in the RET experiments raises the possibilityShown to be a target for autoimmune “anti-phospholipid”
that the dansyl-PE was segregated from the tryptophan. Theantibodies 8, 40) and is known to bind to annexin IB{,
inclusion of domain 4 (D45) compensated for the decreased 32), apolipoprotein E receptor 24{), and megalin 42),
tryptophan fluorescence of domain 5, suggesting that domainSuggesting that it can simultaneously bind multiple lipid and
4 became associated with the membrane. The dramaticProtein ligands on opposing cell surfaces.

increase in fluorescence upon the inclusion of domain 3 In summary, this study examined the interaction82&P1
(D3-5) indicates that domain 3 becomes tightly embedded with PS-containing membranes by a number of techniques.



Interaction off2GP1 with PS Vesicles

The results suggest that large-scale structural changes to17
B2GP1 are initiated upon the initial interaction of domain 5
with a target membrane. The physiologic significance of this ;g

is likely related to domain 1-dependent alterations that occur

through conformational changes initiated upon domain 5
binding that facilitate the subsequent binding of domain
1-specific autoimmune antibodied3 44) and domain 1

binding to PS-expressing target cells (e.g., apoptotic cells

and their debris).
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