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membrane. Using this technique, the nonspecific adsorp-
tion of compounds to sampling tubes is not fully taken
into account. This may explain the discrepancy between
data obtained from ultracentrifugation with those ob-
tained from ED and ultrafiltration.'® Nakai et al. describe
a microscale ultracentrifugation procedure for protein
binding analysis using a table-top ultracentrifuge. Human
plasma protein binding ratios for 10 drugs estimated by
this method correlate well with reported values deter-
mined by other methods, such as ultrafiltration and
equilibrium dialysis.'®

High Performance Frontal Analysis Shibukawa et
al. developed a novel analytical method, High-perfor-
mance frontal analysis (HPFA), which enables the simul-
taneous determination of total and unbound drug con-
centrations under drug-plasma protein binding condi-
tions. An ultramicro injection volume may be used,
which is especially ideal for binding studies on proteins in
scarce supply or difficult to obtain. In addition, HPFA
does not suffer from undesirable drug adsorption to the
membrane nor leakage of the bound drug through the
membrane, since it can be achieved using separation sys-
tems such as HPLC and CE. By coupling HPFA with a
chiral HPLC column, the concentration of an unbound
racemic drug can be determined enantioselectively.”)

High-performance affinity chromatography is
based on examining the retention and competition of so-
lutes as they pass through an immobilised HSA column.
Qualitative and quantitative information that can be ob-
tained include comparison of relative binding affinities,
competitive displacement by other agents or measure-
ment of equilibrium and rate constants based on immobi-
lized albumin columns.'® Both frontal and zonal, or a
combination of zonal elution and frontal affinity chro-
matographies can be used to examine association con-
stants of various compounds. The use of a combination
of a zonal elution and frontal affinity chromatography
method for determining association constants showed
several advantages compared to traditional methods.
Apart from rapidity, other advantages include ease of au-
tomation and ability to distinguish association constants
of chiral compounds at the same time.'?

Solid-phase microextraction (SPME) is a rapid, sol-
ventless alternative to conventional sample extraction
techniques. It can be used in protein-drug interaction stu-
dies, provided that no analyte depletion occurs. In SPME,
analytes establish equilibria among the sample matrix
headspace above the sample, and polymer-coated fused
fiber. They are then desorbed from the fiber to a chro-
matography column. Because analytes are concentrated
on the fiber, and are rapidly delivered to the column,
minimum detection limits are improved and resolution is
maintained. Quantification of the amount of ligand ex-
tracted by SPME is accomplished by liquid
chromatography coupled with tandem mass spectromet-

ry.?*Y An automated solid-phase microextraction (SPME)
coupled to liquid chromatography-tandem mass spectro-
metry has been reported by Vuckovic et al. A new multi-
fibre SPME system, which relies on multi-well plate tech-
nology and permits parallel preparation of up to 96 sam-
ples was used to obtain all the data points of the binding
curve in a single experiment. The proposed method can
be further extended to study plasma-protein binding or
drug binding to whole blood.”?

Spectroscopic methods

Circular dichroism has been used extensively to in-
vestigate the binding of ligands to albumin.” This tech-
nique is capable of estimating binding constants as well as
conformational change of the protein upon ligand bind-
ing.¥ Using this technique, Yamasaki et al. reported
phenomenon of site-to-site displacement on human albu-
min.?¥

Flourescence spectroscopy is a commonly used
method for investigating the protein binding of albumin.
Binding parameters for a binding site can be estimated by
a modified Bjerrum method and the Scatchard method if
there is enhancement in fluorescence on the binding of a
ligand to albumin. The stereospecificity of binding and
microenvironmental studies can be investigated with this
method.??)

Other methods

NMR has been used to study the structure of small
proteins in solution. It has become a powerful tool for
examining interactions between macromolecules and
various ligands from qualitative screening, completing
three-dimensional protein-ligand complex structure de-
termination, to obtaining dissociation constants.?®?)
However, the binding affinities of ligands determined by
NMR methods are universally weaker because NMR
methods are susceptible to interference from additional
non-specific binding.*”

Surface plasmon resonance (SPR) is a new biosen-
sor technology that precludes the need for label ligands
and can be used in conjunction with a small sample
volume. The analysis is rapid and automated. It has been
used to classify ligands of albumin into high, medium and
low affinity.*” Rich et al. develop a high resolution and
high throughput protocol using this technique to charac-
terize drug-albumin interactions (Fig. 2).”» The good
correlation shown in Figure 2C indicates the utility of
SPR to test compounds for HSA. This technique allows
protein-protein interactions to be examined and detects
differences in the binding of enantiomeric drug com-
pounds with immobilized albumin.*¥

Differential Scanning Calorimety is primarily used
to characterize stability and folding. And may be used to
study binding interactions between proteins and small
molecules, drugs and other proteins.“) DSC measures
binding constants from Ty, shifts due to the binding of a
drug (or other small molecule) to a protein. The binding



Protein Binding Techniques 361

>

8
8

Response (RU)

w

100 y
80 /
60 1 /
40 -

20’ “f

Response (RU)
N,

O

100 1

% Bound by SPR Analysis

¥ T 1

i} 20 40 60 8 100
% Bound by Other Methads

Fig. 2. Drug-HSA binding experiment using Biacore (from ref.

32)
(A) Sensorgrams; Responses collected from a non derivatized sur-

face. (B) Response data; the solid line depicts the fit of the data
treated by Eq. 1 R=Z(R.(C/Kd)/ 1+ C/Kd) where Ry is the max-
imal response, C is the drug concentration, and Kd is the equilibri-
um dissociation constant. The dashed line represents the satura-
tion point of the high-sffinity site. (C) Comparison with other
methods

constant of the ligand can be estimated from Tws in the
presence and absence of a ligand, provided the concen-
tration of the ligand in the DSC cell is known.” This

method, together with isothermal titration calorimetry
(ITC), provides a more comprehensive description of the
thermodynamics of an associating system.’®*”

Identification of Binding Sites

Identification of drug binding sites on a protein en-
sures that drug-drug interactions can be predicted ac-
curately. Topology analysis for the binding sites on HSA
has been carried out using several methods including X-
ray crystal analysis and site directed mutagenesis (Fig.
3). This information is also invaluable for the molecular
modification of drugs.

Photoaffinity labeling Although photolabeling has
been used in identifying the binding of a ligand to a pro-
tein, only a few studies have been reported for HSA.
Muramoto et al. investigated the interaction of the pitui-
tary hormone corticotropin (ACTH) with bovine serum
albumin by photoaffinity labeling with 2-nitro-4-azido-
phenylsulfenyl (2,4-NAPS) derivatives of aCTH and [Trp-
(SH)9JACTH.*® Eckenhoff et al. attempted the first appli-
cation of direct photolabeling of bovine albumin with
[*“C]halothane.*® Chuang et al. used [“*Clketoprofen, a
site II ligand, as a photolabeling agent without further
modification, to identify the binding site of arylpropionic
acid drugs on HSA* (Fig. 4). A similar attempt has been
made by Kaneko et al. using dog albumin.*" Photolabel-
ing of HSA with [“Clketoprofen has been carried out in
the presence of fatty acids of different chain lengths. The
results shed light on how fatty acids influence the binding
of site II drugs.”

Site directed mutagenesis Advancement in
biotechnology has made recombinant technology an im-
portant tool for investigating protein properties.
Watanabe et al. confirmed the role of arginine 410 and
411 tyrosine in the binding of site II ligands, by perform-
ing binding studies on 410 mutants of human albumin.*?
They further studied the binding of warfarin to site I
mutants.*” Thirteen recombinant isoforms of human al-
bumin mutated in four different subdomains were
produced by Kragh-Hansen et al. to investigate the high-
affinity binding sites of fatty acids using a rate-of-dialysis
technique.*

X-ray crystallography Ho et al. reported the crystal
structure of equine serum albumin in 1993.%9 It was not
until 1998 that Curry et al. reported and submitted the
first crystal structure coordinates of recombinant human
albumin complexed with myristate.*” Subsequent publi-
cation on drug-albumin complex crystal structures rev-
ealed massive information on key amino acids at the
binding sites involved in ligand binding.**-*%

Conclusion

All Techniques have their own shortcomings. For ex-
ample, ED generates errors due to protein leakage, a shift
in concentration and binding equilibrium during separa-
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tion and is time consuming. Chromatographic methods
based on immobilized human albumin columns only as-
say the fraction of drugs bound to albumin and not to the
whole plasma. CE methods are restricted to certain
buffer solutions, a single protein at a time and do not al-
low precise control of temperature. Ultrafiltration is at-
tended with an intrinsic non-specific binding problem.
Using a combination of techniques to produce com-
plementary data is the best solution. Otagiri et al. studied
the binding of pirprofen to human serum albumin using

dialysis and spectroscopy techniques.z) Eckenhoff et al.
evaluated the importance of the binding of a large
domain III cavity and compared it to the binding charac-
teristics of the 214 interdomain cleft for inhalation
anesthetics using a combination of site-directed mutagen-
esis, photoaffinity labeling, amide hydrogen exchange,
and tryptophan fluorescence spectroscopy.’” Petersen et
al combined crystallographic analysis with site directed
mutagenesis to investigate the binding site of warfarin.*?
Simard et al. attempted to locate high-affinity fatty acid-
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binding sites on albumin using a combination of x-ray
crystallography and NMR spectroscopy.*”

Finding a feasible method to evaluate the binding of
compounds with low water solubility to albumin con-
tinues to be the most challenging issue in protein binding
studies. A new high-throughput assay based on the distri-
bution of drugs among plasma water, plasma proteins,
and solid-supported lipid membranes (Transil) has been
reported to produce valid results, even for drugs strongly
bound to plasma proteins. The results obtained by this
new method are identical with those by the erythrocyte
partitioning technique or more conventional methods
(ultrafiltration and equilibrium dialysis).*** This new
method may be suited for highly lipophilic drugs that ad-
sorb onto surfaces due to their low aqueous solubility.
Such a method would be invaluable during drug discov-
ery and drug development for the high-throughput deter-
minatjon of protein binding.
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Summary: Nitric oxide {NO) is a ubiquitous molecule involved in multiple cellular functions. Inappropriate
production of NO may lead to disease states. To date, pharmacologically active compounds that release NO
within the body, such as organic nitrates, have been used as therapeutic agents, but their efficacy is significant-
ly limited by rapid NO release, toxicity and induction of tolerance. Therefore, novel NO donors with better
pharmacological and phamacokinetic properties are highly desirable. The S-nitrosothiol fraction in plasma is
largely composed of S-nitrosylated human serum albumin (SNO-HSA) and that is why we are testing whether
this albumin form can be used as a NO ftraffic protein. We have found that oleate and other endogenous
ligands increase SNO-HSA formation in vitro. The cytoprotective effect of SNO-HSA in a ischemia/reperfu-
sion model and its antiapoptotic effect on HepG2 cells treated with anti-Fas antibody were pronounced and
could be enhanced by binding of cleate. The enhancement of S-transnitrosation to the HepG2 cells could be
completely blocked by filipin IIl, a caveolae inhibitor. These findings indicate that a clinical application of
SNO-HSA is expected as potent NO supplementary therapy and that fatty acids may serve as novel types of
mediators for S-transnitrosation.

Keywords: human serum albumin; S-nitrosylation; S-transnitrosation; oleate; bilirubin; copper ion;
ischemia /reperfusion liver injury model; HepG2 cells; cytoprotection; filipin III

Introduction

Depending on the location of its release, nitric oxide
(NO) serves a wide range of biological functions.'*”) For
example, low concentrations of NO produced by con-
stitutive NO synthase (cNOS) isoforms have several
cytoprotective effects, such as regulation of local blood
flow as an endothelium-derived relaxing factor,'? inhibi-
tion of platelet aggregation,” attenuation of neutrophil
adherence,” removal of superoxides,’” and inhibition of
superoxide anion production by neutrophils.’” Defects of
NO production can lead to many cardiovascular abnor-
malities such as essential hypertension, stroke, atheros-
clerosis and ischemia/reperfusion injury.’” Therefore,
replacement of or supplementing endogenous NO

production by exogenously administered NO is an im-
portant and effective treatment for cardiovascular dis-
eases. However, NO therapy still has some problems that
should be overcome, such as the following.

First, administration of NO gas has limited utility, part-
ly because of its short half-life in vivo (~ 0.1 5).*) There-
fore, pharmacologically active compounds that can
release NO or lead to its formation in the body have been -
synthesized. Organic nitrates and nitrite esters have been
used for many years to treat patients with ischemic heart
disease. However, there are well-known side-effects and
limitations to these NO donors, including potentially ad-
verse hemodynamic effects, drug tolerance, lack of selec-
tivity and limited bioavailability.34’35) Thus, it is essential
to develop reliable NO donors with better pharmacologi-
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cal and pharmacokinetic parameters.

Secondly, it is important to be able to control reaction
selectivity and dose of the NO donor against reactive
oxygen species such as in NO therapy in inflammatory
diseases. A high concentration of NO produced by in-
ducible NOS (iNOS) is protective against bacterial infec-
tion in inflammatory processes, but too much NO will in-
duce apoptosis and cellular damage."****" The latter ef-
fect is due to the formation of peroxynitrite (ONOO™),
the reaction product of the interaction between su-
peroxide (O.7) and NO, a potent proinflammatory
nitroxide implicated in acute and chronic inflammatory
conditions of many etiologies.’®*" In addition, tissue in-
jury and inflammation often accompany rapid develop-
ment of hypersensitivity to noxious and nonnoxious
stimuli (hyperalgesia and allodynia, respectively). In fact,
sodium nitroprusside (SNP), which has been parenterally
administered for the treatment of hypertension and heart
failure, also induces an increase in the vascular produc-
tion of superoxide leading to the formation of ONOO™,
which is associated with cytotoxic effects of SNP.*>%)

Thirdly, local application of NO may be a very effec-
tive and safe form of NO therapy. To develop a method
for the targeted delivery of NO, several groups of resear-
chers have synthesized NO donors that hopefully can
release NO selectively at a target site. For example, V-
PYRRO/NO and 2-(acetyloxy) benzoic acid 3-(nitroox-
ymethyl) phenyl ester (NCX-1000) can selectively release
NO in the liver. NO release from V-PYRRO/NO is
mediated by cytochrome P450 which removes the vinyl
group of the drug to generate free PYRRO/NO ion.*-*)
NCX-1000 is a prototype of a family of NO releasing
derivatives of ursodeoxycholic acid. The two compounds
are selectively metabolized in the liver and biologically
active NO enters the liver microcirculation with no de-
tectable effect on systemic circulation.*” However, these
NO donors have not yet been applied in clinical situa-
tions because the reaction mechanisms are not yet fully
clarified. Thus, although NO release from V-PYRRO/NO
is mediated by cytochrome P450, the isoform of
cytochrome P450 catalyzing the process has not been
identified. The enzyme that mediates NO release from
NCX-1000 is still unknown. The enzymes that mediate
NO release from V-PYRRO/NO and NCX-1000 must be
identified in order to optimize their therapeutic effica-
cy.®

In our search for a reliable and safe NO donor, we
have followed a different approach, namely to examine
the possibility of using a NO-traffic protein. By a NO-
traffic protein is meant a protein with i) high efficiency of
S-nitrosylation, ii) high stability of the S-nitroso form in
the circulation and iii) high efficiency of S-transnitrosa-
tion into cells which need NO. As a candidate in this
respect we focus on human serum albumin (HSA), be-
cause HSA is the most abundant plasma protein (35-50

g/L) and because endogenous S-nitrosothiols in human
plasma is largely associated with HSA.*) S-nitrosylated
HSA (SNO-HSA) is significantly more stable than low
molecular weight S-nitrosothiols.*® Also others have at-
tempted to produce NO delivery systems using a NO-al-
bumin conjugate. Marks e al.’” and Ewing et al.*) have
synthesized a macromolecular $-nitrosothiol, poly SNO-
BSA, in which several S-nitrosothiols are formed in bo-
vine serum albumin (BSA) after reduction of the proteins
disulfide bonds. Independently, Beak et al. have deve-
loped a macromolecular NONOate, diazeniumdiolated
BSA, in which several NONOQOate moieties are conjugated
to native BSA? In a porcine coronary angioplasty
model, the two BSAforms, poly SNO-BSA and die-
zeniumdiolated BSA, were applied locally to a site of vas-
cular injury and showed high retention at the administra-
tion site and reduced platelet attachment and activation.
These effects were due to high binding of the modified al-
bumins to the injured vessel.

In the development of targeted NO delivery systems
for intravenous use, tissue distribution characteristics of
the NO-carrier conjugate should be evaluated in vivo in
order to identify the various obstacles to targeted deliv-
ery, such as extensive uptake by mononuclear phagocyte
systems and rapid loss by glomerular filtration. Katsumi
et al. have examined the pharmacokinetic properties of
SNO-BSA. The results showed that serum albumin is a
promising carrier to control pharmacokinetic properties
of NO after intravenous injection, because S-nitrosylated
albumin shows a relatively high retention in the blood
circulation after intravenous injection into mice.
However, targeted NO delivery after intravenous injec-
tion using a macromolecular carrier has not been suc-
cessfully achieved so far.>” To achieve targeted NO deliv-
ery from SNO-HSA after intravenous injection, we need
to understand the different functions and structure of
HSA and its biological fate in detail. Therefore, we have
recently examined the relationship between S-nitrosyla-

" tion and reversible binding of ligands to HSA. This rev-

iew summarizes the effects of endogenous ligands on §-
nitrosylation and S-transnitrosation of HSA both in vitro
and in biological systems.

Structure and S-Ritrosylation of HSA

HSA is a single-chain, non-glycosylated protein with a
molecular weight of 66.5 kDa. It is synthesized in and
secreted from liver cells. The polypeptide organizes to
form a heart-shaped protein with approximately 67% o-
helix but no f-sheet.*¥ It is composed of three homolo-
gous domains (I-III) each of which can be subdivided into
subdomains (A and B) with distinct helical folding pat-
terns connected by flexible loops (Fig. 1). All but one
(Cys-34) of the 35 cysteine residues are involved in the
formation of stabilizing disulfide bonds. In the circula-
tion, the protein has an average half-life of 19 days, and
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OA sites

1B

Cys-34:
S-Nitrosvlation site
Cu?* (2)

Fig. 1. Crystal structure of HSA showing locations of Cys-34 and OA, BR and Cu?®* binding sites

In addition to the seven OA binding sites, the locations of the high-affinity binding site for BR (BR(1)) and the high-affinity binding site (Cu®*(1))
and a secondary binding site for Cu®* (Cu®*(2)) are indicated. Very recently, crystallographic analysis of HSA complexed with BR has shown,
that the ligand is bound with high affinity in subdomain IB rather than in subdomain I1A.”” The subdivision of HSA into domains (I-1I1) and sub-
domains (A and B) is given. The structure was simulated on the basis of X-ray crystallographic data for HSA-AO (PDB ID code 1gni) and mo-
dified with the use of Rasmol (downloaded from http://www.openrasmol.org).

normally about half of the Cys-34 residues are freely ac-
cessible; i.e., they are not oxidized or involved in ligand
binding and represent the largest fraction of free thiols in
the blood.**

In the blood, HSA serves, among other things, as a
transport and depot protein for numerous endogenous
and exogenous compounds.®**® Therefore, we have stu-
died, as a first step, the effects of the strongly bound
ligands, oleate (OA) (C18:1), bilirubin (BR) and Cu®* and
the weakly bound ligands, L-tryptophan, progesterone,
ascorbate, Zn?* and Fe’" on in vitro S-nitrosylation of
HSA by S-nitrosoglutathione (GS-NO) and 1-hydroxy-2-
0x0-3-(N-3-methyl-aminopropyl)-3-methyl-3’-triazene
(NOC-7). We also studied the effects of the strongly
bound ligands on S-nitrosylation of HSA in a biological
system using stimulated RAW264.7 cells.

S-Nitrosylation of Mercaptalbumin
with Bound Ligands

HSA purified from serum sossesses bound endogenous
ligands, in particular fatty acids and perhaps also ex-
ogenous ligands. Any effect of these ligands on the S-
nitrosylation of HSA was examined by incubating non-
defatted and charcoal-treated albumin, with GS-NO. The
S-nitroso moiety of the former preparation was sig-

Reaction of NOC-7 with R-SH

NO + 0O, = «OONO
*OONO + *NO ————4 2 :NO,
“NO, + *NO ——— N,0,
N,0; + R-SH me—p R-SNO + NO, + H*

+ metal

*NO + R-SH ———3 R-SNO -+ NO, + H*

Reaction of GS-NO with R-SH

GS-NO + R-SH =——————=>p R-SNO + GSH
Fig. 2. Chemical reactions of NOC-7 and GS-NO with R-SH

nificantly higher (P < 0.01) than that of the latter.*® Thus,
the presence of ligands greatly enhance the efficiency of
S-nitrosylation. In order to identify ligands of importance
for S-nitrosylation, individual ligands were added to HSA
previously delipidated by charcoal and dialyzed exten-
sively against deionized water. In these experiments, two
kinds of S-nitrosylating agents were used, namely GS-NO
which S-transnitrosates via NO*, and NOC-7 which §-
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Table 1. Effect of ligands on $-nitrosylation of HSA by GS-NO and NOG-7

Oleic acid Bilirubin CuS0,*5H,0 (CH,CO0),Zn FeCl, L-Tryptophan Ascorbate Progesterone
GS-NO 1t 1t # = # g = =
NOC7 = = tt = = = -> -

1:2<0.05, 44:P<0.01 as compared with HSA alone

nitrosylates mainly via NO and N>Oj; (Fig. 2). The results
obtained with equimolar amounts of protein and ligand
are indicated in Table 1. It can be seen that OA and BR
enhance the efficiency of GS-NO, but not that of NOC-7,
whereas Cu®” increases S-nitrosylation by NOC-7 but not
that caused by GS-NO. In contrast, no significant effect
was observed when adding L-tryptophan, progesterone,
ascorbate, (CH3COQO),Zn or FeCl.. We studied in more
detail the positive effects of OA, BR and Cu®*, which
bind to different high-affinity sites of HSA (Fig. 1).
Effect of AO binding: We investigated the effect of
increasing OA on S-nitrosylation of HSA by GS-NO in
more detail. Increment was found to be dose-dependent
up to a OA:HSA molar ratio of 3; increasing the molar
ratio further to 4 or 5 did not result in additional S-
nitrosylation. Because OA does not bind to Cys-34 (Fig.
1), the effect observed most probably is due to binding-
induced conformational changes of HSA making Cys-34
more accessible to GS-NO.*® This proposal is supported
by the finding that OA binding results in an almost linear
increment in binding of the test-compound 5,5’-dithiobis
-2-nitrobenzoic acid (DTNB) to Cys-34.56) The proposal is
also supported by crystal structure analysis.*’~9 Accord-
ing to analysis, the reactive SH group of Cys-34 is located
in a crevice on the surface of HSA. Binding of OA in-
duces conformational changes in the protein, leading to a
slight opening of the interface between the two halves of
the albumin molecule (subdomains IA-IIA and IIB-IIIB,
respectively) and a rotation of domain 1. These structural
changes result in greater opening of the crevice that con-
tains Cys-34 rendering the SH-group of Cys-34.%%
Effect of BR binding: The effect of BR binding on
S-nitrosylation by GS-NO was also studied at different
molar ratios of ligand to protein. Binding of 1 mol of BR
resulted in significantly higher S-nitrosylation (P <0.01);
increasing the molar ratio to 3 or 5 did not cause addi-
tional S-nitrosylation. Thus, only high-affinity BR binding
increases S-nitrosylation. Because this kind of binding
takes place in another region of HSA to a greater extent
than that possessing Cys-34 (Fig. 1), the improving effect
must be due to conformation change in the protein relat-
ed to accommodation of the large BR molecule. In con-
trast to GS-NO, high-affinity binding of BR does not in-
fluence S$-nitrosylation by NOC-7 (Table 1). To test
whether this lack of effect could be caused by interaction
between NO and HSA-bound BR, we performed spec-
trophotometric experiments. The experiments showed

that exposure of HSA-BR to NOC-7, but not to GS-NO,
resulted in fast decrease of absorbancy at 470 nm
(representing Am. for HSA-BR) and concomitant and
pronounced increase at 650 nm (representing Amax for
HSA-biliverdin). Therefore, the following reaction seems
to take place: (*Cys-SH)-HSA-BR + -NO—(*Cys-SH)-
HSA-BV+NO,"~. Thus, lack of effect of BR is due to its
conversion to biliverdin (BV), and neither ligand nor
NO." formed improves S-nitrosylation.

Effect of Cu’" binding: In contrast to the §-
nitrosylating effect of GS-NO, the effect of NOC-7 was
significantly increased by Cu®* (Table 1). The increasing
effect was the same, whether the molar ratio of Cu?* to
protein was 1:1, 3:1 or 5:1. Cu®* binds with a very high
affinity to a specific site in the N-terminal region of HSA,
and His-3 is an essential element at that site® (Fig. 1).
To test whether high-affinity binding of Cu’*, which
takes place at a distance from Cys-34, is responsible for
the improving effect of NOC-7, or whether the effect is
caused by other means, e.g. secondary binding, we mutat-
ed His-3 for an alanine. Positive effect of Cu®”* disap-
peared when mutating His-3. This finding strongly pro-
poses high-affinity binding as the reason for improved ef-
fect of Cu®* on S-nitrosylation by NOC-7. The positive
effect of high-affinity Cu** binding is most probably
caused by conformational change induced in the HSA
molecule, which renders the SH-group of Cys-34 more
reactive. Such a mechanism seems supported by the
results of Zhang and Wilcox.*” These authors, using
isothermal titration calorimetry and different spec-
troscopic techniques, found evidence for interaction be-
tween the first Cu’* binding site and Cys-34 in BSA.
However, the conformational changes are different from
those caused by OA, because in contrast to the binding of
OA, that of Cu®" does not affect the accessibility of
Cys-34.55) In contrast to the above studies, Stubauer et
al.®" found no effect of high-affinity bound Cu?* on RS-
NO formation. RS-NO formation was only initiated,
when that binding site was saturated and the authors
proposed S-nitrosylation of Cys-34 when Cu’" binds with
a low affinity to the same residue. However, they used
BSA and NO gas in their studies.

Experiments with a cell line: To study S-nitrosyla-
tion of HSA in a biological system, we investigated the
process caused by the murine macrophage cell line
RAW264.7. The cell line bad been activated by inter-
feron-y and lipopolysaccharide for expressing inducible
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NO synthase. Binding of OA or BR to HSA did not affect
S-nitrosylation of the protein by the cells. In contrast,
Cu®* binding facilitated significantly S-nitrosylation
(P<0.01). We also found that binding of Cu’*, but not
binding of OA or BR, decreased significantly (P <0.01)
the production of NO;™. Taken together, these results
show that the formation of SNO-HSA by the cell line
takes place via NO. This is supported by findings showing
that the effects of GS-NO in a similar experiment differ
from those of NOC-7 and RAW 264.7 cells.

Concluding remarks: Thus, high-affinity binding
of ligands such as OA, BR and Cu?" facilitate S-nitrosyla-
tion of Cys-34 in HSA. A common aspect to the binding
of the three ligands is that they all bind with high affinicy
to the same part of HSA as that housing Cys-34, namely
domain I (see legends to Fig. 1). The improving effect of
ligand binding was observed in vitro and in a biological
system, but depended on the NO donor.

Effect of Fatty Acids on S-Transnitrosation of HSA

In the following, the effect of endogenous fatty acids
on S-transnitrosation from SNO-HSA is described. The
effect was studied using an animal model and cultured
cells. Again, OA was used as a representative for the fatty
acids, because quantitatively it is the most important fatty
acid in human depot fat and because it is a major contri-
butor to the albumin-bound fatty acids. As in the studies
on S-nitrosylation, we used OA:HSA molar ratios up to
5:1. This was done for investigating the potential effect of
physiological and pathological fatty acid concentrations.
Thus, HSA usually carries a total amount of 1-2 molar e-
quivalents of fatty acids. However, this value can rise to 4
or more after maximal exercise or other adrenergic
stimulation.®¥

Cytoprotection against ischemia/reperfusion
liver injury in rats: To determine the effect of OA
binding on S-transnitrosation from SNO-HSA in vivo, we
used an ischemia/reperfusion liver injury model.*? To
evaluate liver injury, the extracellular release of the liver
enzymes asparatate aminotransferase (AST) and alanine
aminotransferase (ALT) was measured via plasma enzyme
values. Injecting HSA, OA or HSA-OA into the portal
vein immediately after reperfusion had no effect on plas-
ma concentrations of AST and ALT. But administration
of SNO-HSA diminished, to a significant extent
(P<0.01), the enzyme concentrations measured at 60
min and 120 min. The protection of the liver cells by
SNO-HSA was more pronounced, if the protein also car-
ried OA. The effect of OA on SNO-HSA-mediated
cytoprotection appeared to depend on OA content; e.g.,
the binding of 5 mol OA had more pronounced effect
than binding of 3 mol. We also found that caprylate
(C8:0), a short-chain and saturated fatty acid, potentiated
the cytoprotective effect of SNO-HSA. However, im-
proved effect of caprylate was slightly less than that of

Table 2. Uptake clearance and plasma concentrations of SNO-
HSA, with and without 5 mol of OA, 120 min after injection into
mice

Plasma concentration
after 120 min

Uptake clearance (ml/h)

Liver Kidney Spleen (% of injected dose)
OA (—) 186+20 48%18 12%£8 52.6+4.4
SNO-HSA
OA (+) 232+14 66%14 15%7 53.4%7.2

Results are expressed as means®SEM (n=3).

OA.

The pharmacokinetic characteristics of SNO-HSA
have been studied in mice. The study showed that bind-
ing of as much as 5 mol of OA per mol of SNO-HSA does
not effect neither the protein forms plasma half-life nor
its uptake by liver, kidney or spleen (Table 2).°?

The advantageous effects of fatty acids on cytoprotec-
tion found in the ischemia/reperfusion model may in-
volve multiple mechanisms, including maintenance of tis-
sue blood flow, induction of heme oxygenase-1 (a
cytoprotective enzyme), suppression of neutrophil in-
filtration and reduction of apoptosisﬁ” Therefore, we in-
vestigated the effect of fatty acid binding in a simpler sys-
tem, a cell line.

Cytoprotection of HepG2 cells exposed to anti-
Fas antibody: NO and related species have been
reported able to induce both antiapoptotic and proapop-
totic response in cells, the type of response depending on
the concentration of NO donor and type of cell and
apoptosis-inducing reagent.*¥ We have examined the in-
fluence of OA binding on the antiapoptotic effect of
SNO-HSA on HepG?2 cells treated with anti-Fas antibody.
The presence of HSA, with or without bound OA, or OA
alone had no effect on induced apoptosis. In contrast, ad-
dition of SNO-HSA resulted in concentration-dependent
protection of the cells. This protection was greatly in-
creased by binding 5 mol of OA per mol of SNO-HSA.
Thus, fatty acid binding also improves the cytoprotective
effect of SNO-HSA in an in vitro system.

The above findings clearly show that HepG2 cells S-
transnitrosate to SNO-HSA. This aspect we have studied
in a direct way, namely by measuring the concentration
of SNO-HSA. We found that the presence of the cells
caused decrease in SNO-HSA, and that decrease was
faster and quantitatively more pronounced in the
presence of OA. The effect increased with OA concen-
tration: from 1:1 to 3:1 to 5:1 molar ratios. The OA-
mediated promotion of SNO-HSA decay can be ex-
plained by increased accessibility to the S-nitroso moiety
of HSA and/or by an intensified interaction between
SNO-HSA and cell surface thiols.

We examined whether the improving effect of OA
binding on S-transnitrosation is unique for that fatty acid,
or whether the effect can also be exerted by a mixture of
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Table 8. Plasma concentrations of HSA and fatty acids in 7
patients before and after hemodialysis

Fatty acids (mM)

Sex Albumin

/) (g/d) Before dialysis After dialysis
No. 1 F 29+0.2 0.070+0.03 0.159+0.03
No. 2 F 3.9+04 0.114£0.04 0.614£0.06
No. 3 F 4.0%£0.3 0.174+£0.05 0.261£0.03
No. 4 F 3.6£0.3 0.182+0.06 0.934£0.07
No. 5 M 4.1%£0.2 0.322:£0.05 0.718 £0.05
No. 6 M 3.9+04 0.230%£0.05 0.380£0.03
No. 7 F 4.1%0.3 0.1300.05 0.651 £0.03

Results are expressed as means £SEM (n=3~4).

endogenous fatty acids. We used HSA preparations iso-
lated from hemodialysis patients, because such treatment
increases fatty acid concentrations in the blood (Table
3). S-transnitrosation was quantified by determining the
time necessary for HepG2 cells to cause halving of the
SNO-HSA concentration (T2 of SNO-HSA). As seen in
Figure 3, there is good linear correlation between Ty
and the amount of fatty acid bound to SNO-HSA. Thus,
in addition to OA, a mixture of endogenous fatty acids
facilitates the decay of SNO-HSA by HepG2 cells. This
finding has biological and clinical implications, because
the plasma concentrations of non-esterified fatty acids
can be increased in a number of situations. In addition to
hemodialysis, increase in fatty acids is seen in connection
with exercise and other adrenergic stimulation and in
pathological conditions such as the metabolic syndrome
and diabetes mellitus.

S-Transnitrosation of SNO-HSA by GSH: Kinetic
aspects of S-transnitrosation of SNO-HSA have also been
studied in vitro by using glutathione (GSH) as a NO-ac-
ceptor. The amount of GS-NO formed after 30 min incu-
bation with SNO-HSA and decay in SNO-HSA, was more
pronounced when OA was bound to SNO-HSA. Surpris-
ingly, the effect was the same, whether SNO-HSA bound
1, 3 or 5 mol of OA per mol of protein. Thus possibly,
only protein conformational changes caused by binding
of the first OA molecule are essential for S-transnitrosa-
tion to GSH.

NO Uptake of HepG2 Cells

As mentioned above, fatty acid binding accelerates
SNO-HSA decomposition by HepG2 cells. We investigat-
ed whether this decomposition is accompanied by NO
uptake by the cells using intracellular DAF-FM DA
fluorescence (fluorescence of diaminofluorescein-FM dia-
cetate). Intracellular NO concentration increased with
incubation time and with increasing OA/SNO-HSA molar
ratios. To clarify the S-transnitrosation properties of a
saturated fatty acid, we tested the effect of stearate

60
< ;
2] 50 y=-14.97x + 41.39
n R=0.85
C =~ 40
z £
3; % 30
£F
s
& 10
0

0 04 08 12 16 2.0

Fatty acids (mol/mol HSA)

Fig. 8. S-transnitrosation of SNO-HSA made from HSA isolat-
ed from hemodialytic patients after dialysis by HepG2 cells
HSA samples were isolated by polyethylene glycol fractionation of
blood plasma followed by chromatography on a Blue Sepharose
column.®® The HSA samples were S-nitrosylated using isoamy! ni-
trite. SNO-HSA and HepG2 cells were incubated for different
periods of time and Ty, for S-fransnitrosation of the different SNO-
HSA samples were determined. Data represent means of four ex-
periments.

(C18:0) on NO uptake by HepG2 cells. Stearate had an
effect on the S-transnitrosation of SNO-HSA, which is
very similar to that of OA.

Fatty acid-induced increment in the transfer of NO
from SNO-HSA into the hepatocytes is completely block-
ed by the addition of filipin IIl. However, a basal mechan-
ism, not affected by filipin III addition, slows the transfer
of small amounts of NO or modifications thereof (e.g.
NO"'). Both systems may involve a membrane protein
and operate by transferring NO* from one thiol to
another.

We examined whether NO uptake involves contact be-
tween albumin and the cell membrane or components
thereof using FITCfluorescence (fluorescence of fluores-
cein isothiocyanate). SNO-HSA was labeled with FITC
and interaction with the HepG2 cells was analyzed by
fluorescence microscopy.®? FITC-SNO-HSA was found
to bind to the cells, and that binding increased in a dose-
dependent manner by cobinding of OA. Similar results
were obtained with HSA that was not §-transnitrosylated.
HSA binding to HepG2 cells is thus not affected by §-
transnitrosation. Adding filipin III had no effect on the
protein-cell interaction. Thus, OA is proposed to en-
hance the interaction between SNO-HSA and HepG2
celis.

Conclusion

Figure 4 proposes a model for S-transnitrosation of
HepG2 cells by SNO-HSA. Binding of fatty acids in-



314 Yu ISHIMA, et al.

@— FA: fatty acids

Filipin I11-
sensitive
system

Cytoprotective effects

e o

Fig. 4. Proposed model for fatty acid-mediated increase in S-transnitrosation of HepG2 cells by SNO-HSA
The model operates with two types of S-transnitrosation. A basal one and a much more pronounced process, caused by albumin-binding of
fatty acid, and which can be blocked by filipin I1l. The model also proposes that S-transnitrosation takes place without involving low molecu-

lar weight thiols.

troduces conformational change in HSA that renders the
SH-group, without or with S-nitrosylation, more accessi-
ble. Fatty acid binding also facilitates the binding of albu-
min to a receptor on hepatocytes, perhaps the albumin
binding adaptor protein gp60.° When bound to the
receptor, SNO-HSA-OA S-transnitrosates to HepG2 cells
via two (or more) systems. Because OA-induced trans-
nitrosation is completely blocked by filipin III, an inhibi-
tor of caveolae,” it is proposed that caveolae are im-
portant for this type of S-transnitrosation. These findings
strongly suggest that OA and NO of SNO-HSA-OA are
transported by caveolae-associated proteins. Further stu-
dies are needed to identify and clarify the mechanism for
the caveolae-associated proteins.

It is widely assumed that S-transnitrosation from SNO-
HSA to cells takes place solely or mainly via low molecu-
lar weight thiols.”-* However, it should be noted that all
the experiments with HepG2 cells were performed in the
absence of GSH and other low molecular weight thiols.

Thus, fatty acid binding improves the cytoprotective
effect of SNO-HSA in vivo, and reinforcement of an an-
tiapoptotic effect by fatty acid binding contributes to this.
Fatty acid bound to SNO-HSA enhances the interaction
between SNO-HSA and HepG2 cells and the S-transnitro-
sation of SNO-HSA. This enhances NO transfer from
SNO-HSA into the hepatocytes and the antiapoptotic ef-
fect. We found a novel filipin IIl-sensitive mechanism for
the transfer of NO from SNO-HSA into hepatocytes.
Taken together, further study is now warranted to ex-
plore the roles of fatty acid binding in the pharmacologi-
cal benefits of SNO-HSA, for which clinical application is
expected as a potent NO supplementary therapy as sum-
marized in Figure 5.
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Applications
Cardiovascular diseases

Hemorrhagic shock
Transplantation, etc.

Anti-bacterial effect
Anti-platelet aggregation

Cytoprotection
Vascularization

Fig. 5. Biological effects and potential therapeutic applications of SNO-HSA
The figure indicates some beneficial effects of circulating SNO-HSA, which most probably can be clinically useful. Our work shows that S-
nitrosylation of and S-transnitrosation from albumin is greatly improved by binding of oleate and perhaps also by other high-affinity bound

ligands.
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After being distributed in the circulating blood, drugs bind to serum proteins varying degrees. In general, such bind-
ing is reversible, and a dynamic equilibrium exists between the bound and unbound molecular species. It is believed that
unless there is a specific transport system (e.g. receptor-mediated endocytosis, protein-mediated transport), only un-
bound drugs are able to penetrate through biomembranes, are distributed to tissues, and undergo metabolism and
glomerular filtration. It is also believed that only unbound molecules present in target tissues can exert their pharmaco-
logical effects, and that the concentration of unbound molecules in tissues is in proportion to the drug serum concentra-
tion. Therefore, drug-serum protein binding is critically involved in the manifestation of the pharmacological effects of a
drug as well as its pharmacokinetics. Among serum proteins, human serum albumin (HSA) and o;-acid glycoprotein
(AGP) play important roles in protein binding for many drugs, which is of key importance to drug distribution in the
body. In addition, they are widely used in clinical settings as blood preparations and drug delivery system carriers. It is
thus of great importance from the viewpoint of pharmaceutical science to clarify the structure, function, and phar-
maceutical properties of HSA and AGP. Accordingly, since starting my laboratory, the focus of my research has in-
volved molecular pharmaceutical studies on the interactions of drugs and HSA and AGP for the purpose of applying
these findings to clinical fields, such as drug treatment, diagnosis and drug discovery. In this review, the molecular
properties of HSA and AGP will be briefly outlined. The static and dynamic topology of drug binding sites on these pro-
teins, investigated by various spectroscopic techniques, X-ray crystallography, quantitative structure-activity relation-
ships, molecular modeling, photo affinity labeling, site-directed mutagenesis efc., changes in the serum protein binding
of drugs in pathological conditions, such as liver and kidney failure and various inflammation diseases and factors con-
tributing to the changes will then be summarized. Finally, cases in which protein binding displacement can be applied to
medical fields will also be introduced.

Key words protein binding; drug; albumin; o;-acid glycoprotein; clinical application
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Fig. 1. Summary of the Ligand Binding Capacity of HSA as
Defined by Crystallographic Studies to Date
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Docking Model
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