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Characterization of the Mechanism of Interaction Between o.i-Acid
Glycoprotein and Lipid Membranes by Vacuum-Ultraviolet Circular-

Dichroism Spectroscopy

Koichi Matsuo!®., Munehiro Kumashiro®, and Kunihiko Gekkol®!

Abstract: ai-Acid glycoprotein (AGP) interacts with lipid
membranes as a peripheral membrane protein so as to decrease the
drug-binding capacity accompanying the f—o conformational
change that is considered a protein-mediated uptake mechanism
for releasing drugs into membranes or cells. This study
characterized the mechanism of interaction between AGP and
lipid membranes by measuring the vacuum-ultraviolet circular-
dichroism (VUVCD) spectra of AGP down to 170 nm using
synchrotron radiation in the presence of five types of liposomes
whose constituent phospholipid molecules have different
molecular characteristics in the head groups (e.g., different net
charges). The VUVCD analysis showed that the a-helix and (-
strand contents and the numbers of segments of AGP varied with
the constituent phospholipid molecules of liposomes, while
combining VUVCD data with a neural-network method predicted

that these membrane-bound conformations comprised several
common long helix and small strand segments. The amino-acid
composition of each helical segment of the conformations
indicated that amphiphilic and positively charged helices formed
at the N- and C-terminal regions of AGP, respectively, were
candidate sites for the membrane interaction. The addition of 1 M
sodium chloride shortened the C-terminal helix while having no
effect on the length of the N-terminal one. These results suggest
that the N- and C-terminal helices can interact with the membrane
via hydrophobic and electrostatic interactions, respectively,
demonstrating that the liposome-dependent conformations of AGP
analyzed using VUVCD spectroscopy provide useful information
for characterizing the mechanism of interaction between AGP and
lipid membranes.

Keywords: a;-acid glycoprotein, electrostatic and hydrophobic interactions, membrane-bound conformation; secondary structure of protein;

synchrotron radiation circular dichroism

Introduction

In addition to the integral membrane proteins,’ the nonintegral
membrane proteins such as peripheral membrane proteins have
crucial biological functions such as toxin penetration, electron
transport, and amyloid fibril formation. % In the case of peripheral
membrane proteins, it is known that a water-soluble protein
approaches to and interacts with the surface of membrane to induce
large structural changes accompanying the expression of its unique
functions.” ai-Acid glycoprotein (AGP) is a peripheral membrane
protein that exhibits characteristic abilities to bind to numerous basic,
acidic, and neutral drugs as well as to steroid hormones in the native
(N) state. 7 ¢ However, this binding capacity decreases due to
interactions with the membrane that induce the B—a conformational
change. Thus, AGP has been studied as a model protein capable of
delivering drugs into a membrane or cell.” /*

AGP (pI=2.8-3.8) is a polypeptide consisting of 183 amino acids
that includes 5 glycan chains linked to Asn residues (Asn-15, -38, -54,
-75, and -85)'" 12 accounting for about 40% of its total mass of
36 kDa.”3 The three-dimensional structure of AGP with glycan chains
has not been resolved, but X-ray crystallography has revealed that
unglycosylated human recombinant AGP has a 3-barrel conformation,
as shown in Figure 1.’ However, since the peripheral membrane
proteins such as membrane-bound AGP are not amenable to X-ray
crystallography and nuclear magnetic resonance (NMR)
spectroscopy,’” the tertiary structure of AGP in the membrane has not
been characterized.

Knowledge of both the secondary and tertiary structures of proteins
is useful for understanding their structure—function relationships. The
secondary structure of AGP in the N state has been investigated using
circular dichroism (CD), Raman, and Fourier-transform infrared

spectroscopy to reveal the binding sites of drugs and the structure—
function relationships of AGP.” /6! CD spectroscopy has been used
to analyze the structure of AGP in lipid membranes because it is very
sensitive to local peptide structures and applicable to any size of
protein at a low concentration under various experimental conditions,
such as in the presence of a membrane.?’ Nishi et al. measured the CD
spectrum of AGP from 250 to 200 nm in reverse micelles and
phosphatidylglycerol (PG) liposome in a mildly acidic condition (pH
4.5), and confirmed that the pB-barrel structure of AGP transformed to
the a-helix-rich conformation.” /6 In experiments using Trp and His
mutants those authors also found that W25, W160, and H172 were
key sites for interacting with the liposome (Figure 1)./% ¥ Vacuum-
ultraviolet CD (VUVCD) spectroscopy using synchrotron radiation as
a light source extended the wavelength range of the CD
measurements of AGP down to the VUV region (~160 nm) and
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FIGURE 1 Crystal structure of unglycosylated human recombinant AGP
(PDB code: 3kq0), which comprises four o-helix and nine [-strand
segments. The types of secondary structures were determined using the
DSSP method” in which the 3jo-helices are assigned as unordered
structures. The positions of W25, W122, and W160 are indicated.

allowed us to accurately estimate the secondary-structure contents and
numbers of segments in the PG liposome.”*?% These secondary-
structure parameters were combined with a neural network (NN)
(VUVCD-NN) method to characterize the positions of secondary
structures of the membrane-bound conformation of AGP. The
findings suggested that the N-terminal helix including W25 and the
C-terminal helix including W160 and H172 can interact with the
surface of PG liposome.”’ However, the mechanism of interaction
between AGP and lipid membranes remains controversial because the
membrane-bound conformation of AGP has been analyzed only in the
presence of PG liposome, whereas the conformation depends on the
constituent phospholipid molecules of liposomes,?” 2% while the roles
of the two helical regions predicted as the membrane interaction sites
have not been fully considered.

This study characterized the membrane interaction sites and the
mechanism of interaction between AGP and lipid membranes by
applying VUVCD spectroscopy to the conformation analysis of AGP
in the presence of five types of liposomes. The constituent
phospholipid molecules of the liposomes are major components of
human cells?” and have different molecular characteristics in the head
groups (e.g., different net charges), giving unique properties to the
liposome surface. The secondary structures of different membrane-
bound conformations of AGP according to the types of liposomes
were characterized at the amino-acid sequence level, and the
interaction mechanism was investigated in terms of hydrophobic and
electrostatic interactions.

Materials and Methods

2.1 Materials

AGP from human plasma (Cohn fraction VI) was purchased from
Sigma (St. Louis, MO) and used without further purification because
gel electrophoresis showed the presence of single major band.
Dimyristoyl phosphatidylcholine (DMPC), sphingomyelin (SM),
dimyristoyl =~ phosphatidylethanolamine =~ (DMPE),  dimyristoyl
phosphatidylserine (DMPS), and phosphatidylinositol (PI), which are
major membrane components of human cells, were obtained from
Avanti (Alabaster, AL).?’ Their chemical structures are shown in
Figure S1. All of these phospholipid molecules had purities of >98%,
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and were used without further purification. AGP was dissolved in 20
mM sodium phosphate buffer (pH 7.4) or in 20 mM sodium acetate
buffer (pH 4.5), and the solutions were exhaustively dialyzed against
the same buffer at 4°C. The dialyzed protein solutions were centrifuged
at 14,000 rpm for 15 min and filtered by a membrane with a pore size
of 20 um (DISMIC 25AS020AS, ADVANTEC, Tokyo) to remove
aggregates. The AGP concentration was determined by measuring the
absorption (V-560, Jasco, Tokyo) using the molar extinction coefficient
of 33,074 M~ cm™! which was estimated from extinction coefficient of
8.93dL (g cm)™! at 278 nm ‘¢ and total mass of AGP. This molar
extinction coefficient was close to that calculated from the amino-acid
sequence of AGP (33,140 M~! cm™ at 280 nm).*’

2.2 Liposome preparation

The DMPC, SM, DMPE, DMPS, and PI liposomes were prepared as
described previously.” 2% All of the phospholipids were dispersed in 20
mM sodium acetate buffer (pH 4.5) above the phase-transition
temperature of the phospholipid: 24°C for DMPC, =40°C for SM, 50°C
for DMPE, 35°C for DMPS, and =0°C for PL.*/-* The phospholipid
solutions in the sample vial were placed alternately in liquid nitrogen
and a heated block for three to five freeze/thaw cycles in order to
enhance the hydration of the lipid. Small unilamellar vesicles were
prepared using the extrusion technique: the lipid solutions were passed
25 times through a polycarbonate membrane with a pore size of 100
nm above the phase-transition temperature to make them optically clear.
The liposome vesicles were mixed with protein solution at final
concentrations of 50 uM protein and 3 mM phospholipid (i.e., molar
ratio of protein to phospholipid of 1:60).> * The protein-liposome
mixtures were incubated at room temperature overnight before
performing the VUVCD measurements.

2.3 VUVCD measurements

The VUVCD spectra of AGP in the presence or absence of
liposomes were measured from 260 to 170 nm using the VUVCD
spectrophotometer in the Hiroshima Synchrotron Radiation Center and
an assembled-type optical cell at 25°C. The optical devices and sample
cell of the spectrophotometer are described in detail elsewhere.? 3* The
path length of the optical cell was adjusted with a Teflon spacer to 10.6
pum. All of the VUVCD spectra were recorded with a 1.0-mm slit, a 4-s
time constant, a 20-nm min~' scan speed, and using four to nine
accumulations. The optical cell was located within 10 mm of the
photomultiplier so as to minimize the effects of light scattering from
the liposome particles .% 37

2.4 Secondary-structure analysis

The secondary structures of proteins in the presence or absence of
liposomes were analyzed using the SELCON3 program®® 3 and the
database of VUVCD spectra of 31 reference proteins with known X-
ray structures. >* ° These reference proteins are water-soluble, but they
would be suitable for liposome-bound systems because there was no
evidence of wavelength shifts between the CD spectra of soluble and
membrane proteins.”” However, the n—n* and n-n* transitions
originating from the peptide group might be affected by membrane
environments in which the dielectric constant is much lower than that
for water.?/



The secondary-structure contents were estimated using the DSSP
program based on the numbers and positions of hydrogen bonds
between peptide groups.”? The bends were treated as turns, and the 310-
helices and the single residues assigned as turns and bends were
classified as other structures. The contents of these secondary
structures were estimated using the SELCON3 program, whose
performance is comparable to those of the CDSSTR and CONTIN
programs.’® The numbers of a-helix and PB-strand segments were
calculated from the distorted a-helix and distorted B-strand contents,
respectively.’”” The root-mean-square deviation (8) and the Pearson
correlation coefficient (r) for the correlation between the X-ray and
VUVCD estimates of the secondary-structure contents for 31 reference
proteins were 0.058 and 0.92, respectively.

Full details about secondary-structure analyses using VUVCD
spectroscopy are available elsewhere.’> > The positions of a-helices
and P-strands on the amino-acid sequence were predicted using the
VUVCD-NN combination method, whose computational protocol is
detailed elsewhere.”* # The turns and other structures estimated using
the SELCON3 program were classified as ‘other structures’ in the
VUVCD-NN combination method. The accuracy in predicting the
positions of o-helices and f-strands was 75% for 30 reference
proteins.

Results

The VUVCD spectra of AGP were measured from 260 to 170 nm
using a VUVCD spectrophotometer in the N state at pH 7.4 and in the
presence of DMPC, SM, DMPE, DMPS, and PI liposomes—
corresponding to DMPC, SM, DMPE, DMPS, and PI states,
respectively—at pH 4.5. The conformational differences of AGP
between pH 7.4 and 4.5 would be minor since its secondary structures
were found to be only slightly modified over the pH range from 10 to
4.5.78 26 The VUVCD spectra for each liposome solution were also
measured as the baseline, which was subtracted as the background from
the spectra of mixtures of AGP and liposome. All of the VUVCD
spectra including the baselines of liposome solutions were constant
within an experimental error of 5% during data acquisition, which took
about 1 hr. Thus, the obtained spectra are available for analyzing the
liposome-induced conformational changes in AGP.

3.1 VUVCD spectra of membrane-bound states

Figure 2 shows the VUVCD spectra of AGP in the N state and the
DMPC, SM, DMPE, DMPS, and PI states, which were obtained by
subtracting the spectra of the glycan chain from the observed spectra of
AGP, based on the weight proportion of protein and glycan in AGP as
described previously? and in Figure S2.

The five phospholipid molecules used in this study (DMPC, SM,
DMPE, DMPS, and PI) have characteristic head groups (Figure S1)
located on the surface of the liposome because they have affinity to the
hydrophilic region or aqueous solution, meaning that the molecular
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FIGURE 2 VUVCD spectra of AGP in the N state and the membrane-bound
states at 25°C: (a) N state (thick line), DMPC state (thin line), SM state
(dashed line), and DMPE state (dotted line), and (b) DMPS state (solid
line), PI state (dotted line), and PI state for 1 M NaCl (dashed line). The
solvents were 20 mM sodium phosphate buffer (pH 7.4) for the N state and
20 mM sodium acetate buffer (pH 4.5) for the membnrane-bound states. A
cell with a path length of 10.6 pm was used for the measurements from 260
to 170 nm. All spectra were recorded with a 1.0-mm slit, a 4-s time
constant, a 20-nm min™' scan speed, and using four to nine accumulations.

characteristics of head groups such as differences in the net charge
could affect the properties of the liposome surface.” The net charge of
a liposome surface would be neutral in DMPC, SM, and DMPE
because the negative charge in the phosphate group would be canceled
by the positive charges of the choline of DMPC and SM and of the
ethanolamine of DMPE. The DMPS and PI liposomes have negatively
charged surfaces because the negative charge of the phosphate group
could be retained due to the serine with zwitterions for DMPS and
inositol without any charge for PI.

The VUVCD spectra of AGP in the N state and in the DMPC, SM,
and DMPE states are shown in Figure 2a. The native AGP exhibited
one positive peak at around 195 nm and two negative peaks around 220
and 175 nm, which are characteristic peaks of B-strand-rich proteins.?*
2> These characteristic peaks were mostly retained in the DMPC and
SM states. However, the positions of peaks in the spectrum in the
DMPE state were blue-shifted compared with those in the N, DMPC,
and SM states, exhibiting two negative peaks around 215 and 175 nm
and one positive peak near 190 nm as the CD intensity increased.

The VUVCD spectra of AGP in the DMPS and PI states are shown
in Figure 2b. The DMPS state exhibited a spectrum similar to that

TABLE 1 Secondary-structure contents and numbers of segments of AGP in the N state and in the DMPC, SM, DMPE, DMPS, and PI states.

Percentage contents

Numbers of segments

State a-Helix B-Strand Turn Unordered o-Helix B-Strand

N state

X-ray 18.0 39.3 15.9 26.8 4 9

VUVCD 17.2 37.8 22.7 23.1 4 11
Membrane-bound state

DMPC 19.0 37.5 21.5 21.9 5 11

SM 18.1 40.4 21.0 21.4 4 11

DMPE 37.7 16.9 18.1 28.9 5 7

DMPS 28.9 18.6 21.4 30.9 6 6

PI 45.8 6.8 17.9 31.2 7 3

PI+NaCl 40.0 14.7 20.1 27.2 7 4
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FIGURE 3 Sequence-based secondary structures of AGP in the N, DMPE, DMPS, and PI states predicted using the VUVCD-NN method. The sequence of
native AGP was also estimated from X-ray data for comparison. The residues marked with filled circles (®) and asterisks (*) correspond to the glycan and

predicted ligand-binding sites, respectively.

observed in the DMPE state, although the two spectra differed
markedly below 180 nm. The PI state resulted in a large spectral
change, showing three negative peaks at 222, 208, and 175 nm and a
positive peak at 195 nm, which are characteristic of a-helix-rich
proteins.’* ° These spectral characteristics were similar to those found
previously in the PG state.’’ To confirm the effect of oriented CD
(OCD),* the CD spectrum of AGP in the PI state was measured from
260 to 198 nm with 200 um path length and compared that measured
with 10.6 pm path length as shown in Figure S3. Evidently, the both
spectra were consistent in the overlap region, suggesting that the effect
of OCD would be small or even negligible in the PI state. Thus, the
spectra of AGP were highly dependent on the molecular characteristics
of head groups of the constituent phospholipid molecules in the
liposomes, which affected the conformations of AGP.

3.2 Secondary structures of membrane-bound states

The secondary-structure contents and numbers of segments of AGP
in the N state and in the DMPC, SM, DMPE, DMPS, and PI states
estimated from VUVCD spectra from 260 to 170 nm (Figure 2) are
listed in Table 1. The results for the crystal structure are also listed in
this table for comparison.’# The missing residues 176—183 in the crystal
structure were considered as the unordered structures. The types of
secondary structures in this study were determined using the DSSP
method* in which the 310-helices were assigned as unordered structures
(see Materials and Methods).

As listed in Table 1, the contents of a-helices, B-strands, turns, and
unordered structures of native AGP were 17.2%, 37.8%, 22.7%, and
23.1%, respectively, which were very similar to those found previously
in the PG state’ and for the crystal structure of unglycosylated
recombinant AGP (18.0%, 39.3%, 15.9%, and 26.8%, respectively).’*
This suggests that the effect of glycan chains on the secondary
structures of AGP are small or even negligible. Further, 4 and 11 helix
and strand segments, respectively, were found using VUVCD, with 4
and 9 found using X-ray crystallography, showing that combining the
VUVCD method with the SELCON3 program® can successfully
estimate the secondary-structure contents and numbers of segments of
AGP in the N state.

The secondary-structure contents and numbers of segments in the
DMPC and SM states are mostly consistent with those in the N state, as
expected from the similarity of their VUVCD spectra. In the DMPE,
DMPS, and PI states, it is evident that the contents of a-helices and -
strands uniquely increased and decreased, respectively, inducing the
B—a conformational change although the components of secondary
structures differed among them (37.7% and 16.9%, respectively, in the
DMPE state, 28.9% and 18.6% in the DMPS state, and 45.8% and
6.8% in the PI state). This suggests that the conformation of AGP is
very sensitive to differences in the molecular characteristics of
liposome surfaces.

3.3 Positions of secondary structures in membrane-bound
states

VUVCD spectroscopy itself provides no information about the
sequences of the secondary structures in principle, and hence an
algorithm exploiting the correlations between the secondary structures
(a-helices, B-strands, and other structures) and amino-acid sequences
of many proteins whose X-ray structures have been resolved is
necessary. The present study utilized the NN algorithm of Jones* since
it was technically convenient to combine with VUVCD data.

Figure 3 shows the positions of a-helices, B-strands, and other
structures of AGP in the N state and in the DMPE, DMPS, and PI
states predicted by the VUVCD-NN method, together with the N state
as determined from X-ray data. The secondary-structure sequences in
the DMPC and SM states are not shown in this figure because they
were similar to those in the N state. We first compared the sequence
data between the VUVCD and X-ray estimates. Four helical segments
in the N state estimated by the VUVCD-NN method were assigned as
residues 16-21, 3644, 135-145, and 167-175; these helical segments
corresponded to residues 15-21, 3541, 139-148, and 166-174,
respectively, identified in the X-ray data. Further, the positions of [3-
strands other than the N-terminal strand (residues 8-10) were also
consistent with the results from the X-ray data, resulting in a total
prediction accuracy of the sequences between the X-ray and VUVCD-
NN estimates in the N state of 80% in terms of the success rate
(quantified as the Q3 value).”” These results suggest that the VUVCD-
NN method used in this study would be a useful tool for monitoring the
conformational changes in AGP induced by the addition of liposomes.

The DMPE, DMPS, and PI states had characteristic conformations
consisting of some long a-helices and small B-strands (Figure 3). The
positions of six a-helix segments in the DMPE state were assigned as
residues 15-27, 35-50, 5766, 107-114, 135-146, and 166—175, which
are denoted as A-, B-, C-, D-, E-, and F-helices, respectively. The
positions of five a-helices in the DMPS state were assigned as residues
15-25, 35-46, 57-66, 135146, and 166—-175, which are denoted as A-,
B-, C-, E-, and F-helices, respectively. Further, the regions of six o-
helices in the PI state were assigned as residues 15-27, 35-50, 5666,
99-114, 133-147, and 161-175, which are denoted as A-, B-, C-, D-,
E-, and F- helices, respectively. These results suggest that the AGP
formed characteristic conformations depending on the liposomes,
although the A-, B-, C-, and E-helix segments were in similar positions
among the three states. It is unclear whether these helical formations
were affected by five glycan chains linked to Asn-15, -38, -54, -75, and
-85, but the types of secondary structures at these linkage sites were
mostly conserved in the conformational changes in AGP (Figure 3).
The numbers of segments predicted at the sequence level did not
necessarily agree with those predicted from VUVCD data because
sequence-alignment minimization was performed in the VUVCD-NN
method.”

The weights of 20 amino acids investigated in this study were
calculated without considering their solvent dependence because the
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intrinsic solvent dependence is generally difficult to evaluate. However,
since. VUVCD spectroscopy can predict the secondary-structure
contents and segments much more accurately than can NN analysis,*
the effects of the solvent on the weights would introduce only small
errors into sequence predictions made using the VUVCD-NN method.
Actually, the predictive accuracy of sequences of secondary structures
of 15 membrane proteins were 73% (data not shown). Therefore, the
VUVCD-NN method would be valuable for predicting the sequences of
secondary structures of a peripheral membrane protein such as AGP,
and useful for characterizing the conformation of AGP depending on
the types of liposomes, which are crucial factors for understanding the
membrane interaction sites and the mechanism of interaction between
AGP and lipid membranes.

Discussion

This study found that the VUVCD spectra of AGP in the N state and
in the DMPE, DMPS, and PI states (Figure 2) provided detailed
information about the secondary structures, in terms of not only the
contents and numbers of segments (Table 1) but also their positions on
the amino-acid sequence (Figure 3). Although this secondary-structure
information could not be used to determine the tertiary structure of the
membrane-bound conformation of AGP and the liposomes used in this
study were model membranes constructed from simple phospholipid
molecules, the structural data of membrane-bound AGP including the
positions of secondary structures can be used in discussions of the
membrane interaction sites and the mechanism of interaction between
AGP and lipid membranes at the sequence level.

Knowledge of the membrane interaction sites of AGP is important
for understanding the mechanism of interaction between AGP and lipid
membranes. Previous studies® % found that the N- and C-terminal
helices in the PG state, which are residues 15-27 and 161-175,
respectively, are candidate sites for the interactions. In the present
study the two helices at the N- and C-terminals were designated as A-
and F-helices, respectively. The A-helix in the N state was markedly
extended in the three states (residues 15-25 or 26), but the F-helix was
only extended in the PI state (residues 161-175). We examined the
characteristics of A- and F-helices in the DMPE, DMPS, and PI states
to confirm the possibility of them acting as interaction sites. The net
charges of the A- and F-helices were calculated to be 0 and -1,
respectively, for DMPE, 0 and —1 for DMPS, and 0 and +1 for PI,
based on the numbers of acidic (Asp and Glu) and basic (Lys, Arg, and
His) residues in each helix segment. These net charges would increase
slightly because the carboxyl groups of Asp and Glu residues (pKa~4)
are not completely ionized at pH4.5. Further, according to the
HELIQUEST program, # the A-helix segments in the three states
comprised the localized polar and nonpolar surfaces as seen in the
amphiphilic helix, indicating that the localized nonpolar surface could
interact with the hydrophobic moiety of the membrane. Further, the F-
helix had a positively charged region in the PI state, suggesting that the
negatively charged liposome surface would interact with the positively
charged F-helix in that state. These results indicate that the candidate
membrane interaction sites would be the amphiphilic A-helix in the
DMPE, DMPS, and PI states and the positively charged F-helix in the
PI state. Another candidate would be the D-helix (residues 99-114) in
the PI state because this region had a positive net charge, which could
induce an interaction with the negatively charged liposome and
moreover half of all of the residues of this helix are hydrophobic amino
acids. However, this region comprises a core with a [-barrel
conformation in native AGP, which might make it difficult to interact
directly with the liposome. It is likely that the region of the D-helix in
the PI state would form a helical structure after the A- and F-helices
interacted with the liposome.

As mentioned above, AGP includes three Trp residues (W25, W122,
and W160) (Figure 1), and W25 and W160 are known to be crucial
residues for membrane interactions in the PG state.” W25 is the
constituent residue of A-helices in the DMPE, DMPS, and PI states,
while only W160 is involved with the F-helix in the PI state. To
characterize the two membrane interaction sites (A- and F-helix
regions), we investigated the effect of salt on the conformation of AGP
in the DMPE, DMPS, and PI states. The VUVCD spectra of AGP in
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the DMPE, DMPS, and PI states in the presence of 1M sodium
chloride (NaCl) are presented in Figure S4 (DMPE and DMPS states)
and Figure 2b (PI state). Spectral changes were not observed in the
DMPS and DMPE states but they were observed in the PI state. It was
particularly interesting that the spectrum in the PI state for the NaCl
solution was similar to those in the DMPE and DMPS states. Salt is
known to reduce the electrostatic interactions between proteins and
membranes,”~/ implying that the electrostatic interaction exists in the
PI state.

The positions of conformational changes in the PI state due to the
addition of NaCl were addressed by predicting the secondary-structure
sequence, as shown in Figure 3. It is evident that the F-helix shortened
in the PI state to have the same length as in the DMPE and DMPS
states. This result is reasonable given that the F-helix involved in W160
would be expected to interact with the liposome surface via
electrostatic interactions and that the addition of salt would reduce this
interaction. Similar results were obtained in the fluorescence spectra, in
which the position of the peak in the PI state was blue-shifted
compared with that in the DMPE state, but the peak returned to the
positions in the DMPE state when NaCl was added to the PI state
(Figure S5), directly reflecting the change in the environment around
W160.% Further, the length of A-helix including W25 was maintained
in the PI states with 1 M NaCl, which is probably due to the
amphiphilic A-helix strongly interacting with the liposome surface via
hydrophobic interactions.

Based on these characteristics of the membrane interaction sites of
AGP, this protein has at least two interaction sites with membrane: the
amphiphilic A-helix and the positively charged F-helix. It is known that
the protein—membrane interactions mainly comprise electrostatic
interactions between the anionic head groups of lipids and the
positively charged protein or regions of protein and the subsequent
penetration of some hydrophobic regions of the protein into the
membrane.’ However, as mentioned above, although the DMPC, SM,
and DMPE liposomes have a neutral net charge on their surface, the
membrane interaction of AGP was induced only in the DMPE state.

Phosphatidylethanolamine (PE) contains an ethanolamine head
group rather than the choline one present in phosphatidylcholine and
SM. 1t is reported that this substitution changes many properties of the
phospholipid. Litzinger and Huanget showed that one of the main
differences between dioleoyl phosphatidylethanolamine (DOPE) and
dioleoyl phosphatidylcholine (DOPC) is that DOPE tends to forming
nonbilayer structures, such as in the hexagonal Hu phase, whereas this
activity is absent in DOPC.** This effect of not forming a bilayer in
DOPE can decrease the head-group pressure and allow a peripheral
membrane protein to access the inside of the liposome, which contains
a negatively charged phosphate group.” Although the effect of not
having a bilayer might be small at 25°C because the hexagonal Hn
phase in the mixture of dielaidoyl PE and DOPE constituted 100% of
the population at 50°C but this decreased to about 10% at 25°C,** AGP
might weakly interact with the nonrigid surface of the PE liposome via
interactions between the positively charged AGP and the negatively
charged internal phosphate group.

PI includes myoinositol in its head group, which has six hydroxyl
groups (Figure S1) with a strong affinity to aqueous solutions. Nishi et
al. investigated the conformation of AGP at pH 4.0 in various alcohol
solutions as a membrane-mimicking environment, and found that the
hydroxyl group of the alcohol only plays a role in the dissolution in
water and that the formation of a-helix is induced by the hydrocarbon
moiety.”” Although alcohol and inositol molecules have markedly
different structures, it seems that the hydroxyl group itself does not
contribute to the helical conformation, meaning that the negative
charged liposome surface contributed strongly to the conformational
changes in AGP in the PI state. On the other hand, the DMPS and PI
liposomes should have negatively charged surfaces but they induced
different conformations. Moncelli et al. suggested that the charge
density of the phosphatidylserine (PS) lipid film changed from slight
negative to slight positive values over the pH range from 7.5 to 3 due to
the anomalous behavior of the phosphate group.’® Therefore, the effect
of the negative net charge of the PS liposome is reduced in a mildly
acidic condition (pH 4.5) compared to that of the PI liposome. These
slight differences in the net charge might induce differences in the
conformations between the DMPS and PI states.



Thus, the physical properties of each of the DMPE, DMPS, and PI

liposomes are very complicated and depend on the experimental
conditions, but their individual uniqueness would induce characteristic
membrane-bound conformations in the three states. However, it is
conceivable that the interaction mechanism would be similar among
the DMPE, DMPS, and PI states because all three states formed A-
helix segments but there would be an additional step in the PI state. In
the DMPE and DMPS states, the positively charged AGP molecule
(pI=2.8-3.8) approaches the anionic regions in the membrane surface
via an electrostatic interaction and the A-helix region including W25 is
formed on the membrane surface via the hydrophobic interaction,
followed by the formation of other helices. In the PI state, in addition to
the interaction processes and the formation of A-helix observed in the
DMPE and DMPS states, the F-helix region near W160 was formed
weakly in contact with the membrane surface via the electrostatic
interaction, followed by the formation of other helices. From the
viewpoint of the protein-mediated uptake mechanism of drugs, the
formation and extension of A-helix would be crucial for releasing
neutral drugs because W25 is known to be the most-important site for
binding with drugs such as progesterone via the molecular docking and
the induced CD spectra of drug-AGP complex (Figure 3)./% %
These unique interaction mechanisms are still speculative and it might
be difficult to confirm further experimentally. However, additional
techniques for investigating membrane interactions such as
fluorescence quenching,’” mass spectroscopy,”’ and site-directed spin
labeling and electron paramagnetic resonance spectroscopy?’ could also
be useful for elucidating more details about the mechanism of
interaction between AGP and cell membranes.

Conclusions

This study applied VUVCD spectroscopy to characterize the
secondary structures of AGP in the N and membrane-bound states. A
comprehensive analysis of the contents, numbers of segments, and
sequences of the secondary structures revealed that the membrane-
bound conformation of AGP is strongly depending on the types of
constituent phospholipid molecules in the liposomes. These results
represent important information for understanding the membrane
interaction sites and the mechanism of interaction between AGP and
lipid membranes, in which at least the amphiphilic N-terminal helix
and the positively charged C-terminal helix in the membrane-bound
conformation would be candidates for the interaction sites with the
membrane surface, with the two helices interacting with the membrane
via hydrophobic and electrostatic interactions, respectively. These
results further demonstrate that VUVCD spectroscopy is a useful tool
for characterizing the mechanism of interaction between AGP and lipid
membranes, and could contribute to knowledge of the structural
biology of membrane-bound proteins such as the integral and
nonintegral membrane proteins, especially for targets that are not
amenable to X-ray and NMR analyses.
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