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ABSTRACT. Annexins are ubiquitous cellular proteins of unknown primary function that bind to anionic
phospholipid membranes in a calcium-dependent manner. Correlative studies involving X-ray crystal-
lography and electron microscopy suggest that annexins undergo a structural change upon binding to
supported lipid monolayer membranes. In this investigation, novel spectroscopic and analytical techniques
have been applied to verify and characterize this change. Soluble annexin V was examined with ordinary
transmission infrared spectroscopy, while membrane-bound annexin V was examined with both transmission
and internal reflection infrared spectroscopy. Spectra were processed by linked analysis, whereby multiple
spectra are fit simultaneously with component bands that are constrained to share common fitting
parameters. This approach is shown to enhance the sensitivity and accuracy of the bandfitting procedure.
Our results are consistent with the general mode of membrane binding inferred from electron microscopy
studies, and they provide independent support for the conclusion that annexin V undergoes a conformational
change upon binding to lipid monolayer membranes. Most likely, this change involves the formation of
new j3 structure in which interstrand hydrogen bonds orient parallel to the membrane surface.

Annexins comprise a family of structurally homologous microscopy studies suggest that the calcium binding sites
proteins that bind to phospholipid membranes in a calcium- become coplanar when the protein binds to a membrane and
dependent manner. A diverse array of cellular functions have thereby imply that some reorientation of these domains must
been attributed to members of this family, including the occur. Rotation of these domaiaa blockto make the seven
regulation of inflammation, coagulation (via lipid sequestra- calcium ions coplanar would require more than isolated
tion), exocytosis, and voltage-gated?®Can channel activity conformational changes in residues 84/85 and 244/245 (the
(1-5). However, a definitive cellular role remains to be segments joining the helices in domains /Il and IlI/IV,
established. respectively), because there are bulky side chains on the

Crystal structures for several annexins have been deter-protein that preclude their close approximation (Figure 1b).
mined, revealing a core tetrad of domains (except for annexin This suggests that at least two of the helices in the crystal
VI, which is an octet) each containing 5 helices connected structure of annexin V must partially unwind when the
by short coil segments, and calcium ions all bound to one protein binds to a membrane.
aspect of the moleculé{-14). Although the stoichiometry We have applied both transmission infrared spectroscopy
of calcium ion binding in vivo is not definitively established, and polarized attenuated total internal reflectari€eurier
it is clear from studies of the annexins with electron transform infrared (PATIRFTIR) spectroscopy to verify
microscopy that the protein surface which coordinates and characterize conformational changes in annexin V upon
calcium ions is the aspect which binds the phospholipid membrane binding. These approaches yield complementary
membrane 15—18). information, with the transmission technique providing

Examination of the crystal structure (for rat annexin V, information about the soluble form and the internal reflection
Brookhaven entry 2RAN) indicates that a plane defined by technique providing information about the membrane-bound
the four C&" ions in domains 1/1V, and one defined by the form. Other investigators have shown that these techniques
three C&" ions in domains Il/lll, make an angle of 37.5  can vyield virtually identical protein spectrd9), so that
with each other (Figure 1A). The aforementioned electron different spectroscopic results should truly represent differ-
ences in conformation.
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Ficure 1: Molecular and schematic models of rat annexin V, Brookhaven structure entry 2RANA) Crystal structure viewed from

the intersection of a plane defined by the four calcium ions (spheres) in domains | and IV and the plane separating the domain pairs. There
is a two-residue segment spanning this plane and connecting helices in domains | and Il, and another two-residue segment connecting
helices in domains Ill and IV. (B) Schematic version of the structure profile indicating the extent to which the side chains occupy space
between the domains.

all the spectra being considered. We show, by means ofmonolayer at the airwater interface (Figure 2). The angle
demonstration, that linked analysis offers better accuracy andof incidence between the IR beam and the crystal surface is

sensitivity than standard bandfitting procedures. 45° (compared to a critical angle for internal reflection of
19°). Single-beam spectra (1024 interferograms) with the
MATERIALS AND METHODS polarizer oriented parallel and perpendicular to the plane of

incidence were collected at room temperature before and after
the injection of 20Qug of protein into the buffer subphase.
The subphase buffer is stirred and has a volume of ap-
proximately 6 mL. Therefore, the membrane is exposed to
a protein concentration of approximately 94 nM. As is typical
for this technique, baseline correction, smoothing, and water
vapor subtraction were not necessary and were not performed
on these spectra.

Materials. Wild-type recombinant rat annexin V (2 mg/
mL in 30 mM Hepes, pH 7.4) was a gift from Barbara Seaton
(Boston University). Subphase buffer for internal reflection
spectroscopy consisted of 30 mM Hepes wOat pD 7.4.
Dimyristoylphosphatidylcholine (DMPC) and dimyris-
toylphosphatidylserine (DMPS) in CH{here obtained from
Avanti Polar Lipids (Alabaster, AL). Lipid concentrations
were assayed by phosphate determinati#), @nd mixtures
of 1:1 (mol:mol) DMPC:DMPS were prepared in 90%
n-hexane/10% ethanol for monolayer studies. Large unila-
mellar vesicles composed of 80 mol % DMPC and 20 mol  Spectra were fit by using the FORTRAN program IRfit
% DMPS were prepared in 30 mM Hepes and 2 mM GaCl on a UNIX workstation. This program was adapted from
in DO (pD 7.4) by extrusion through a 100 nm membrane Efit written earlier for global analysis of multiexponential
for transmission spectroscopy. fluorescence intensity decay®lj. In IRfit, each spectrum

Transmission Spectroscopy.100 uL sample of annexin s fit with one straight and level baseline and one or more
V stock in buffer was evaporated under vacuum and bands. Each band is specified by four parameters, frequency,
resuspended in 5@L of 2 mM CaCl in D,O. Aliquots (80 amplitude, full width at half-maximum (FWHM), and shape
ug of protein in 2QuL) of this solution were placed between (% Gaussian, remainder Lorentzian); initial values for each
CaR, windows with a 0.012 mm Teflon spacer at room parameter must be selected. The program then adjusts the
temperature. A 30-fold molar excess of lipid as large values of these parameters by means of the downhill simplex
unilamellar vesicles was added to selected samples. Singlemethod 24) to achieve minimum least-squares residuals. The
beam spectra (512 co-added interferograms) of samgles ( program, which runs on an SGI workstation under Irix 6.2,
lipid) and buffer & lipid) were collected at 2 cri resolution is available by contacting the corresponding author.
with triangular apodization and one level of zero filling, on The unique and most important features of IRfit are that
a Bio-Rad FTS 60A FTIR spectrometer purged with dry air multiple bands may be fit simultaneously and that parameters
and equipped with a liquid nitrogen-cooled MCT detector. in different spectra may be linked (i.e., shared, or constrained
Absorbance spectra were obtained from the negative loga-to the same value). The aim of “linked analysis” is to exploit
rithm of the ratio of detector response for sample and buffer. the reasonable expectation that changing the polarization of
Baseline correction of the absorbance spectra was performedh spectrum will change the relative amplitudes of component
by straight-line interpolation between spectral points at 1800 bands but it should not change their frequency, width, or
and 1590 cmt, but no smoothing or water vapor subtraction shape. These parameters should also remain unchanged in
was performed on the spectra. repetitions of the same spectral measurement. Thus, linked

Internal Reflection SpectroscopSupported lipid mono-  analysis reduces the number of independent fitting parameters
layers, compressed to a surface pressure of 25 dyn/cm, werdeing applied to the available data (increasing the ratio of
prepared on a silane-treated 5010 x 2 mm germanium data to fitting parameters), and it increases the information
crystal with a Langmuir trough as previously describ28) content of each parameter by overdetermining its value. As
but modified so that the crystal is applied flat onto the a consequence, the likelihood of arriving at a unique fitting

LINKED ANALYSIS
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Ficure 2: Schematic of the PATIRFTIR spectrometer is coupled to the Langmuir trough. A silane-treated 52 x 2 mm germanium

crystal is fixed in a horizontal position such that a polarized infrared beam from an FTIR spectrometer may be directed into on® of its 45
end-facets and collected out of the other. In this configuration, the beam makes an anglendthdthe surface normal and internally
reflects 11 times on the upper surface and 12 times on the lower surface before exiting through the’ahd¢fdbet. A lipid monolayer

is formed at the airwater interface, compressed to a selected pressure, and applied to the crystal surface by raising it up to the horizontally
positioned crystal. Samples are introduced into the continuously stirred subphase by needle injection through the monolayer.

Table B

i 0,
amplitudes (% total area) dichroic ratio transition order

band frequency (crr) FWHM (cm™) shape % Gaussian

transmission (no lipidn = 3)

1 1652.3 49.0 93.3 99.5 (0.5)
2 1691.3 28.4 82.8 0.5 (0.5)

internal reflection (monolayen = 3) Il ad
1 1601.0 20.6 25.2 1.8 (0.7) 1.9 (1.0) 2.53(0.72) 0.14
2 1633.6 33.1 59.9 35.2(1.2) 46.7 (4.2) 1.66 (0.03) -0.11
3 1651.8 39.3 45.2 56.0 (1.2) 45.6 (3.8) 2.73(0.36) 0.18
4 1672.3 21.8 65.3 7.0 (1.3) 5.7 (0.5) 2.66 (0.41) 0.16

aValues in parentheses are mean deviations.

solution is greatly enhanced (though not guaranteed), andordered (isotropic), perfectly ordered and oriented at the
the gradient at most points in thyé surface will be steeper, magic angle (54.7relative to the membrane normal), or a
yielding greater precision for individual parameters. variety of more likely distributions. Since dichroic ratios were
In the present study, one simultaneous fit was performed calculated only for band components with identical positions,
on three unpolarized spectra for the transmission study, andwidths, and shapes, they are equivalent whether calculated
a separate fit was performed on three pairs of parallel/ from component amplitudes or areas.
perpendicular polarized spectra for the internal reflection
study. Only the spectral region between 1750 and 1550 cm RESULTS
was considered. Each spectrum was fit with the minimum  Transmission spectra of soluble annexin V in the absence
number of bands sufficient to meet three criteria: (a) narrow of lipid were obtained in triplicate by alternately placing three
uncorrelated residual amplitudes (fwhm10 cn1?), (b) a samples of calcium-containing buffer, and three different 80
ratio of spectral amplitudes to residual amplitudes that g samples of annexin V in calcium-containing buffer,
corresponded to the apparent signal:noise ratio of the originalbetween two CaFwindows. The spectra exhibited absorption
spectra, and (c) reduction of thégradient to within 1 order ~ bands in the amide | region that could be well fit by a major
of magnitude of single-precision arithmetic. Error estimates component located at 1652.3 chand a minor €1%)
are discussed below. component at 1691.6 criy complete IRfit results are given
Spectral dichroism was evaluated according to the two- in Table 1. Spectral results from samples that had not been
phase approximatior26—27) (see Discussion). The order dried and resuspended in,® were similar but exhibited
parametersS, so derived pertain to the orientational order more difficult baseline and noise problems. The amplitudes
of the amide | vibrational transition moment; a value®f ranged from 33.7 to 34.4 milliabsorbance units, and the
= 1.0 indicates a perfectly ordered system oriented perpen-residual amplitudes after fitting corresponded to a signal:
dicular to the membrane surfacg,= —0.5 indicates a  noise ratio of 47 (Figure 3). The baselines of these spectra
perfectly ordered system oriented parallel to the membrane,were markedly tilted, as is common with transmission IR
and S = 0.0 indicates a system that may be perfectly dis- spectroscopy. Since IRfit only fits baselines that are flat and
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position for membrane-bound annexin V is significantly
different from that of soluble membrane-free annexin V (not
shown). There is a shift of the absorption maximum to lower
frequencies, and new components appear at 1617 and 1675
cmt
Internal reflection spectra of annexin V were recorded on
a 1:1 DMPC/DMPS monolayer at a surface pressure of 25
dyn/cm. After injection of protein into the buffer subphase,
no absorption signal develops for up 3 h in theabsence
of calcium. This demonstrates that spectroscopic signals do
not arise from annexin V in bulk solution. When sufficient
calcium was added to make [€4= 1 mM in the subphase,
a clear amide | signal developed (Figure 4) and reached a
) - o . plateau amplitude after approximately 2 h. There was no
FIGURE 3: Transmission spectrum of soluble annexin V in calcium- . . . . .
containing lipid-free buffer. The spectroscopic data are represented!ncreas_e in membrar_le surfaqe pressure dgrlng t_h's period,
by #; the three component bands recovered by IRfit are shown asindicating that the introduction of annexin V into the
thin solid lines, and their sum approximating the data is shown as subphase did not lead to the insertion and lateral displacement
a thick solid line. Residual amplitudes below are the difference of lipids in the membrane.
2?%9562”;25 fgéaé acrr'g ;?: 33;" tgfvflgfe‘;?/rggggents' Residual peaks The gmide | regions of the internal reflection spectra could
not be adequately fit with a single major component, and
multiple fits of equivalent apparent validity could be obtained
when each spectrum was fitted individually. Linked analysis
of three parallel and three perpendicular spectra yielded two
major components at 1633.6 and 1651.8 &ntwo minor
components, and a signal:residual noise ratio of 67 (Table
1). The overall dichroic ratio for amide | absorptions is 2.20
(S = 0.06); the ratio for the component at 1633.6 ¢rwas
1.66 G = —0.11), and at 1651.8 cmh it was 2.73 § =
e e — 0.18). The isotropic dichroic ratio for this configuration is
2.0, corresponding t8 = 0.0, whileS = 0.25 for a sample
WMN\/\W that is uniformly oriented at a 45angle. Thus, amide |
e e " vibrational transition moments in this protein as a whole
1700 1680 0 ency 1620 1600 exhibit a slight preference for an orientation perpendicular
ey _ to the membrane surface. Those transitions giving rise to
FiGure 4: PATIR—FTIR spectrum of annexin V on a supported

lipid monolayer; symbols and format as for Figure 3. In the absence the band at 1633.6 cm a.re ord.ered in the plane of the
of calcium in the subphase, no detectable absorption develops in™e€mbrane to a substantially higher degree than those at
this region, indicating that this spectrum is due solely to membrane- 1651.8 cmit. Complete results from IRfit are summarized
adsorbed protein. in Table 1.

These results required us to examine whether it is possible
level, tilted baselines are handled by adding an additional to resolve band components as close as 1633.6 and 1651.8
high-frequency broad band to the fitting solution such that cm~! and whether IRfit offers any advantage over other
one of the quasi-linear sloping wings of the band underlies analytical methods operating on one spectrum at a time. This
the region of interest. In Figure 3, the low-frequency tail issue was addressed by using synthetic spectra. We generated
from such a band centered &i800 cnt* with a width of three synthetic spectra comprising of two component bands
~350 cnt* may be seen. The frequency, width, or shape at 1650 and 1635 cm, each with a FWHM= 40 cntt and
parameters of these extreme bands were not linked acrosg, shape that is 50% Gaussian. The amplitude of the 1635
experiments. Peak residual amplitudes generally corresponccm—2 component was 80%, 70%, and 60% of the 1650%cm
to the characteristic absorption bands ofCHvapor (e.9.,  component in the three spectra (designated S80, S70, and
1652 and 1668 cnt). There was no detectable absorption S60, respectively), and random noise with an amplitude
in the amide Il region, indicating that H D exchange was  corresponding to a signal:noise ratio of 50 (relative to the
effectively complete. total amplitude) was added.

High-quality transmission spectra of annexin V in the  We attempted to recover the component bands from these
presence of lipid vesicles could not be obtained. A minimum spectra using several techniques. A single-component fit by
acceptable signal:noise ratio for transmission spectra in athe IRfit program of each spectrum individually yields a
0.012-0.015 mm transmission cell required a minimum of single band near 1643 crh S80, for example, yields a
50 ug of protein in 254L of buffer. Inclusion of a 30-fold frequency of 1643.4 cml, a FWHM of 45 cml, a 67%
molar excess of lipid for annexin V binding adversely Gaussian shape, and a signal:residual noise ratio of 36 (Figure
affected signal quality in both background and sample 5A). Fourier self-deconvolution points to the presence of true
spectra, probably due to interactions between lipid vesiclesbands at 1650 and 1635 cibut also to the presence of
and the Cafwindows that are altered when annexin V is false bands at 1620 and 1665 ¢in Second-derivative
present. Despite a poor signal:noise ratio and a severely tiltedanalysis is severely affected by the noise and does not suggest
baseline, however, it was evident that the amide | shape andthe presence of more than one band. Thus, we cannot resolve
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Ficure 6: Coordinate conventions for PATHFTIR spectroscopy.
The x axis is parallel to the long axis of the crystal support; the
axis is perpendicular to the supported membrane surtagethe
angle between the amide | vibrational transition moment, éaisd
the angle this moment makes with thaxis. The angle of incidence
between the infrared beam and the surface norgmas, 45 in this
work.

Absorbanc3

e S EP s plane through the bound calcium ions. For each peptide bond
VeV AV VNN A SRV VANVASIA in this model, vectors representing the assumed transition
N R T E N moment were calculated to lie at an angiefrom the
1680 carbonyl double bond, away from the peptide nitrogen, in

the plane of the peptide bond (Figure 6). For each angle
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Ficure 5: IRfit results for a synthetic spectrum composed of 2
component bands at 1650 and 1635 ¢neach with a FWHM=

40 cnrl, and a shape that is 50% Gaussian. The amplitude of the
1635 cntt component was 80%, 70%, and 60% of the 1650%m
component in the three spectra (S80, S70, and S60, respectively)

we calculated the corresponding value of éoghe projec-
tion of the normalized transition moment vector onto the
axis), and the expected value of the order param&er,
according to

and random noise with an amplitude corresponding to a signal:
noise ratio of 50 (relative to the total amplitude) was added. (A)
Results for an individual fit of S80. (B) Results for the fit of S80
when fit simultaneously with S70 and S60 and when only one fitted
band is allowed. The presence of systematic variation in the residual

amplitudes suggests that an additional component is required. (C)where6; is the angle between the amide | vector andzhe
Results for the fit of S80 when fit simultaneously with S70 and  4yig (normal to the membrane surface) for residws n
?ggp%?w%;g()inflgfghge%ng;n?r{:ti? "S%V;i?ré'mf't recovers the true residues, primes indicate that the value is calculated from a
crystal structure (rather than measured), 8adepresents
two bands with these frequencies, widths, and amplitudesthe second-order Legendre polynomig) Figure 7A shows
in a single spectrum using these techniques. _the value_z ofS e_xpected as a functlon_ of for aII_ residues
A simultaneous linked analysis of all three spectra, N @nnexin V. Since values far are believed to lie between
however, clearly indicated that a single-component fit is 20°and 23 (28-31), these results lead us to expect values
inadequate. In Figure 5B, the results of fitting S80 simul- of 0.17-0.22 for thg overall molecular order of annexin V
taneously with S70 and S60 are shown; clear systematicThe same calculation perfo_rmed separately for the helical
variation in the residual amplitudes is apparent (this variation @1d coil segments of annexin V predict order parameters of
was also seen in S60 but was not apparent in the fit of $70).0-22-0.28 for the helices ane-0.01 to 0.03 for the coil
When a second band was permitted in the fitting solution, Ségments (Figure 7B,C). For comparison with experimental
IRfit successfully recovered bands at 1650.5 and 1635.7 Values, these order parameters should be scaled by a factor
cmL, with FWHM of 39.7 and 40.2 c and shapes that repres_entlmg th_e expect'ed dls_order of. the; support surface.
were 54.7% and 58.7% Gaussian (Figure 5C). We conclude!n a prior investigation with a different silanized germanium
that linked analysis is able to resolve bands within 15tm ~ crystal, this factor was found to be 0.825.
of each other under conditions that may mimic some featu.resDISCUSSION
of our experimental data and that this degree of resolution
cannot be achieved when spectra are analyzed individually. Our results indicate that annexin V undergoes a confor-
To estimate the dichroic behavior expected of membrane- mational change upon binding to an anionic lipid membrane.
bound annexin V, assuming that the crystal structure The evidence takes two forms. First, there is a clear and large
represents the membrane-bound form of annexin V, adifference in the shape of the amide | absorption band for
computer model of the crystal structure of rat annexin V soluble versus membrane-bound annexin V (cf. Figures 3
(12) was oriented such that the-y plane was the best-fit and 4). Second, there is a significant quantitative difference

3 n
_ _ 1
S = [P,(cos) = _Zn(z. cos ei) A
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60 0.50

latter would not occur if annexin merely induced reorientation
of the seryla-carboxylate. The use of DMPS with %&C-
labeled carboxylate would be necessary to completely

s b 040

. -\
3] - R

10.30

——————————————— > 020 3 eliminate the possibility of the 1635 cthcomponent arising
gs [T IR i ] oo © from a heretofore unrecognized vibrational mode peculiar
ol : {000 to the ternary proteincalcium—lipid complex.
B i 510 The measured overall order parameter for the amide |

vibrational transition moment of membrane-bound annexin
V is S= 0.06, whereas we predi& = 0.17-0.22 on the
basis of a reasonable orientation of the crystal structure with
respect to a membrane surface. These values are significantly
different and remain so even after allowing for a reasonable
amount of disorder due to crystal surface roughness (e.g.,
by a factor of 0.82)Z5). This difference appears to be due

to significant amounts off structure in membrane-bound
annexin V, for which the transition moments are ordered
parallel to the membrane surfac € —0.11, Table 1).
Signals arising from thig structure may be disproportion-
ately represented in the overall signal due to relatively large
extinction coefficients32). We find much better quantitative
agreement between an order parameter calculated for the
spectral feature we attribute w-helix (S = 0.18 for the
band at 1651.8 cmi, Table 1) and the transition order
expected from helices in the crystal structug € 0.22—
0.28), especially if we scale the latter to account for disorder
due to surface roughness in the experimental measurements.

Thus, our results are consistent with evidence from electron
microscopy indicating that the domain structure of annexin
V is preserved with only slight changes upon membrane
binding that render the calcium binding sites roughly coplanar
(18, 34). They contrast with those of a far-UV circular
dichroism study indicating that annexin V does not undergo
a significant conformational change upon binding to lipid
vesicles 85). However, this study examined only wave-
lengths between 205 and 240 nm, whereas the majority of
between the overall measured dichroism of membrane-boundsignals specifically arising fromi structure are observed at
annexin V and the value predicted from the membrane-free <205 nm. Therefore, this study could well miss the formation
crystal structure. of f structure. Indeed, the slight decrease in ellipticity at

The change in amide | shape upon membrane binding 222 nm found in this study upon addition of lipid vesicles
consists of new absorbance components at 1635 and 1672s consistent with our suggestion that nonhelical structures
cm L, suggesting the presence®structure in the membrane-  must emerge (presumably at the expense of helical structure)
bound form, possibly antiparall@-sheet. This evidence is  under these conditions.
seen in both the transmission spectra and the internal On the basis of X-ray crystallographic results), we
reflection spectra, although the latter are of considerably infer that the most likely site for annexin V to undergo
higher quality. While the crystal structure of annexin V is conformational change upon membrane binding involves the
composed of approximately 74% helix and 26% random coil, segments linking domains I/1V and Il/lll. Inspection of the
whereas <55% of amide | absorption is attributable to crystal structure shows these linking segments to be only
o-helix in the membrane-bound form, we are reluctant to long enough to span the distance between helices. Various
make quantitative predictions about the relative amounts of residue side chains situated between the domains require the
secondary structure present based on band area (althougplanes defined by the calcium binding sites in each domain
this is frequently done) because the extinction coefficient to tilt (Figure 1B). To align these planes in the manner
for amide | absorption is a sensitive function of secondary suggested by electron microscopy, the helices must unravel
structure 82). Moreover, any spectral component we attribute to some degree. We speculate that residues in these linking
to a-helix can be heterogeneous, with contributions from segments, and a portion of those in the helices to which they
nonhelical structures leading to an overestimate of helix. attach, are recruited inostructure upon membrane binding.

It may be possible for the 1635 crhcomponent we  However, our spectroscopic data cannot localize the con-
observe to arise from annexin-induced perturbation of the formational change to any segment or domain of the protein,
a-carboxylate group of DMPS. However, we consider this and the images provided by electron microscopy are not of
unlikely becausen-carboxylate groups tend to absorb at sufficient resolution to support or refute this speculation.
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Ficure 7: Relationship betweern, 6, and predicted order
parameterS, for the annexin V crystal structure. Calculations were
performed with a structure in which the seven calcium ions had
been aligned as well as possible with they plane. The precise
value ofa in a protein is not known and must be assumed; these
figures illustrate how uncertainty in the value of translates
nonlinearly into uncertainty about the molecular order. The thin
solid line relatest to 6 (left abscissa), and the thick solid line relates
o to predicted orderS. (A) All protein residues; (B) helical residues
only; (C) nonhelical residues only.

lower frequencies33), it would not explain the concomitant
appearance of a component at 1672 &nand there is an
increase in signal at 1635 crin both polarizations. The

From the negative order parameter recovered for the band
component at 1633 cr, we infer that thes structure formed
must be oriented such that the transverse axis (roughly
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corresponding to the interstrand hydrogen bonds) is orientedtrated in a volume of 2L and yielded marginal signal
parallel to the membrane surface (i.e., they plane; see quality, whereas the internal reflection studies were per-
Figure 6). The spectroscopic data do not constrain theformed with 20 ug aliquots of protein injected into a
orientation of the longitudinal axis (corresponding to the subphase volume of 6 mL and yielded excellent signal
direction of the backbone chain); the data are consistent with quality. Another significant advantage of the internal reflec-
a longitudinal axis that is perpendicular, tilted, or even tion spectra is that they generally require no correction for
parallel to the membrane surfacggy. If the longitudinal tilted baseline.
axis is oriented parallel to the membrane, however, then the Linked analysis borrows directly from an approach known
transverse axis is very limited in the ways in which it can as “global analysis” that has become popular in the field of
situate parallel to the surface, whereas the transverse axidluorescence intensity decay analys2§,(21). In its current
may assume any orientation in the-y plane if the form, IRfit is considerably less ambitious than fluorescence
longitudinal axis is perpendiculaBT). global analysis, being limited to simultaneous fitting of
Order parameters in this work were calculated by using identical experiments or to spectra collected with different
only the so-called two-phase approximation for calculating polarizer orientations wherein only amplitude changes are
electric field amplitudes in the evanescent fied8)( Annexin to be expected. We have not yet defined a role for the global
V clearly adsorbs to the membrane surface, but the associaanalysis of infrared spectra obtained under changing physical
tion is superficial 89); our Langmuir results also indicate or chemical circumstances that may also change the fre-
that it does not insert and displace membrane lipids laterally. quency, width, and shape of an infrared absorption. Nonethe-
Since the protein resides in the bulk aqueous phase, questiontess, linked analysis has obvious and important advantages
about how to calculate the amplitudes of electric field even within this relatively circumscribed application.
componentsvithin the membranare irrelevant26, 27, 40), Linked analysis is advantageous for helping to (a) reduce
and use of the thin-film approximation is inappropriate. the amount of subjective input involved in the analysis of
Moreover, attempts to calculate electric field amplitudes infrared spectra and (b) avoid overanalysis. Traditional
based on an assumption about the refractive inggin approaches to infrared analysis (i.e., bandfitting) generally
the proteinare confounded by anomalous dispersion at the require the investigator to estimate all initial parameter
frequencies of interest. Nonetheless, even if the thin-film values. The results of these methods can differ greatly
approximation were applied to our results, it would merely depending on which initial values are chosen or on the order
reduce the transition order for dichroic ratios less than 2.0 in which they are chosen. Techniques such as Fourier self-
and increase the apparent helix order from 0.18 to 0.32, notdeconvolution 42—47) and second-derivative analys&s(
substantially changing our conclusions. 49) also attempt to reduce subjectivity in spectral analysis
The experiments we have reported were performed by but can be thwarted by even modest amounts of noise in the
recording background spectra with the lipid membrane spectra. Even when noise does not limit their application,
already on the crystal. Thus, absorption bands arising from however, subjectivity is still involved when deciding how
the lipid are not seen in the final spectra, and we cannot much deconvolution is appropriate, and how many of the
directly address any effects that annexin V may exert on the apparent bands to include in the fit. When applied uncriti-
membrane. However, we do not see positive or negative cally, these techniques lead to the inclusion of superfluous
bands, or derivative-like features where lipid bands charac- components in the fitting procedure and nonunigue solutions
teristically absorb, that would indicate a spectral change upontwo hallmarks of overanalysis.
annexin binding. NMR spectroscopy appears to yield mixed Linked analysis also requires one to provide initial
information about whether annexin binding causes structural estimates for all parameter values used; however, subjectivity
changes in the lipids of small unilamellar vesicl&s,(41). is reduced in two ways: First, many of the parameters are
It remains possible that our results would differ if we applied uniformly to multiple spectra. This reduces the
examined annexin V binding to bilayers or monolayers at number of independent parameter value estimates that must
the air-water interface, since supported lipid monolayers be input into the program, thereby increasing the ratio of
may exhibit less mechanical yield than unsupported lipid data:parameters, imparting more information content to each
bilayers or monolayers. However, it was reasonable to focus parameter, and steepening the multidimensigidaurface
on supported monolayers in this study since the studies of(i.e., it overdetermines each parameter, narrowing the local
annexin V by electron microscopy were also performed on »? minima and increasing the precision of the recovered
supported monolayers. parameter value). Second, all parameters are allowed to float
We have introduced a novel approach to PATIRTIR unconstrained during the fitting procedure. This is not
spectroscopy and spectral analysis in this paper. Thepossible in standard approaches when one spectrum at a time
spectrometer configuration used in this work differs from is fitted because separate analyses often lead to differences
that described previousl®g) in that the silane-treated crystal in the frequency, width, or shape of recovered components.
is applied flat onto the monolayer (Figure 2). This technique Because the spectral components for which a dichroic ratio
has proven to be more reproducible than the Langmuir is to be calculated should have the same frequency, width,
Blodgett technique formerly used, and more sensitive since and shape, allowing parameters to float freely would gener-
there are 12 internal reflections rather than 7. It is clear that ally thwart the analysis of infrared dichroism.
PATIR—FTIR spectroscopy is advantageous for the study Since linked analysis reduces the number of parameters
of membrane-bound proteins not only because it yields used to fit the data, the likelihood of obtaining a unique fit,
information about orientational order but also because of while not guaranteed, is greatly enhanced. We cannot be
dramatically enhanced sensitivity. Transmission studies of certain that individual components recovered by linked
membrane-bound protein required @8 of protein concen-  analysis map to physically distinct entities, but efforts to
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