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ABSTRACT: ay-Acid glycoprotein (AGP) consists of 183 amino acid residues and 5 carbohydrate chains
and binds to basic and neutral drugs as well as steroid hormones. We investigated the structural properties
and ligand-binding capacity of AGP under mild acidic conditions and its interactions with liposomes
prepared from neutral or anionic lipids and the neutral drug, progesterone. Interestingly, AGP had a unique
structure at pH 4.5, at which the tertiary structure changed, whereas the secondary structure remained
intact. Furthermore, the binding capacity of AGP for progesterone did not significantly change under
these conditions. It was also observed that AGP was strongly bound to the anionic membrane at pH 4.5,
forming ana-helix-rich structure from the origingd-sheet-rich structure, which significantly decreased

the binding capacity of AGP for progesterone. The structural transitions as well as the membrane binding
were suppressed by adding NaCl. These results indicate that AGP has a unigue structure on the membrane
surface under mild acidic conditions. The conformational change induces binding to the membrane aided
by electrostatic interaction, and AGP subsequently takes on a predominahéical conformation.

os-Acid glycoprotein (AGP), a member of the lipocalin  locytes, and lymphocytes using fluorescent electron micros-
family, is a polypeptide with two disulfide bonds and five copy (4, 15). Other studies of AGP interacting with vesicles
carbohydrate chains, which account for about 40% of its total (16) and liposomesl(7) also support the conclusion that AGP
mass of 36 kDal). It is a major binding protein for neutral  interacts with the membrane in circulation and may influence
and basic ligands2(-5). Although the three-dimensional intracellular events. Furthermore, the oligosaccharide moiety
structure and biological functions are still unknown, circular of AGP is recognized by cell surface lectirks.
dichroism measurement$)(and molecular modeling7j
have revealed that this protein has a largesheet structure
in agueous solution.

The hypothesis that membrane transport of a drug depend
on the nonbound drug concentration is widely accepted.
However, because this hypothesis does not fully explain the
uptake mechanism of some AGP-binding drugs, a protein-

mediated uptake system has been propo8ed.). In such because local changes in pH on the biomembrane surface

a;ystem, structural changes in the protein due t.o |r_1teract|onmﬂuence these parameterd(}. Indeed, there are several
with the membrane surface decrease the drug-binding capac-

ity. The recent ESR spectroscopic finding that the structure reports that proteins u_nc_jergo s_tructural and functional
. . . changes under mild acidic conditions on the membrane
of HSA changes after interaction with the surface of

hepatocytes supports this proposed systd). (It was surface and intracellularli2(—23), including other lipocalins

recently reported that AGP binds to the vascular endothelial (24).

cell surface and then causes transcytosis across the cell Inthe present paper, we examined the relationship between

without passing the intercellular junctiol3). Andersen structural properties under mild acidic conditions and the

detected AGP on the surface of human monocytes, granu-ability of AGP to interact with phospholipid interfaces

containing neutral and anionic phospholipids. We demon-
* To whom correspondence should be addressed. Tel: 81-96 371-strate that AGP undergoes a unique conformational change

4150. Fax: 81-96 362-7690. E-mail: otagirim@gpo.kumamoto-u.ac.jp. under mild acidic conditions and that this conformational

*Kumamoto University. . . .
s University of Cincinnat. change promotes an interaction with the membrane. The

We previously reported that the interaction between AGP
and a biomembrane model (reverse micelles) resulted in
structural change and a decrease in ligand-binding capacity.
Moreover, this interaction resulted in a unique conformational
transition: S-sheet toa-helix (19). Based on these results,
it is important to investigate the structural properties and
ligand-binding capacity of AGP under mild acidic conditions

I Kyoto University. ligand is then released due to either a change in affinity or
! Abbreviations: AGPay-acid glycoprotein; HSA, human serum  closer membrane association. The process is a potentially
albumin;  PC, L-a-phosphatidylcholine; PG, -a-phosphatidyl-  sefy| model for studying the pharmacokinetics of both

pL-glycerol; PS, L-a-phosphatidyl--serine; PE, L-a-phosphatidyl .
ethanolamine; CD, circular dichroism; PAI-1, plasminogen activator endogenous and exogenous substance binding to AGP and

inhibitor 1. for elucidating further functions of AGP.
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MATERIALS AND METHODS 10

Materials. AGP (Cohn fraction VI), progesterone;a.-
phosphatidylcholine (PC) and ethanolamine (PE) from egg
yolks, L-a-phosphatidyl--serine (PS) from bovine brain, and
L-o-phosphatidybL-glycerol sodium salt (PG) were all from
Sigma Chemical Co. (St. Louis, MO). All other chemicals
and solvents were of analytical grade.

Liposome Preparation.Liposomes were prepared as
described previously26). Briefly, phospholipids were dis-
solved in chloroform, and the solvent was evaporated under
a stream of nitrogen and then under vacuum for at least 1 h. . . i
The phospholipid film was dispersed in the following 20 mM 200 250
buffers: sodium phosphate (pH 6-@.4) and sodium acetate Wavelength (nm)

(pH 4.5-5.5), each containing 0150 mM NaCl. Small
unilamellar vesicles were prepared by sonication with a probe
sonicator to near optical clarity, and residual multilamellar iy
vesicles and titanium particles released from the probe were -
removed by centrifugation at 1409®or 20 min. Vesicles
were mixed with AGP in the buffer at a final concentration
of 10 mM AGP and 56-:600 uM phospholipids (1:51:60
molar ratio of protein to phospholipids), and samples were
incubated at room temperature for at least 1 h.

Measurement of Circular Dichroism Spectr&ircular
dichroism spectra were recorded with a Jasco J-720 spec- \nal
tropolarimeter, using 1&M AGP in 20 mM buffer (de- . \."v
scribed above) at each pH. UV spectra were recorded in 10 -100 T T T T 1
mm and in 1 mm path length cells for near- and far-Uv 250 350

t tivel Wavelength (nm)

spectra, respectively.

pM P f I¥I s - Ficure 1: Effects of pH on the far-UV (A) and near-UV (B) CD
easurement of Fluorescence SpecHaloresCence Was  gpectra of AGP at pH 7.4 and 4.5, AGP spectra are shown as a

measured using a Jasco FP-770 fluorometer (Tokyo). AGP continuous line (pH 7.4) and a dashed line (pH 4.5). Circular
was dissolved at 1&M in appropriate buffers. For Trp  dichroism spectra were recorded using;20 AGP in a solution
fluorescence, the excitation wavelength was 280 nm, and containing 20 mM buffer: sodium phosphate (pH 7.4) or sodium
emission was monitored from 300 to 400 nm. ANS was 2c€tate (pH 4.5).

added to a final concentration of 20M (2:1 molar ratio of
ANS to AGP), which was enough to form the complex of
AGP—ANS as much as possible and prevent nonspecific
binding because it was reported that AGP had a high-affinity
site for ANS @5). Spectra were recorded immediately after
mixing. The excitation wavelength was 380 nm, and emission
was monitored from 450 to 550 nm.

Membrane-Binding Experimergucrose-loaded large uni-
lamellar vesicles were prepared as previously describ@d (
The buffers (20 mM) used at each pH were as described
above. Repeating the experiment with various buffers showed
that the results depended on pH and not the buffer used.
After incubation for 10 min at room temperature, solutions
were centrifuged (200@f) 30 min) to separate vesicles and
associated protein (pellet) from soluble protein (supernatant).
Control experiments at all pH values showed that, in the RESULTS
absence of phospholipid vesicles, no AGP was present in
the pellet after centrifugation. Samples were analyzed by the Effects of pH on the Conformational Structure of AGP.
Bradford assay. has been reported that the pH at the membrane surface is

Progesterone AGP-Binding ExperimenBinding of proges- lowered due to the membrane potenti@Q) This pH
terone to AGP was determined by the ultrafiltration method. decrease may mediate interactions between proteins and the
Progesterone was dissolved as 1 mg/mL in acetonitrile, andmembrane itselfZ4). We investigated how the tertiary and
the stock solution was diluted with 20 mM sodium phosphate secondary structures of AGP were affected under mild acidic
buffer (pH 6.0-7.4) and sodium acetate buffer (pH 4.5  conditions (pH 4.56.5) using circular dichroism spectros-
5.5). The final concentration of acetonitrile did not exceed copy (Figure 1). The tertiary structure changed slightly
1%. AGP solution (1 mL) containing progesterone was compared with that at pH 7.4, but the secondary structure
incubated for 10 min on ice and then centrifuged at 2000 was unaffected, even at pH 4.5. To obtain more information
for 40 min at 4°C. After centrifugation, the filtrate (10L) about the conformational changes in AGP under mild acidic
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was analyzed by HPLC to determine the free progesterone
concentration. The HPLC system consisted of a Hitachi
655A-11 pump (Hitachi, Tokyo) and a Hitachi L-4000 UV
detector set at 244 nm. The analytical column used was an
AM312 ODS column (150< 6.0 mm i.d., S-5 mm, 120 A)
(YMC, Kyoto) and was maintained at room temperature. The
mobile phase was acetonitit0 mM sodium phosphate
buffer (pH 7.4) (50:50 v/v) at a flow rate of 1 mL/min. AGP
and PG concentrations were 10 and 400, respectively.
AGP—progesterone-binding experiments in the presence of
liposomes had a final progesterone concentration QiNIO
(2:1 molar ratio of progesterone to AGP) after the liposomes
had been saturated in progesterone to limit its nonspecific
adsorption by the liposomes.
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Ficure 2: Fluorescence spectra of ANS and Trp residues at various
pHs. AGP was dissolved at M in the appropriate buffers, and
ANS was added to a final concentration of 2@ (2:1 molar ratio

of ANS to AGP). ANS: excitation wavelength, 380 nm; Trp:
excitation wavelength, 280 nm.
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conditions, we measured the fluorescence spectra of ANS
and Trp residues on AGP at pH 4:3.4 (Figure 2). ANS is
often used to evaluate hydrophobic regions, which are
generally in the protein interioR6, 27, 28). The fluorescence
intensity of ANS and Trp residues increased with lowering
of pH. These results indicate that AGP has a unique
conformational structure under the mild acidic conditions of
the membrane surface, even in the absence of direct 0-
interactions between AGP and the membrane. PG PS PE PC

Effects of pH and NaCl on the AGRMembrane Binding. glGUREd%négt%;axgog tr)?r?(iﬁ Oft ?E]E%Ge%bg?;feﬁiggirgé(/;))]pH

1 epen .

The r_nembrane _enwron_ment ha_s bee_n ShOW” to have a(B)pEffect of NaCl on the bi?\ding of AGP to the membrane. (C)
negative chargf—:-, In add't_'on_to being mildly acidad). We Binding of AGP to the membrane made from other phospholipids.
therefore examined the blndlng of AGP to PG- and PC-basedExperiments were performed using M AGP in solutions
membranes at each pH (pH 4.3.4) (Figure 3A). AGP containing 20 mM buffers as described in Materials and Methods.
bound strongly to the PE&membrane with lower pH,  Phospholipid vesicles were prepared at 400.
whereas significant binding was not observed with the-PC
membrane at any pH. To confirm the presence of electrostaticexperiment, the binding experiment was repeated using other
forces in this interaction, the effects of NaCl on this binding phospholipids: PS and PE (Figure 3C). PG, PS, and PE (the
were examined with the P@nembrane at pH 4.5 (Figure degree of the negative charge: PG2S> PE) are anionic
3B). NaCl suppressed binding in a concentration-dependentlipids, PC is neutral, and the pattern of interaction of AGP
manner (0 mM, 96.6t 0.58%; 75 mM, 37.5t 2.64%; and with the lipids also supported the existence of an electrostatic
150 mM, 10.0+ 16.3%). The finding that other cations,a interaction between AGP and the membrane. Moreover, at
and K", also inhibited the interaction between AGP and each pH, binding of AGP to PGmembrane had a significant
membrane suggests the presence of electrostatic force (dataorrelation with the fluorescence intensity of Trp residues
not shown). The above interaction was also observed even(r = 0.9901,p < 0.01) (Figure 4) but not ANS (data not
in physiological buffer, but it was small, as expected from shown). These results strongly suggest that the slight changes
the NaCl effect. To test the validity of this model and in AGP conformation observed under mild acidic conditions
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10073 These results indicated that this conformational transition was

] 7 initiated following, or during, binding of AGP to the
membrane.

0 Effects of Ligand-Binding Capacity of AGP in Membrane
Interaction. It is important to understand how the ligand-
binding capacity of AGP changes when the structural

] transition -sheet too-helix) occurs in the presence of the

T PG—membrane. We used a representative AGP-binding

T ligand, progesterone, because it is uncharged and therefore

unaffected by pH. The binding of progesterone to AGP had

. : : : . a good correlation with the-helix content of AGP interact-

1 L1 12 13 14 ing with the PG-membrane at pH 4:57.4 = 0.9545,p

< 0.01) (Figure 6). No changes in binding capacity were

observed for pH 4.57.4 in the absence of P@nembrane.

Ficure 4: Correlation between AGPmembrane interaction and  These results show that the binding of progesterone to AGP

Trp residues of the AGP environment under mild acidic conditions. P - .
Each symbol represents the following pHE)(7.0, () 6.5, @)  as strongly affected by its interaction with the PG
6.0, ©) 5.5, (&) 5.0, and 4) 4.5. membrane but was not affected by mild acidic conditions.

lead to the binding of AGP to the membrane. This interaction DISCUSSION
may involve an electrostatic component. The hypothesis that uptake of a drug depends on the free
Effects of pH and NaCl on the Conformation of AGP in drug concentration (not bound by protein) is widely accepted.
Membrane Interactionslo evaluate the structural properties However, a pharmacokinetic study using albumin- and AGP-
of AGP in membrane interactions, we examined the effects binding ligands found that uptake is more efficient than
of pH and NaCl on the conformation of AGP in the presence predicted by this model 8j. One explanation for this
of a PG-membrane (Figure 5). Panels—B of Figure 5 phenomenon is that structural changes in the carrier protein
show a—[6d] value of 222 nm as an index of the-helix may be induced by interaction with the target cell surface.
content. The secondary structure of AGP shifted from being Consequently, the ligand is released concomitantly with
p-sheet-rich to am-helix-rich structure at lower pH (Figure  conformational changes in the proteB(11). This idea is
5A,B). In addition, the degree of this conformational supported by ESR spectroscopic findings showing that
transition depended on the PG concentration (Figure 5C) andalbumin undergoes structural changes when interacting with
was inhibited by higher NaCl concentrations (Figure 5D). hepatocytesi(?). It should also be noted that AGP binds to
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Ficure 5: Effect of pH (A, B), PG concentration (C), and NaCl (D) on the conformational transition of AGP interacting with the membrane.
Experiments were performed using 4B AGP in solution containing 20 mM buffer as described in Materials and Methods. The pH was
4.5 or 7.4 (A), was varied from 4.5 to 7.4 (B), or was 4.5 (C, D). Phospholipid vesicles were preparedud 480 B, and D).
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Ficure 6: Binding of progesterone to AGP interacting with the 4 ;
membrane. AGP and PG concentrations were set at 10 and 400

uM, respectively. AGP-progesterone-binding experiments in the 0 20 40 60
presence of liposomes were performed at a final progesterone [PG]/ [AGP]
concentration of 1&M (1:1 molar ratio of progesterone to AGP)
after liposomes were saturated in progesterone. The experiment was
performed in a solution containing 20 mM appropriate buffer. Each
symbol represents the following pHE) 7.0, () 6.5, @) 6.0, ©)

5.5, (a) 5.0, 0) 4.5, and ©) 7.0-4.5 in the absence of PG
membrane.
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vascular endothelial cell surface$3]. pH-linked confor-
mational transitions frequently reflect interactions of proteins
with membranes. This is due to the fact that the membrane
potential decreases the local pH as compared with the bulk
of the solution 29). The difference in pH has been
experimentally determined to be 1.6 pH units, and the
calculated value reaches 2.7 pH un2§)( We observed that
the tertiary structure of AGP changed slightly but the
secondary structure was conserved under acidic conditions. 0~

At pH 4.5, the ligand-binding capacity of AGP was almost AGP Asialo-AGP

equal to that at pH 7.4. These results show that the structurericure 7: Effect of sialic acid on the interaction between AGP

of the AGP-binding area for progesterone is retained, evenand PG-membrane. The degree of conformational transition of
at pH 4.5. AGP @) and asialo-AGP@®) interacting with PG-membrane (A)

. . . . . . and the binding of AGP and asialo-AGP to P@embrane (B)
An increasing number of proteins, including transferrin  were monitored as in Figures 3 and 5.

(21), influenza hemagglutinir2@), and the lipocalins retinol-

binding protein 23) and tear lipocalin Z4), undergo pH-  hydrophobic side chains. When we examined the interactions
linked structural changes. Such conformational transitions of asialo-AGP with the anionic PGmembrane, the mem-
may be physiologically significant, because they may mediate brane-binding capacity and extent of the conformational
ligand release or membrane fusion. In the case of transferrin,transition both decreased at pH 4.5 (Figure 7). The finding
translocation across membranes from the neutral pH of thethat the conformational transition was decreased more than
bloodstream to the acidic intracellular environment leads to membrane binding may be due to an increase in the
opening of the protein structure and the release of iron, conformational stability of asialo-AGP. In accordance with
apparently with active participation of the recept®t)i and  this proposal, Friedman et al. have reported, by using
tear lipocalin is postulated to deliver lipids at the te@im fluorescence spectroscopy, that sequential removal of the
interface by a pH-linked structural chang®l(. The unique  sialic acids from AGP had no significant impact of the
structural changes in AGP, which were observed in this conformation of the protein core. However, the removal of
experiment, may be the first event in membrane interaction. sjalic acids resulted in an increased stability of the core

We examined the structural properties of AGP and its probably caused by interaction between the core and the
ligand-binding capacity in the membraneater phase using  asialoglycan chains (30). Aubert and Loucheux-Lefebvre also
liposomes, which are frequently used as a biomembranefound by additive circular dichroism that the glycan chains
model. It was observed that the-helix content of AGP do not perturb the protein core conformati@). (Villalobos
tended to increase in the presence of afrt@mbrane under et al. reported that the distribution of glycans on the AGP
mild acidic conditions. This result supports the idea that the surface is asymmetric as found with monoclonal antibody
unigue structural changes in AGP under mild acidic condi- probes 81), and Rojo-Dominguez and Hernandez-Arana and
tions induce interaction with the membrane. The results Schlueter predicted by molecular modeling that most of the
obtained from the ANS and Trp fluorescence experiment glycans were distal to the proposed ligand-binding site (
suggest that the interaction of AGP with the membrane under 32). Together, these results strongly suggest that the influence
mild acidic conditions may be promoted by a slight change of the terminal glycan sialic acid residues in the present work
of conformation of AGP but not a greater exposure of the may be to orient the AGP at the P@embrane surface and

60

40 A

AGP bound to PG-membrane (%)

20 A
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present the relatively unprotected ligand-binding site to the
membrane. Thus, it is likely that the initial conformational
events that we observe in AGP involve residues that are
present or closely coupled to those in the surface presented
to the membrane.

In numerous proteins, insertion into the membrane seems
to induce transition to an-helix-rich structure §3—38). In
the case of AGP, the ligand-binding area of AGP may
involve regions that form aw-helix-rich structure and/or
are inserted into the membrane since thgx of Trp
fluorescence was blue shifted due to interaction with the-PG
membrane (pH 4.5, 340 nm; pH 455PG—membrane, 335.5
nm). Our preliminary experiment using the Trp mutants
(W25A, W122A, and W160A) showed that Trp25 and
Trpl60 were inserted into the membrane.

Structural transitions similar to those found in AGPt0
p or 5 to o) have been observed in other proteins including
p-lactoglobulin and plasminogen activator inhibitor (PAI-
1) (38—40). For exampleg-lactoglobulin readily changes
to ana-helical structure from @-sheet one, when exposed
to more hydrophobic alcohol (e.qg., trifluoroethan@y); We
obtained similar results for AGP, containing for a series of
alcohols ar-helix induction effect in AGP of propanct
ethanol> methanol (data not shown). These results suggest
that hydrophobic interactions contribute to the formation of
an o-helix on AGP observed in the presence of the
membrane. The folding intermediate of PAI-&x-Kelix
structure) is reportedly a functional state, while the native
state is inert40—42). Furthermore, a conformational transi-
tion from a-helix to 5-sheet seems to induce propagation of
prion proteins, resulting in prion diseases, such as bovine
spongiform encephalopathyd). It has also been reported
that slight structural change of prion due to interaction with
membrane might induce such a conformational transition (
helix to S-sheet) 44).

The biological functions of AGP are currently unknown,
although numerous activities have been described of which
the most common is binding ligands, particularly therapeutic
drugs. For example, AGP binds thalidomide and thereby
affects the drug’s immunomodulatory activity against tumor
necrosis factora. (45). AGP is reportedly involved in
intracellular events, such as controlling thrombocytic agglu-
tinability, controlling bacterial englobement, extension during
engrafting, and inhibiting lymphocyte growth through various
mechanismsy, 5, 46). AGP has been detected on the surface
of normal human lymphocytes, granulocytes, and monocytes
by fluorescent electron microscop¥3, 14).

The limited data obtained here suggest that interaction
between AGP and biomembranes may be important for other
aspects of the physiological functions of this protein in
addition to the observed changes in ligand-binding capacity.

REFERENCES

1. Halsall, H. B., Austin, R. C., Dage, J. L., Sun, H., and Schlueter,
K. T. (2000) Structural aspects of alphal-acid glycoprotein and
its interaction, inProceedings of the international symposium on
serum albumin and alphal-acid glycoprotdi@tagiri, M., Sug-
iyama, Y., Testa, B., and Tillement, J. P., Eds.) pp-88, Tokyo
Print, Kumamoto, Japan.

. Kremer, J. M., Wilting, J., and Janssen, L. H. (1988) Drug binding

to human alphal-acid glycoprotein in health and diseBbey-
macol. Re. 40, 1-47.

3.

4.,

5.

Nishi et al.

Treuheit, M. J., Costello, C. E., and Halsall, H. B. (1992) Analysis
of the five glycosylation sites of human alphal-acid glycoprotein,
Biochem. J283 105-112.

Clark, A. J., Clissold, P. M., Al Shawi, R., Beattie, P., and Bishop,
J. (1984) Structure of mouse major urinary protein genes: different
splicing configurations in the'3ron-coding regionEMBO J 3,
1045-1052.

Baumann, P., Muller, W. E., Eap, C. B., and Tillement, J. P. (1989)
Alphal-acid glycoprotein. Genetics, biochemistry, physiological
functions and pharmacologylan R. Liss, New York.

6. Aubert, J. P., and Loucheux-Lefebvre, M. H. (1976) Carbohydrate-

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

peptide linkage in glycoproteingyrch. Biochem. Biophys. 175
400-409.

Rojo-Dominguez, A., and Hernandez-Arana, A. (1993) Three-
dimensional modeling of the protein moiety of human alphal-
acid glycoprotein, a lipocalin-family membéd?rotein Sequences
Data Anal. 5 349-355.

Lin, T. H., Sawada, Y., Sugiyama, Y., Iga, T., and Hanano, M.
(1987) Effects of albumin and alphal-acid glycoprotein on the
transport of imipramine and desipramine through the blood-brain
barrier in ratsChem. Pharm. Bull. 35294—-301.

Weisiger, R., Gollan, J., and Ockner, R. (1981) Receptor for
albumin on the liver cell surface may mediate uptake of fatty acids
and other albumin-bound substanc8sjence 21,11048-1051.
Forker, E. L., and Luxon, B. A. (1981) Albumin helps mediate
removal of taurocholate by rat lived, Clin. Invest 67, 1517
1522.

Forker, E. L., and Luxon, B. A. (1983) Albumin-mediated transport
of rose bengal by perfused rat liver. Kinetics of the reaction at
the cell surface]. Clin. Invest 72, 1764-1771.

Horie, T., Mizuma, T., Kasai, S., and Awazu, S. (1988) Confor-
mational change in plasma albumin due to interaction with isolated
rat hepatocyteAm. J. Physial254, G465-G470.

Predescu, D., Predescu, S., McQuistan, T., and Palade, G. E. (1998)
Transcytosis of alphal-acidic glycoprotein in the continuous
microvascular endotheliunProc. Natl. Acad. Sci. U.S.A95,
6175-6180.

Andersen, M. M. (1983) Leucocyte-associated plasma proteins.
Association of prealbumin, albumin, orosomucoid, alphal-antit-
rypsin, transferrin and haptoglobin with human lymphocytes,
monocytes, granulocytes and a promyelocytic leukaemic cell line
(HL-60), Scand. J. Clin. Lab. lrest. 43 49-59.

Andersen, M. M. (1984) Leucocyte-associated plasma proteins in
leucocytes during disease states, and in leukaemic Sxbnd.

J. Clin. Lab. Irvest. 44 257-265.

Cheresh, D. A., Haynes, D. H., and Distasio, J. A. (1984)
Interaction of an acute phase reactant, alphal-acid glycoprotein
(orosomucoid), with the lymphoid cell surface: a model for non-
specific immune suppressioimmunology 51541—-548.

Neitchev, V. Z., and Bideaud, F. A. (1988) Temperature-dependent
osmotic permeability in glycoprotein containing liposomés|.

Biol. Rep 13, 85-88.

Drickamer, K. (1987) Membrane receptors that mediate glyco-
protein endocytosis: structure and biosynthdsigney Int., Suppl

23, 167-183.

Nishi, K., Sakai, N., Komine, Y., Maruyama, T., Halsall, H. B.,
and Otagiri, M. (2002) Structural and drug-binding properties of
alphal-acid glycoprotein in reverse micell@ochim. Biophys.
Acta 1601 185-191.

van der Goot, F. G., Gonzalez-Manas, J. M., Lakey, J. H., and
Pattus, F. (1991) A “molten-globule” membrane-insertion inter-
mediate of the pore-forming domain of colicin Alature 354
408-410.

Jeffrey, P. D., Bewley, M. C., MacGillivray, R. T., Mason, A. B.,
Woodworth, R. C., and Baker, E. N. (1998) Ligand-induced
conformational change in transferrins: crystal structure of the open
form of the N-terminal half-molecule of human transferrin,
Biochemistry 3713978-13986.

Suren, A. T., and Lukas, K. T. (1996) Reversible pH-dependent
conformational change of reconstituted influenza hemagglutinin,
J. Mol. Biol. 260, 312-316.

Bychkova, V. E., Berni, R., Rossi, G. L., Kutyshenko, V. P., and
Ptitsyn, O. B. (1992) Retinol-binding protein is in the molten
globule state at low pHBiochemistry 317566-7571.

Gasymov, O. K., Abduragimov, A. R., Yusifov, T. N., and
Glasgow, B. J. (1998) Structural changes in human tear lipocalins
associated with lipid bindindgiochim. Biophys. Acta 138645—

156.



Mechanism for AGP-Mediated Drug Transport

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Essassi, D., Zini, R., and Tillement, J. P. (1990) Use of 1-anilino-
8-naphthalene sulfonate as a fluorescent probe in the investigation
of drug interactions with human alphal-acid glycoprotein and
serum albumin)]. Pharm. Sci. 799—-13.

Bruser, C. A., Signal, C. T., Resh, M. D., and McLaughlin, S.
(1994) Membrane binding of myristylated peptides corresponding
to the NH2 terminus of SrdBiochemistry 3313093-13101.
Muzammil, S., Kumar, Y., and Tayyab, S. (1999) Molten globule-
like state of human serum albumin at low pEyr. J. Biochem

266, 26—32.

Matthews, J. M., Norton, R. S., Hammacher, A., and Simpson,
R. J. (2000) The single mutation Phel#3Ala induces a molten
globule-like state in murine interleukin-Bjochemistry 391942
1950.

McLaughlin, S. (1989) The electrostatic properties of membranes,
Annu. Re. Biophys. Biophys. Chem. 1813-136.

Friedman, M. L., Wermeling, J. R., and Halsall, H. B. (1986) The
influence ofN-acetylneuraminic acid on the properties of human
orosomucoidBiochem. J236, 149-153.

Halsall, H. B., Villalobos, A. P., Ivancic, J. S., Bencosme, A. |.,
and Chung, P. (1989) Monoclonal antibodies against human
orosomucoid: tools for the exploration of structure, function and
interactions,Prog. Clin. Biol. Res. 30067—84.

Schlueter, K. T. (1992) Photoaffinity labelling the basic binding
site of orosomucoid, Ph.D. Dissertation, University of Cincinnati.
Kemmink, J., and Creighton, T. E. (1993) Local conformations
of peptides representing the entire sequence of bovine pancreatic
trypsin inhibitor and their roles in folding,. Mol. Biol. 234 861—

878.

Ptitsyn, O. B. (1995) Molten globule and protein foldirglo.
Protein Chem47, 83—229.

London, E. (1992) Diphtheria toxin: membrane interaction and
membrane translocatioliochim. Biophys. Acta 11125-51.
Gray, R. A., Vander Velde, D. G., Burke, C. J., Manning, M. C.,
Middaugh, C. R., and Borchardt, R. T. (1994) Delta-sleep-inducing
peptide: solution conformational studies of a membrane-permeable
peptide,Biochemistry 331323-1331.

37.

38.

39.

40.

Biochemistry, Vol. 43, No. 32, 2004.0519

Jongh, H. H., Killian, J. A., and Kruijff, B. (1992) A watelipid
interface induces a highly dynamic folded state in apocytochrome
¢ and cytochromec, which may represent a common folding
intermediate Biochemistry 311636-1643.

Banuelos, S., and Muga, A. (1995) Binding of molten globule-
like conformations to lipid bilayers. Structure of native and
partially folded alpha-lactalbumin bound to model membranes,
J. Biol. Chem 270, 29910-29915.

Hamada, D., Segawa, S., and Goto, Y. (1996) Non-native alpha-
helical intermediate in the refolding of beta-lactoglobulin, a
predominantly beta-sheet proteMat. Struct. Biol. 3868-873.
Mottonen, J., Strand, A., Symersky, J., Sweet, R. M., Danley, D.
E., Geoghegan, K. F., Gerard, R. D., and Goldsmith, E. J.(1992)
Structural basis of latency in plasminogen activator inhibitor-1,
Nature 355 270-273.

41. Berkenpas, M. B., Lawrence, D. A., and Ginsburg, D. (1995)

Molecular evolution of plasminogen activator inhibitor-1 func-
tional stability, EMBO J1 14, 2969-2977.

42. Boncela, J., Papiewska, I., Fijalkowska, I., Walkowiak, B., and

43.

44,

46.

Cierniewski, C. S. (2001) Acute phase protein alphal-acid
glycoprotein interacts with plasminogen activator inhibitor type
1 and stabilizes its inhibitory activityl. Biol. Chem?276, 35305~
35311.

Prusiner, S. B. (1989) Scrapie prioAsinu. Re. Microbiol. 43,
345-374.

Morillas, M., Swietnicki, W., Gambetti, P., and Surewicz, W. K.
(1999) Membrane environment alters the conformational structure
of the recombinant human prion proteid, Biol. Chem 274,
36859-36865.

. Turk, B. E., Jiang, H., and Liu, J. O. (1996) Binding of thalidomide

to alphal-acid glycoprotein may be involved in its inhibition of
tumor necrosis factor alpha productidfroc. Natl. Acad. Sci.
U.S.A. 93 7552-7556.

Bennett, M., and Schmid, K. (1980) Immunosuppression by human
plasma alphal-acid glycoprotein: importance of the carbohydrate
moiety, Proc. Natl. Acad. Sci. U.S.A. 78109-6113.

BI10400204



