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ABSTRACT. Annexin V (AxV) is a member of a family of proteins that exhibit functionally relevart'€a
dependent binding to anionic phospholipid membranes. Protein structure and stability as a function of
C&* and phospholipids was studied by bulk phase infrared (IR) spectroscopy and by IR reflection
absorption spectroscopy (IRRAS) of monolayers in situ at the air/water (A/W) interface. Bulk phase
experiments revealed that AXV undergoes an irreversible thermal denaturatigibab0 °C, as shown

by the appearance of amide | bands at 1617 and 1682.d#owever, some native secondary structure

is retained, even at 6TC, consistent with a partially unfolded “molten globule” state. Formation of the
Ca&*/phospholipid/protein ternary complex significantly protects the protein from thermal denaturation
as compared to AxV alone, €dAxV, or lipid/AxV mixtures. Stabilization of AXV secondary structure

by a DMPA monolayer in the presence of avas also observed by IRRAS. Spectra of an adsorbed
AxV film in the presence or absence of €ashowed a 10 cmt shift in the amide | mode, corresponding

to loss of ordered structure at the A/W interface. In both the bulk phase and IRRAS experiments, protection
against H=D exchange in AxV was enhanced only in the ternary complex. The combined data suggest
that the secondary structure of AxV is strongly affected by th& @@mbrane component of the ternary
complex whereas lipid conformational order is unchanged by protein.

AxV1!is a member of a family of structurally related, exists as a four-helix bundle with a fifth “capping” helix
eukaryotic proteins that bind phospholipids in a calcium- crossing over the top. The four domains are organized
dependent manner. Although these molecules have beersymmetrically in a cyclical array, so that the axes of the
implicated in a variety of membrane-related processes a-helical bundles lie approximately perpendicular to the
including membrane trafficking, signal transduction, anti- plane of the membrane. &abinding sites are located in

inflammatory activity, and blood coagulatiod,(2), their interhelical loops at the interfacial surface. Cryoelectron
definitive in vivo functions have yet to be elucidated. Several microscopy studies of 2-D AxV crystals in contact with lipid
detailed reviews have appeare3t-@). monolayers have led to insights as to protein structural

AxV has been widely studied in terms of structure and changes on membrane bindirgy (0. The affinity of AxV
membrane interactions. Its three-dimensional X-ray structurefor anionic phospholipid membranes is in the nanomolar
has been determined at atomic resoluti@ng). AxV is a range in the presence of €aand negligible in the absence
33 kDa peptide composed primarily afhelical secondary  of the cation. The bulk of the evidence for Ax\\nembrane
structure, with no appare-sheet. The molecule consists interaction is consistent with that of a peripheral protein
of 4 core domains of-70 residues each. Each of the domains bridged by C&' ions (11).

Two recent spectroscopic studies have investigated the
T This work was supported through U.S. Public Health Service Grants changes in membrane properties induced by calcium-

8"’.“298.?4 and Gt.M‘f"4554 to Rutgers University and to Boston dependent annexin binding in some detail. The effect of
niversity, respectively. . -~ . .
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353-1264. E-Mail: mendelso@andromeda.rutgers.edu. and oriented bilayers was studied by fluorescence and NMR
Rutgers University. techniques12). The presence of AxV led to the appearance
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1 Abbreviations: A/W, air/water; AxV, annexin V; BAM, Brewster of slow motions on the NMR time scale, |nd|cat|ng a

angle microscopy; DMPA, 1,2-dimyristogiglycero-3-phosphatidic ~ féduction in the lipid diffusion rate. The advantages of using
acid; DMPAs,, acyl-chain-perdeuterated DMPA; DOPC, 1,2-dioleoyl-  a lipid monolayer model for studying AxV interactions with
snglycero-3-phosphocholine; EDTA, ethylenediaminetetraacetate; EGTA, phospholipids and CGa were demonstrated in a recent joint

ethylene glycol big§-aminoethyl etherN,N,N,N'-tetraacetate; HEPES, : :
N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic acid hemisodium salt; study from our laboratorieslg). Three techniques capable

IR, infrared; IRRAS, infrared reflectionabsorption spectroscopy; LC, ~ Of providing information from monolayers at the A/W
liquid condensed; LE, liquid expanded; NMR, nuclear magnetic interface, namely, surface pressum, BAM, and IRRAS,

resonance; POPS, 1-palmitoyl-2-oleayi3-phospha--serine sodium il ;
salt; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS were utilized to study the temporal, spatial, and structural

phosphatidylserine;(CH,), symmetric methylene stretching frequency; ’ organizatiqn of mon()_'ayers asa function of AxV andCa
v{CD,), asymmetric methylene GDstretching frequency. The specific ternary interaction between AxV, DMPA, and
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Ca&* produced characteristic domain shapes and textures orspectra encoded everyl cml. For D,O experiments, 8

an aqueous subphase. In particular, a marked rigidification blocks of 64 scans of sample and air background were co-
of the monolayer was an effect produced solely by the added into separate files and ratioed to produce IR spectra
protein/lipid/C&" ternary complex. with optimal water vapor compensation.

The present study was undertaken to address two major |RRAS Measurement®ur experimental setup has been
issues: firSt, to determine the protein Stab|l|ty as a function described in deta"](S) previous|y_ Brieﬂy’ the ang|e of
of membrane binding; and second, to compare AxV second-incidence was set to 35and unpolarized radiation was used.
ary structure in bulk vs monolayer phases. These concernsan optical filter (OFC Corp., Natick, MA) was positioned
have been addressed with bulk phase IR measurements of, the incident light path to reduce possible heating effects
the thermal denaturation of AxV in its free and membrane- f the IR beam 16). A total of 1024 scans acquired with a

bound states, as well as by IRRAS studies of protein resojution of 4 cm® were co-added and fast-Fourier-
secondary structure in situ at the A/W interface. In addition .on<formed with one level of zero-filling to yield spectra

to evall_Jating protein structqral parameters, IR provides @ encoded every 2 cm. A subphase of 100 mM NaCl and 2
convenient means for detecting any concomitant changes N, M EDTA in HPLC-grade HO (pH ~5.6) was used for
I|p|_o! conformational ord_er and phase behavior. The avr_:ul- DMPA compression expefiments. A0 subphase of the
a.b'“ty OLIREI'\A/‘VS.tO rr;on|torﬁprote|nbsecor}dlarygstructure |fn same composition was employed for AxV injection measure-
22:1 daitnt (ih . tmtertgce 0 fers tSF‘ s_tanuat a vanftt:;g?s_ dor ments. The temperature of the subphase was controlled at
1ying the interactions of extrinsic. proteins with ipid 51 | g 5°C with a circulating water bath. The monolayer
environments. : . . ;
was discontinuously compressed over a time period of 3 h.
MATERIALS AND METHODS After_ the lipid LE/LC transition region was entered as
monitored by surface pressure, the monolayer was allowed
Materials. DMPA, DMPA-ds,, POPS, and DOPC were to relax for at least 10 min prior to protein injection. For
obtained from Avanti Polar Lipids (Alabaster, AL). HPLC- film-free injections, the barrier was positioned at an area
grade HO, chloroform, and methanol were all purchased equivalent to the onset of LE/LC transition. The acquisition
from Fisher Scientific (Pittsburgh, PA)..D with 99.9% time for one spectrum was-8 min. It took 4-5 h to
isotopic enrichment was supplied by Isotec (Miamisburg, complete a typical injection experiment. Each experiment
OH). All other chemicals were obtained from Sigma (St. was reproduced several times, and typical results are
Louis, MO) and were of the highest purity commercially presented in this report. The final concentration of AxV in
available. the subphase was0.06uM, and that of C&" was~10uM.
Sample Preparation and IR Bulk Phase Experimental The details of sample injection protocols have been described
Methods.Recombinant rat AxV was prepared as described elsewhere 13).

previously(@4). AxV samples were stored in buffer A (50 IR Data Reduction ProtocolsThe precise values afs

mM HEPES, 100 mM KCl, 0.02% NajNand SuM EGTA, ~ (cH,), 1,{CD,), and components of the protein amide |
pH 7.4) at 4°C. The typical protein sample concentration  contour for the bulk phase experiments were determined from
was~0.2 mM as determined by the Bradford assay. For bulk’ second-derivative spectra using software provided by the
phas_e measurements of AxV t.hermal denaturationd® D \jational Research Council of Canada. The peak position of
SOIUt'.onS or me_mbrang suspensions, A0@f the AxV stoc_k the amide | contour was picked directly from the subtracted
squ'uqn was d'luFed with D butter A (pD 7.4) to 2 mL in IR or IRRAS spectra using the same software. Spectral
an Amicon _Ce_ntrlcon-lo concentrator (Beverly, MA). Three subtraction and baseline leveling were carried out with
cycles of diluting and spinning in a Beckman JA-14 rotor Grams/32 (Galactic Industries Corp., Ilthaca, NY). Intensities

(Fullerton, CA) at 5000 rpm (4C) yielded an AxV sample . ;
(in D20 buffer A) at satisfactory concentrations for IR bulk of 1617 anq 1650 ot bangjs were obtained as peak heights
from baseline leveled amide | envelopes.

phase measurements. The final filtrate was used for back-
ground subtraction. For experiments performed in the pres- Since the RO buffer exchange process was not 100%
ence of C&", buffer A included 1 mM C#. complete, a matching @ buffer background at the same
Bulk phase FTIR spectra were collected on a Mattson temperature was sub_tracted from t_he protein spectra for
Instruments Research Series (RS-1) spectrometer equippe§valuation of the amide | contour in the IR bulk phase
with an MCT detector and a sample shuttle. The spectrometerMeasurements. _The criteria for success of this operation is
was under constant dry air purge. Multilamellar lipid vesicles t© match the residual 4 and HOD contents of the sample
were prepared by rehydration of a vacuum-dried lipid film and background spectra, as judged by the intensities of their
with buffer A or protein solution. The lipid:protein molar ~ respective stretching bands centered @850 and 3420 crrt
ratio was 100:1. Samples for FTIR were placed between CaF (17) and by the intensity of the HOD bending mode-&t460
windows separated with a 2&m spacer. A thermostated cm L. The last filtrate from the buffer exchange protocol
transmission cell (Harrick Scientific, Ossining, NY) was used Worked well for this purpose, yielding a level baseline from
together with a circulating water bath for temperature control. ~3000 to~1200 cnt*. For experiments with PS vesicles,
Temperatures were monitored with a digital thermocouple spectra of a pure lipid sample at the same concentration as
(Physitemp Instruments, Clifton, NJ) accurated6.1 °C. the lipid—protein mixture were used for subtraction instead
All aqueous sample spectra were obtained at 4lcm of the DO buffer. Contributions of the PS headgroup
resolution by co-addition of 1024 interferograms. The carboxylate at~1620 cnr! were subtracted from the protein
interferograms were apodized with a triangular function and amide | contour. The process was monitored by the disap-
Fourier-transformed with two levels of zero-filling, yielding pearance of the PS carbonyl band centeredat50 cn1?.
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ment of amide | bands to particular secondary structures
(1615-1685 cnt?l) is nontrivial in general but in this case
can be correlated with the rat AxV crystal structu. (
Second-derivative spectra (Figure 1B) at low temperatures
exhibit eight major features in the amide | region: 1616,
1630, 1638, 1649, 1659, 1667, 1674, and 1682'crihhe
two bands at 1649 and 1659 chrare commonly assigned
to helical secondary structures. These bands evidently make
the strongest contribution to the original spectral contour,
consistent with the crystal structure. While we cannot make
definitive band assignments for specific helices in AxV, the
1 frequency of a prominent band in the second-derivative
Wavenumber (¢cm ) spectra (1659 cr) is close to that generally observed for
hydrophobic helices. Assignment of the low-frequency bands
at 1638 and 1631 cn is uncertain. Althouglf-sheets may
absorb in this region, their absence in the crystal structure
makes this assignment untenable. Recent studi®sh@ve
suggested that exposedhelices which can form H-bonds
in addition to those required for the structure absorb in the
1630-1635 cn1! spectral region. The assignment was also
suggested for the (flexible) ends of helices or distorted 3
helices.
Evaluation of temperature-induced changes in the amide
| contour is simplified by examination of the second-
| derivative spectra which are overlaid in Figure 1B. We note
Wavenumber (cm™) that although the process of derivation narrows the compo-
C nent bands of the amide | contour, thereby facilitating their
identification, the relative intensities of the components in
the derivative spectrum are related to the width of the bands
in the original contour and not to their fractional areas. Thus,
the relative intensities of bands in derivative spectra are not
appropriate for quantitative analysis. Figure 1A shows that
between 10 and 4%C, the amide | band intensity diminishes
slightly, a probable result of temperature-induced density
changes. More substantive alterations in the amide | contour
become evident at-50 °C. The band at 1649 cm is
replaced by two features at 1651 chand a weaker band
1700 1650 1600 1550 1500 at 1645 cm?. A weak feature at 1616 crhbecomes masked
Wavenumber (cm’™) by an intense band at 1617 chwith a concomitant increase

. 1 AR waof th de 1 and I wal redions in intensity of a weak high-frequency shoulder near 1682
IGURE 1. spectra o e amiae | an Spectral regions for —1 H
pure AXV (buffer A, D,O, pD 7.4) as a function of temperature cm™t. These latter two bands have been observed in several

(10—60°C). The vertical dashed lines mark the main amide | band studies of thermal denaturation in proteins vyhere they appear
at ~1650 cnt! and a noticeable shoulder arising above°@0at to be marker bands for thermal denaturatiaé8-<21), and

1617 cml. Amide Il peak intensity, marked at1540 cnr?, are suggested to arise from extendegbaheet-like struc-
decreases with increasing temperature. The temperature-dependenfres.

changes are mostly irreversible as indicated in the spectrum acquired . : - :
at 25°C from a sample that was preheated td60and then cooled. For a_predomlnantly helical protein like AxV, the a‘T"de
The arrow represents an intensity of 0.025 AU. (B) Second !l band is expected near 1550 cinBecause the vibration

derivatives of IR spectra for the amide | region of pure AxV as a arises from mixed N-H in-plane bending and €N stretch-
function of temperature (£060 °C). At low temperatures, eight  ing modes, its position shifts to 1450 ctupon H-D

?gggs 1%rfspg%§e(ﬂt_3t rlcfsspzéc%isgld;. i%%?/é i‘%"tﬁﬁ%)glgﬁgv exchange in the peptide bonds. In spectra of dried proteins,
band’(e) splits into two bands at 1651 and 164é—b(ﬁ 9). © IR the intensity of the amide Il band is normally at least half

spectra of the amide | and Il regions for pure AxV (buffer A that of the amide | mode. Thus, the spectra of AxV afCO0
pD 9.5) as a function of temperature (260 °C). The arrow are suggestive of partial exchange prior to the onset of IR
represents an intensity of 0.025 AU. data acquisition. The residual amide Il band shows a different
RESULTS temperature depende_nce than the amide | vibration. A small
decrease in amide Il intensity occurs between 10 antiz40
Bulk Phase AxV in Binary and Ternary Mixtures with and is followed by nearly complete elimination of the band
Phospholipids and/or C4. Spectra of AxV in buffer A at as temperature is increased to 30. The temperature-
several temperatures are shown in Figure 1A. The broaddependent changes of amide | and Il bands are irreversible
spectral feature at 1652 ct with several underlying as seen from the spectrum obtained after recooling (to 25
components, as evidenced by shoulders, arises from the’C) a previously heated sample (Figure 1A, 5 trace)
amide | mode (mostly peptide bond=D stretch). Assign-  The broad feature near 1580 chin all protein spectra
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FicUrRE 2: (A) IR spectra of C&-free AXV—DMPA/DOPC (buffer C
A, DO, pD 7.4) as a function of temperature {60 °C). The
lipid carbonyl stretching mode is observed-at735 cml. The
arrow represents an intensity of 0.025 AU. (B) Second derivatives
of IR spectra for the amide | region of (A). The letters—(n
represent the same peaks as in Figure 1B.

probably arises from protein side chains, e.g., carboxylate
moieties, rather than amide Il vibrations.

Spectra of AxV samples which were exchanged int®D
buffer at pD 9.5 are shown in Figure 1C. The amide Il band
at 20°C is less intense than that from the same temperature , , L
in Figure 1A, consistent with enhanced—+D exchange 1580 1560 1540
kinetics at higher pD. In contrast to amide I, however, the Wavenumber (cm-l)
temperature dependence of the amide | region is unchanged .
from pD 7.4 to 9.5, indicating that the temperature-induced meg’jf']fe?;: A(/?I)D '(F; SSDEC?Z)OLQ)Q\E%'\CAIE?/ 2&2%}%‘?‘; tu(rle "e"?{"%
amide | spectral changes reflect conformational alterations °C). The lipid Czarbonw stretching mode is observed-a735 cnr™.
rather than exchange phenomena. The main peak of the amide | band is marked at 1650 cmnd

Binary mixtures of AxV with acidic phospholipid-contain-  the increase in intensity of the shoulder at 1617 &is not as
ing mixtures such as DMPA/DOPC and POPS/DOPC, in the strong as in Figures 1A and 2A. _The arrow represents an intensity
absence of G4, produce spectral alterations similar to those ?f 0.025 AJ. (B) Second derivatives of IR spectra for the amide |

' ) ! egion in (A). The band positions {&) are the same as in Figure
observed for the pure protein as a function of temperature. 1B, while f—h are shown as-j in Figure 1B. (C) 1596-1525
The data for DMPA/DOPC/AXV in a Cd-free buffer are cm~1 region of AxV (solid line) and AxX\-DMPA/DOPC-C&*

shown in Figure 2A,B. The lipid carbonyl stretching mode (dashed line) IR spectra at 8C. A residual amide Il component
is observed at1735 cntl. at ~1542 cntt is visible in the ternary system spectrum (arrow

S ) marked). The higher band intensity at1580 cnt! in the AxV
The remarkable stabilization of the AxV structure in a spectrum is due to the more intense marker band at 1617 itm

ternary complex of phospholipid/AxV/Cais evident from  the spectrum of pure protein at 8C (Figure 1A).

data shown in Figure 3A (raw absorbance) and Figure 3B

(second derivative). AXV structure in DMPA/DOPC/AxV/  spectrum confirms the Cainduced stabilization of the
Ca* vesicles shows much less evidence of thermal dena-Structure. There is little or no change in the amide | band
turation than in the C-free binary system or in pure AxV  pattern on heating except for the appearance of the marker
solutions. In Figure 3A, the intensity (at 8C) of the low- band at 1617 cmi. Furthermore, there are no shifts in the
frequency marker band at 1617 this much reduced o-helical bands or in the Splitting of the 1649 Chpeak as
compared with Figures 1A or 2A. In addition, the main peak a function of temperature.

at~1650 cmt is much less altered at high temperature, with ~ The amide |l region (15201560 cn1!) may also serve

no apparent frequency shift. Examination of the derivative as a useful marker of structural stability. In the current

Absorbance




796 Biochemistry, Vol. 38, No. 2, 1999 Wu et al.

1.2 A
] ~ 2196
.l TE o ¢ &go
1of ° 5] C  gvvV
< 2195 88 v
E vy vy v
nv ) 5 Vyyvy ¥
08} ) = Sw"
: § 24} 8ov
S = ool
g . g o
- K 8 2193 f v
\: 0.6 a = a‘%@ee
o
,_"_' a v 2192 i A 1 1 I N
04t . g7 0 10 20 30 40 50 60 70
- g v Temperature (°C)
R RERCI B
02} M v 2854.5
vV Vv Vvg vy vV o~
0.0 , , : N , §2854.0 8 S8°
0 10 20 30 40 50 60 70 — @v@ Y § v
Q 3 v
e} R vy
Temperature (°C) g 2853.5 §§8v W
v
Ficure 4: Relative intensities of 1617 and 1650 chiands (1617 5 I §8§V'
l1650 for various AxV samples plotted as a function of temperature. % 285301 &80 v
AXV (@), AXV—Ca* (O), AXV—DMPA/DOPC (¥), AXV— = v
DMPA/DOPG-Ca&* (v), AXV—POPS/DOPC M), and AxV—

POPS/DOPE Ca* (O) results are shown. Buffer A (i, pD 7.4) 28525 L . : L —t
and a C&" concentration of 1 mM were used. 0 10 20 30 40 50 60 70
Temperature (°C)

gxperiments, AXV structure gtabilization in ternary comp_lexes FIGURE 5: (A) 1o{CD,) are plotted as a function of temperature
is also' ewdgnt f_rom the amide Il spectral region. In Figure for DMPA-dsdD?)PC ®), DMPA-Gs/DOPC-C&+ (O), AXV—
3C, this region is plotted for AxV alone and for an AXV/  pMPA-dss/DOPC (), and AxV—DMPA-dsf/DOPC-C&* (V) in
DMPA/DOPC/C&" complex at 60 C. Although the differ- buffer A. The C&" concentration was 1 mM. (B)(CH,) are plotted
ences are small and the influence of the 1617 tmarker as function of temperature for the same samples and conditions as
band at high temperature is unavoidable, residual amide 111N (A)-
intensity is evident as a weak feature~at542 cn1?! only
in the ternary complex. This protection against exchange is
further evidence of a G&/phospholipid stabilization against
temperature-induced perturbations in the AxV native struc- .~ ™" ) _ )

is difficult to estimate). The thermotropic behavior of the

ture. ale) Jeavi
Other data support a substantial stabilization of the native POPC component in binary DMP&/DOPC lipid mixtures

AXV structure in the protein/Ca/lipid ternary complex. IS Shown in Figure 5B. As expected, the unsaturated and
Comparison of the intensities of marker bands associatedNighly disordered acyl chains in this zwitterionic molecule
with native AxV structure (1650 crm) or thermally dena- do not show cooperative melting processes under our various
tured structure (1617 crd) provides a measure of relative &XPerimental conditions (note the expanded vertical scale).
protein structure stabilization. To present these data more | N€ @bsence of a discernible transition is consistent with
quantitatively, the 1617/1650 crh peak height ratio is h|ghly nonideal mixing or phase separation of these two
plotted in Figure 4 as a function of temperature for a series IPidS: N N _
of relevant samples. The ternary complex samples (Axv ~ Addition of C&* (1ImM), AxV, or AXV/Ca" to the mixed
Ca&* + DMPA/DOPC or POPS/DOPC) show a smaller lipid vesicles leaves the phase transition temperature es-
change in 1617/1650 crhintensity ratio index, compared ~ Sentially unchanged (Figure 5A). However, the slightl(
with Ca*-free binary mixtures (AxW-lipid) or pure AxV cm*) lowering ofva{CD,) upon addition of AxV and AxV/
samples. At 60°C, the index ratio is<0.6 for the ternary ~ C&", above the transition, does suggest some ordering of
Bulk Phase Pure Phospholipid or Mixed VesiclBse bulk Structure and Stability of AxV in Situ in Langmuir Films.
phase transition characteristics of DMRA/DOPC 1:1 Figure 6 displays the time dependence for adsorption of AxV
mixtures are shown in Figure 5A,B, as monitored by the to a lipid-free aqueous surface. The rapid increase in surface
temperature dependence af{CD,) and v(CH,), respec- pressure to~7.5 mN(m gfter injection of AxV followed by
tively. The measured positions of these bands provide @ g_rgdual monotonic increase reveals the strong surface
information about acyl chain conformational order, higher activity of this protein.
frequencies being indicative of a greater fraction of gauche To evaluate the structure and stability of AxV in mono-
bonds. The getliquid-crystal phase transition is at52 °C layer films, IRRAS measurements of AxV in the amide |
for DMPA-ds4 as determined from,d{CD,) (data not shown).  region for the protein alone, with lipid, and with lipid and
Addition of 1 mM Ca&* has a strong ordering effect on pure C&" are displayed in Figure 7. Films of pure AxV and AxV/
DMPA-ds,, and results in the near-abolition of the transition. Ca&* each show a broad amide | peak centered-4640

In the mixed lipid system (Figure 5A), the DMPA component
exhibits a broadened melting process that is centered at 24
°C with a range of~12—29 °C (the actual onset of melting
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20 binary system, the amide | mode is shifted by2lcm™ to
lower frequency compared to the AxV/@&DMPA mono-
layer ternary system. The presence of residual water vapor
and noise precludes the possibility of second-derivative (or
other) analysis of the amide | contour in monolayers.

15 b
% However, the overall amide | band shape and peak positions
£ in lipid monolayer environments are similar to those seen
o for all AxV samples, in the presence or absence of lipid, in
; 10k the bulk phase at the same temperatures.
E A second noteworthy feature of Figure 7 is the presence
© of a residual amide Il band (marked in the figure with a
§ vertical dashed line at 1550 ci) observed only in the
E sH ternary monolayer system, similar to the bulk phase ternary

system at lower temperatures. In samples without all three
components (AxV, CH, and lipid), H=D exchange is
almost complete in the J® environments as revealed by
0 . A o A the absence of an amide Il IRRAS peak.

0 20 40 60 8 100 120 140 160

FiGure 6: Surface pressure vs time after injection of AxV into a

film-free subphase (100 mM NaCl, @\l EDTA, pH 5.6). The C+ellular funct|_ons of annexins are closely _tled to their
final protein concentration in the subphase wé@.06 xM. The Ca*-dependent interactions with membrane lipids. There are

subphase temperature was 210.5 °C. several gaps in our current knowledge that the present work
begins to address in terms of understanding structural and
stability changes induced in both the protein and lipid
components upon their mutual interaction. Previous studies
have addressed these issues for the membrane lipids and
report changes in parameters such as lateral diffusion rates
(12, 22. Furthermore, AxV/C#/lipid ternary systems
exhibit altered properties such as increased surface pressure,
reduced curvature2@, 24, and increased rigidityl3, 25

that only occur with protein present. The essential role of
the protein in these phenomena is not well understood.

The unique properties of the ternary system do not appear
to arise from large-scale changes in protein conformation.
Comparison of the AxV structure in soluble and membrane-
bound forms by X-ray crystallography and high-resolution
cryoelectron microscopy, respectively, reveals no major
conformational differences other than a slight flattening of
the molecule on the interfacial surface. Secondary structure
differences between these forms are negligible as assessed
by CD spectroscopyld, 26. In terms of protein structure,
the stabilization afforded by the ternary complex is most
S ) likely a consequence of the formation of crystalline arrays
E‘;iﬁﬁ;;gﬁéﬁ;ﬁeﬂ%ﬁ ;geg'r”éifg?g dO];)A;(DJ/borhg)S(\e//g%(l)n:gM of AXV on the membrane suface. AxV forms trimers and
NaCl, 2uM EDTA, pD 5.6) a)sl indicated. %I'he fingl concentrations extended trimer-based arrays on acidic thSphO"p'd mem-
of protein and C& were ~0.06 M and ~10 uM, respectively. brane surfaces, as demonstrated by chemical cross-linking
The subphase temperature was#20.5 °C. Injections were made  (27) and cryoelectron microscopy studi€s 10. The trimers
at the onset of the LE/LC phase transition of a DMPA monolayer lie along the surface of the lipid layer and crystallize in the
or the equivalent surface area in the film-free cases. The vertical |51aral direction 28). These observations prompted the

line marks the main amide | peak atLl650 cnt?! observed in the - S .
presence of a DMPA monolayer compared with a bane E640 current investigation into other properties, such as thermal

cm* without DMPA. The amide Il peak is marked at 1550¢m  Stability, of AxV as part of the ternary system.
The arrow represents a reflectar@dsorbance intensity of 0.001. The thermal properties of AxV have not been widely

] probed, except in its soluble form. Budisa et &9)(have
cm™*, shifted by 10 cm* to lower frequency from the AXV  reported a melting temperatur) of soluble AxV of 52
amide | mode in solution (Figure 1A). The large shift °C pased on CD measurements at 222 nm. Light scattering
suggests a marked alteration in the secondary structure ofmeasurements show that, at neutral pH, the protein begins
AxV at the A/W interface. In contrast, AXV in lipid to aggregate at around 8C (30), consistent with thermal
environments at the A/W interface, in both the presence anddenaturation. In CD studies of AxV, the presence of‘Ca
absence of Ca, reveals an amide | frequency near the increases the melting temperature$ °C, over theT,, of
solution value of 1650 cnt. In the AXV/DMPA monolayer 58 °C for the C&"-free form. Thermal unfolding is both

AxV

AxV/Ca®’

AxV/DMPA

AxV/DMPA/Ca*

:[0.001

1750 1700 1650 1600 1550 1500

Reflectance-Absorbance

Wavenumber (cm'l)
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irreversible and highly cooperativ81). To our knowledge, The added dimension afforded by IR is that IRRAS
thermal stability data have not been reported previously for measurements permit the direct evaluation of AXV secondary
membrane-bound AxV. structure in monolayers at the A/W interface. The surface

The current IR study of rat AxV provides additional activity of AxV is indicated directly from the time course
information on the thermal stability of the ternary system, ©Of surface pressure changes following AxV injection into
permitting detailed comparison between soluble and mem-&n @queous subphase. The rapid initial increase in surface
brane-bound AxV and also between protein and lipid Pressure (F|ggre 6) is strong evidence for the_surfacg activity
components. Absorbance and second-derivative data inCf the recombinant rat AxV in contrast to earlier studigé, (
Figures 1-3 reveal that in the absence of phospholipids, Axv 39)- The discrepancy between the results may be attributed
denatures into a structure less ordered than wild-type, but'© the use of different sources of annexin.
retaining some elements of native protein structure. These " IRRAS samples lacking a phospholipid monolayer,
elements are-helical and probably correspond to the helical 2dSOrption of AXV to the film-free subphase is accompanied
bundles that comprise much of the hydrophobic annexin core. PY @ Substantial change in secondary structure. The 10 cm

Such a partially unfolded state is referred to as the “compactShh_ct in the amide I. position from 1650 to 1640 CFnis.
denatured” or “molten globule” state. From IR studies of typical of the formation of random coil and a loss of helical

thermal denaturation in other proteins, this physical state structure. This shift is con;istent with Igrge-scale unfolding
gives rise to marker bands near 1617 and 1682'cince or denaturation at the A/W interface, which commonly occurs

these frequencies are usually associated jitiheet struc- with proteins. However, unlike the thermal denaturation, the
ture, these marker bands have been attributed to intermo-Strl%Cltgfill 6c2:2angel of ’/'}(XV St 'g‘/W tdhoes n%t eIXh'b'E the
lecular aggregation of extended polypeptidg®.(Regardless i d'fc;m rpar erh and n f € tﬁmlte contour,
of the structural interpretation, the appearance of these band%léggest.mg fl Aese n rlnec anisms .ord b € \;VO procgsses.
marks the onset of thermal denaturation/aggregation in AxV Sorption of AXV'IS also accompanied by extensiver

samples. The irreversibility of the process is clearly revealed exc_hang_e, as_revealed by essentially complete IOSS.Of the
frompthe IR spectrum (e.g., Figurg, 1A) of a sams)/le heated amide Il intensity at 1550 cmt. C&" does not protect against

t0 60°C and then cooled to 2. The peak near 1617 ci this surface denaturation, as similar effects are noted for AxV
(Figure 1A) retained most of its intensity under these adf—ﬁ;beiézr::s S;Jgﬁ/lcs Aorn%ﬁﬁore‘tg'?rﬂ%:fgggass; eric
conditions. Although the melting temperature was not P L yers P
determined as precisely in the current study as in the work TENtS changes the situation dramatically. For the ternary
of Budisa et al. 29), our observed value for rat AxV in the system, the amide | contour strongly resembles that of bulk

absence of phospholipids (Figure 4) is 471 °C. Besides phasel .AXV; n _ad_dmon, the amide Il/amide | reIat|ve_
the slight differences in the sequence of human comparedIntenSItIes are S'”‘"'?L to those of trr:e bulk phar?e protein
to rat AxV, the difference in observed transition temperatures (compare Figure 7 with Figure 1A). Thus, AxV in the temary

between the IR and CD measurements may reflect the higher.SyStem is protected from surface denaturation at the A/W

concentrations required for the IR (6 mg/mL vs 0.08 mg/ interface. For AxV adsorbed to the DMPA monolayer in a

mL, respectively) and the fact that an aggre ation_basedCa?+—free environment, a very small shift to lower frequency
’ Pe y L an aggreg . ~'is noted in the amide | mode, while a slight residual intensity
denaturation as observed here will display a substantial

concentration dependen at 1550 cm? indicates that H-D exchange is not as
: P 0331'. ) ) _ extensive as in the lipid-free films. However;HD exchange
In contrast to the marked increase in protein stability in s more extensive in the €afree DMPA monolayer system
the ternary complex, protein-induced perturbations of lipid than for the ternary system. Our previous study revealed the
structure are small. The effect of AXV on the PA component |ack of a specific interaction between AxV and DMPA

of DMPA-ds/DOPC mixtures reveals no major changes in - monolayers13). The protein simply adsorbs to the aqueous
the thermotropic behavior of the deuterated component. A surface, limiting the surface area available to the lipid
slight ordering in the DMPA component above its phase molecules and forcing them from gaseous or LE phases into
transition, in the presence of protein, is suggested from the |LC domains. This nonspecific adsorption of AxV is sufficient
reduction in frequency at temperatures above the completionto maintain an almost-native protein structure. In contrast,
of the melting process. This minor change is consistent with participation in the ternary complex offers further structural
peripheral protein binding and with a recent study of Saurel stabilization and limits solvent accessibility to the peptide
etal. (L2), who examined the consequences of AxV binding bonds, as indicated by residual amide Il intensity.

on the structure and dynamics of PC/PS bilayers using a In conclusion, formation of the AxV/Ca/lipid ternary
variety of fluorescence and NMR-based experiments. They complexes, either in bulk or in monolayer phases, stabilizes
observed the appearance of slow motions (on the NMR time AxV structure and protects against thermal denaturation and
scale) in the lipid spectra, indicative of a decrease in lipid some degree of +D exchange. Nonspecific adsorption to
lateral diffusion, but observed no indication of changes in lipid monolayers did not promote the same protection against
the lipid molecular packing and acy! chain flexibility in either H—D exchange. Though previous CD data have suggested
of the lipid components. Their results suggest a fididid that addition of C&" tends to stabilize the overall AxV
phase separation of PC into PC-rich and PC/PS domains,structure 86), the present data indicate that the cation alone
the latter thought to be associated with AxV. Both the study has much less effect on AxV thermostability or—D

of Saurel et al. and an earlier investigation by Gilmanshin exchange properties than do Zaand phospholipid. The

et al. @2) of annexin IV with POPG/POPC mixtures were enhanced stability associated with the AxV ternary complex
consistent with the appearance of distinct protein-induced is similar to that induced by high-affinity binding of ligands
lipid regions. to other proteins. For example, the addition of biotin to
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streptavidin increases its thermostability from 75 to 2C2

(37).

Finally, it is notable that the protein and lipid components
show marked differences in the degree of structural stability
afforded by ternary complex formation. The AxV component
is strongly influenced, whereas lipid structure is at most
slightly altered.
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