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Abstract

Albumin is supposed to be the major antioxidant circulating in blood. This study examined the prevention of membrane lipid
peroxidation by bovine serum albumin (BSA). Lipid peroxidation was induced by the exposing of enzymatically generated superoxide
radicals to egg yolk phosphatidylcholine liposomes incorporating lipids with different charges in the presence of chelated iron
catalysts. We used three kinds of Fe¥'-chelates, which initiated reactions that were dependent on membrane charge: Fe**-EDTA and
Fe**-EGTA catalyzed peroxidation in positively and negatively charged liposomes, respectively, and Fe>*-NTA, a renal carcinogen,
catalyzed the reaction in liposomes of either charge. Fe**-chelates initiated more lipid peroxidation in liposomes with increased zeta
potentials, followed by an increase of their availability for the initiation of the reaction at the membrane surface. BSA inhibits lipid
peroxidation by preventing the interaction of iron chelate with membranes, followed by a decrease of its availability in a charge-
dependent manner depending on the iron-chelate concentration: one is accompanied and the other is unaccompanied by a change in
the membrane charge. The inhibitory effect of BSA in the former at high concentrations of iron chelate would be attributed to its
electrostatic binding with oppositely charged membranes. The inhibitory effect in the latter at low concentrations of iron chelate would
be caused by BSA binding with iron chelates and keeping them away from membrane surface where lipid peroxidation is initiated.
Although these results warrant further in vivo investigation, it was concluded that BSA inhibits membrane lipid peroxidation by
decreasing the availability of iron for the initiation of membrane lipid peroxidation, in addition to trapping active oxygens and free
radicals.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Serum albumin; Lipid peroxidation; Supcroxide; Liposome; Membrane; Antioxidant; Free radical; Xanthine oxidase; Nitrilotriacetate; Iron

1. Introduction

Reactive oxygen species participate in the development
of many pathologic events by causing oxidative deterio-
ration of biological macromolecules such as DNA, proteins,
and membrane lipids [1,2]. In particular, oxidation of

Abbreviations: BSA, bovine serum albumin; aBSA, acctylated BSA;
mBSA, methylated BSA; nBSA, native BSA; DCP, dicetylphosphatc;
EDTA, ethylenediamine tetraacetic acid; EGTA, bis(2-aminocthyl ether)-

ethyleneglycol tetraacctic acid; EYPC, egg yolk phosphatidylcheline; membranes and lipoprotein lipids in circulation has been
HEPES, 2-hydroxyethylpiperazine-2-¢thancsulfonic acid; NTA, nitrilotri- implicated in the pathogenesis of many vascular disorders,
acetic acid (nitrilotriacetate); PC-OOH, hydroperoxides of egg yolk including atherosclerosis, diabetes, and hypertension [3,4],
phosphatidylcholing; poly-Glu, poly-L-glutamic acid; poly-Lys, poly-L- and there have been extensive studies on the initiation and

lysine; poly (Lys-Phe), poly-L-lysinc-L-phenylalanine; SA, stearylamine; . .. Ly e
TBA, thiobarbituric acid; X, xanthine; X0, xanthine oxidase P reventlor? o'f lipid Perox:datlon. . . i L.
* Corresponding author. Tcl: +81 88 633 7248; fax: +81 88 633 9572, Albumin is considered the major circulating antioxidant

E-mail address: fukuzawa@ph.tokushima-u.acjp (K. Fukuzawa). in the blood [5-7], which is exposed to continuous oxidative
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stress. In vitro experiments have shown that serum albumin
protects human low-density lipoproteins from copper-
mediated oxidation and red blood cells from hemolysis
due to free radical membrane damage [8]. Further, it was
reported that serum albumin protects cultured cells, such as
renal tubular cells, macrophages, aortic endothelial cells,
and lung fibroblasts, from oxygen radical damage [9,10].
Albumin protects cells mainly by directly scavenging
reactive oxygen species by trapping them. Dean et al. [11]
reported that bovine serum albumin (BSA) inhibited
membrane lipid peroxidation of liposomes induced by
lipid-soluble radicals less than that induced by water-soluble
radicals, an effect that is probably due to lower scavenging
efficiency for lipid-soluble radicals than for water-soluble
radicals.

The superoxide anion radical (O;7) produced in aerobic
organisms is widely held to be a major initiator of
biological damage resulting in pathophysiological events
associated with a variety of diseases [12,13]. The bio-
logical effectiveness of O3~ is usually explained by the
formation of more-reactive species derived from it. A
specific example is the oxidation of unsaturated lipids in
membranes, an important event in pathophysiology, which
cannot be initiated directly by Os;~. The conversion of
0;™ to more reactive intermediates requires the partic-
ipation .of metal catalysts, of which iron is the most
important in biological systems [12-15].

Recently, we investigated the membrane lipid peroxida-
tion in liposomes exposed to O;” in the presence of
chelated iron, and proposed that a Fenton-like reaction of
iron-chelate with preformed lipid peroxides at the mem-
brane surface triggers the initiation of lipid hydroperoxide
(LOOH) formation [15,16]:

Fet — chelate + O —Fe?t — chelate + O (n

Fe?* — chelate + L — OOH—Fe** — chelate + L — O° (2)

L—O +LH-L-OH+L (3)
L'+ 0;—L — 00 (4)
L - 00 +LH—-L—-OOH+L’ (5)

where LH is the unoxidized lipid and L°, L-O’, and L-00";
the lipid carbon-centered, alkoxyl, and peroxyl radicals,
respectively.

This initiation system seems most likely to occur in
blood circulation. Therefore, in this study, we used this
lipid peroxidation system and investigated the inhibitory
cffect of BSA on it from the point of view of obstruction
of the Fenton-like reaction that occurs at the membrane
surface, and which differs from its well-known antiox-
idant effect due to trapping active oxygens and free
radicals.

2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (EYPC) was obtained
from Nippon Qil and Fats (Tokyo, Japan). The fatty acid
composition (mol%) of EYPC was 33.1 palmitate, 1.2
palmitoleate, 11.6 stearate, 30.0 oleate, 15.5 linoleate, 3.3
arachidonate, and 5.3 docosahexaenoate. The commercial
EYPC sample was contaminated with 0.3-0.4 mol% of
hydroperoxide, as determined by the ferric-xylenol orange
method [17]. Bovine serum albumin, fatty acid-free (native
BSA:nBSA), carboxymethylated BSA (mBSA), xanthine
oxidase (X0), stearyl amine (SA), dicetylphosphate (DCP),
poly-L-lysine (poly-Lys) (m.w., 48100), poly-L-glutamic
acid (poly-Glu) (m.w.,72500), and poly-L-lysine-L-phenyl-
alanine (1:1) {poly {(Lys-Phe)} (m.w., 35400) were pur-
chased from Sigma Chemical (St. Louis, MO). Sodium
ethylenediamine tetraacetate (EDTA-2Na), bis (2-amino-
ethyl ether) ethyleneglycol tetraacetic acid (EGTA), 2-
hydroxyethylpiperazine-2-ethanesulfonic acid (HEPES),
xylenol orange, and Fe(NQ;); were obtained from Wako
Pure Chemical Industries (Tokyo, Japan), Sodium nitrilo-
triacetate (NTA-2Na) and FeSO, were from Nacalai Tesque
(Kyoto, Japan). All other reagents were of analytical grade.
Acetylated BSA (aBSA) was prepared using a modification
of the method of Basu et al. [18].

2.2. Preparation of liposomes

Liposomes were prepared as described previously [15].
Stock solutions of EYPC in chloroform with or without
DCP or SA were evaporated under nitrogen. The resulting
thin lipid films were dispersed in 10 mM HEPES bufter, pH
7.4, in a vortex mixer and subjected to ultrasonic irradiation
in a Bransonic-12 sonic bath (Yamato Tokyo, Japan) at 40
°C for 5 min (charged liposomes) or 10 min (uncharged
liposomes). When required, the EYPC was freed from
contaminating hydroperoxides of EYPC (PC-OOH) by
treatment with triphenylphosphine (TPP) [19] in chioroform
just before the preparation of liposomes.

2.3. BSA acetylation and characterization of BSAs

nBSA was acetylated using acetic anhydride {18]. To 3
ml of 0.15 M NaCt solution of nBSA (15 mg/ml), 3 ml of
sodium acetate-saturated solution was added, and then 40 pl
of acetic anhydride was slowly added (2 pl/3 min) at room
temperature. Afier incubation for 30 min, acetylated BSA
was dialyzed using a hydrated dialysis membrane (Wako

" Chem., USA) at 4 °C in 0.15 M NaCl for 24 h and further in

10 mM HEPES buffer solution (pH 7.4) for 3 h. The protein
concentration of the BSA preparation was determined using
the Lowry method [20]. The net charge of the albumins was
investigated by determining their migration times in
capillary electrophoresis [21]. The migration times for
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aBSA was 12.71£0.10 min (S.D., #=3), which was slightly
but significantly long as compared with that of nBSA
(12.21+£0.02 min), indicating additional net negative
charge. The amounts of carbonyl groups measured accord-
ing to the dinitrophenylhydrazine method [22] were 119%
higher in 2BSA (0.166 mol carbonyl/mol BSA) than that in
nBSA (0.139 mol carbonyl/mol BSA). Purchased mBSA
prepared by Mandel and Hershey [23] was well confirmed
as a net positively charged basic protein [24].

2.4. Assays of lipid peroxidation

Lipid peroxidation of EYPC liposomes was measured by
following oxygen consumption [16]. The following con-
ditions were used for Fe**-chelate-dependent lipid perox-
idation initiated by O3 in liposomes. The test systems
consisted of liposomes containing ! mM EYPC with or
without DCP or SA in 3.6 ml of 10 mM HEPES buffer pH
7.4 at 37 °C. The oxidation was started by the addition of 10
pl Fe**-chelate (final concentrations 30 uM Fe** and 33 pM
chelater), 10 pl xanthine (30 pM), and finally 10 pl XO (1
mU/ml) to 3.6 ml of liposome suspensions in 10 mM
HEPES buffer (pH 7.4). The Fe**-chelates were prepared by
mixing Fe(NO3;); in H;O or dilute HCI solution with the
chelator (1.0 to 1.1 molar ratio). The rate of oxygen
consumption associated with lipid peroxidation was meas-
ured with a Clark-type oxygen electrode, assuming an
oxygen concentration of 217 nmol/ml in the initial
incubation mixture at 37 °C.

The generation of O;” in human granulocytes from
normal blood samples during phagocytosis was reported to
be 5-30 mU XO equivalent/ml [25]. In this study, the XO
content {1 mU XO/ml) was decided considering the suitable
condition - for measurement of lipid peroxidation, under
which O consumption due to O3~ generation is negligible
in comparison with that due to lipid peroxidation. The rate
of 03~ generation by 1 mU X0O/ml used in this experiment
is equivalent to the rate {1 pM O3 /min) observed in our
previous study that O;~ was responsible for apoptosis in rat
vascular smooth muscle cells [26]. The thiobarbituric acid
(TBA) method was used as described previously [16] to
provide another assay for lipid peroxidation. The amount of
TBA-reactive substances (TBARS) formed was expressed
as equivalents of malondialdehyde (MDA). Other exper-
imental details are described in figure legends.

2.5. Assay of binding of Fe'*-NTA to BSA

Equilibrium dialysis experiments were performed with
an Equilibrium Dialyzer (Sanplatec, Osaka, Japan) using a
total volume of 13 ml of cells. A hydrated dialysis
membrane was washed in deionized water and dried with
N, gas. To one side of the membrane was added 7 ml of
dialysate solution (50 mM HEPES-Tris in 10 mM NaCl
buffer, pH 7.4) containing a certain concentration of Fe™*-
NTA solution. On the other side of the membrane, 7 ml of

the sample (BSA or polypeptide) solution was dialyzed for
24 h. The volumes of the solutions on either side of the
membrane were kept constant during the dialysis procedure.
Aliquots from the chamber were removed and then free
concentrations of Fe**-NTA were determined by the ferric—
xylenol orange method [27). The percentage binding of
Fe>*-NTA to the sample was calculated using the following
equation:

B (%) = (Abs, — Absy)/Abs, x 100

where B (%) is the percentage of the added Fe*'-NTA
bound to the sample, and Abs, and Abs, are the absorbances
at 560 nm of Fe>*-NTA in the dialyzed solution with and
without a sample, respectively.

2.6. Measurement of zeta potential of liposome membranes

The zeta potentials of the liposomes (1 mM EYPC with
or without 0-0.2 mM DCP or SA) in 10 mM HEPES/10
mM NaCl buffer at pH 7.4 were measured electrophoreti-
cally in a NICOMP (model 380 apparatus, Particle Sizing
Systems, Santa Barbara, California) at room temperature.

3. Results

Preliminary experiments showed that the complete
system, made up of liposomes formed from 1 mM EYPC
supplemented with 0.2 mM SA or 0.1 mM DCP, 10 mM
HEPES buffer at pH 7.4, 1 mU/ml XO, 30 pM X, and Fe**-
NTA (30 uM Fe?*, 33 uM NTA), rapidly consumed oxygen,
indicating the occurrence of lipid peroxidation (solid lines
(1} in Fig. 1). Oxygen was not consumed if XO was
excluded, but slightly consumed if Fe**-NTA was excluded,
possibly due te the generation of O3 from oxygen by X-XO
(broken lines in Fig. 1 (left)), indicating that lipid
peroxidation was not induced directly by either O3~ or
Fe’*-NTA. The involvement O;~ in this process was
confirmed by the complete inhibition of oxygen uptake by
the addition of superoxide dismutase (100 U/ml) (data not
shown). Similarly, oxygen consumption was completely
inhibited if liposomes were prepared from EYPC pretreated
with triphenylphosphine (TPP) (broken line (1) in Fig. 1
(right)), which reduces endogenous EYPC hydroperoxides
{(PC-OCH) to the corresponding alcohols (PC-OH) [19],
indicating that the presence of PC-OOH was a prerequisite
for the induction of lipid peroxidation.

Lines (2)«4) in Fig. 1 show the time course of Fe**-
NTA/X-XO-dependent lipid peroxidation in liposcmes
with positive and negative charges in the presence of
various BSAs. Three types of BSAs, nBSA with a small
net negative charge, negatively charged aBSA, and
positively charged mBSA, were used. All BSAs inhibited
the lipid peroxidation. The orders of their inhibitory effects
were: aBSA>nBSA>mBSA. in positively charged SA-
EYPC liposomes, and mBSA>nBSA>aBSA in negatively
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Fig. 1. Inhibition by BSAs of Fe**-NTA/X-XO-dependent lipid peroxidation in DCP-EYPC and SA-EYPC liposomes. (1) Control; (2) +mBSA; (3) +nBSA;
{4) +aBSA. Broken lines in SA-EYPC liposome system indicate the oxygen consumption in the system that excluded only (a) Fe**-NTA or (b) X-XO from the
control system (line (1)) The system of broken line (1) in DCP-EYPC liposome system is all the same to the contrel system (solid finc (1)) but EYPC was
pretreated with TPP before the preparation of liposomes. The concentration of BSAs added to the control system was 1.0 mg/ml. Concentrations of reagents in
the contro! system were: 1 mM EYPC, 0.1 mM DCP or 0.2 mM $A, 10 mM HEPES buffer, pH 7.4, 1 mU/ml xanthine oxidase (X0}, 30 pM xanthine (X), and
iron chelate formed from 30 pM Fe(NOJ), and 33 pM NTA. Incubation was at 37 °C, and the reaction started by the addition of XO.

charged DCP-EYPC liposomes. Same orders were
observed by the assay of TBARS values (data not shown).
Furthermore, nBSA more strongly inhibited TBARS
formation in SA-EYPC liposomes (63% inhibition) than
in DCP-EYPC liposomes (28% inhibition). These results
indicate that the inhibitory effect of BSAs is higher in
oppositely charged membranes.

Fe**-NTA, a renal carcinogen, has been reported to cause
apoptosis associated with increase of lipid peroxide and 8-
hydroxydeoxyguanosine levels in vivo [28,29] and in vitro
{30]. In cultured cells treated with 20-100 pM Fe*-NTA,
oxidative damage [31] and apoptotic [30], cytotoxic [32],
and mutagenic [33] effects were observed. Therefore, we
used. 10-60uM Fe-NTA and examined its concentration
dependency for the induction of X-XO-dependent lipid
peroxidation in EYPC liposomes containing different
amounts of positively charged SA (Fig. 2). The rate of
lipid peroxidation increased with an increase in Fe*-NTA
concentration, A decrease of the membranous SA concen-
tration in EYPC liposomes lowered the rate of lipid
peroxidation. The addition of nBSA (1 mg/ml) to SA-
EYPC (0.2 mM/1 mM EYPC) liposomes slowed down the
lipid peroxidation rate. The change in the lipid peroxidation
rate in the presence of nBSA was similar to that of the rate
depending on the reduction of SA concentration at concen-
trations of Fe’*-NTA higher than 20 pM. On the contrary,
the rate change was quite different from that at concen-
trations of Fe®*-NTA lower than 10 uM, and the addition of
nBSA almost completely inhibited the lipid peroxidation.

Before the antioxidant effect of BSA on the Fe*”-chelate/
0; ~-dependent membrane lipid peroxidation at the mem-
brane surface was examined in detail, we investigated the

role of Fe*'-chelate at the membrane surface, where a
Fenton-like reaction initiates lipid peroxidation. The con-
centration of Fe**-chelate chosen was 30 pM, which was
suitable for the investigation of inhibiting effect of BSA.
Fig. 3 shows the effect of the membrane charge on the
rate of O; consumption indicative of lipid peroxidation by
Fe*"-chelates (Fe’*-NTA, Fe**-EGTA, and Fe’'-EDTA).
Fe*"-NTA catalyzed the lipid peroxidation both in positively

10

Rate of lipid peroxidation (uM Ox/min)

0 20 40 60
Fe®*-NTA (uM)

Fig. 2. Inhibitery cffcct of nBSA on the rate of Fe*-NTA/X-XO-dependent
lipid peroxidation in the presence of various concentrations of Fe™-NTA in
EYPC liposomes containing different amounts of SA. (O) SA-EYPC (0.2
mM/1.0 mM) liposomes; (4) SA-EYPC (0.05 mM/1.0 mM) liposomcs;
() EYPC (1.0 mM) liposomes; (@) SA-EYPC (0.2 mM/L.0 mM)
liposomes+nBSA (1.0 mg/ml). The rate in cach system was obtaincd after
the subtraction of the value of blank, which was the system that only
omitted Fe>*-NTA from the control system,
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Fig. 3. Rates of Fe**-chelate/X-XO-dependent oxygen consumption
indicative of lipid peroxidation in liposomes with various membrane
charges. (C) Fe**-NTA; {A) Fe**-EGTA,; (0O) Fe?*-EDTA. Liposomes werc
prepared from EYPC containing different amounts of DCP or SA.
Concentrations of reagents for lipid peroxidation were: 1 mM EYPC, 0-
0.2 mM DCP or SA, 10 mM HEPES buffcr, pH 7.4, 1 mU/ml xanthine
oxidase (X0), 30 uM xanthine (X), and iron chelate formed from 30 uM
Fe{NOy); and 33 pM NTA, EDTA, or EGTA. Incubation was at 37 °C, and
the reaction started by the addition of XO.

charged SA-EYPC liposomes and negatively charged DCP-
EYPC liposomes, and the rates of lipid peroxidation
increased with an increase in the zeta potential of liposomes.
Our previous work revealed that the binding of Fe*'-
chelates with liposomes is indispensable for the initiation of
0;~ driven lipid peroxidation {16]. Because of the good
correlations between the abilities of Fe**-chelates to induce
lipid peroxidation and electrostatic binding to membranes,
we supposed that the increase of negative and positive zeta
potentials of membranes causes more binding of Fe’*-NTA
to membranes, increasing its facilitating effect on lipid
peroxidation. The initiation of lipid peroxidation by Fe’*-
EGTA and Fe*"-EDTA was also dependent on the zete

potentials of the liposome membranes. The former and the
latter catalyzed the lipid peroxidation in negatively charged
DCP-EYPC liposomes and positively charged SA-EYPC
liposomes, respectively, indicating that membrane charges
of DCP-EYPC liposomes and SA-EYPC liposomes are
closely associated with the electrostatic binding ability of
oppositely charged Fe*-chelates, such as net positively
charged Fe’*-EGTA and net negatively charged Fe''-
EDTA. Increased amounts of Fe**-chelates bound to the
membrane would result in an increase of the availability of
the Fe**-chelates required to initiate lipid peroxidation at the
membrane surface.

As shown in Fig. 1, the inhibitory effect of BSA
depending on membrane charge was suggested to be due
to the neutralization of the membrane charge by electrostatic
interaction with the membranes. Thus, we chose systems in
which the charges of liposomal membranes and BSAs were
opposite, and investigated the correlation between the
effects of BSAs on the zeta potentials of liposomes and
the rates of Fe®*-NTA/X-XO-dependent lipid peroxidation.
The rate of lipid peroxidation was obtained from the initial
gradient of the curve in Fig. 1. As shown in Fig. 4, the rates
of Fe**-NTA-dependent lipid peroxidation as a function of
BSA concentration were well correlated to the changes in
the zeta potentials of liposomes.

To determine the details of the ability of BSA to change
the zeta potentials and lipid peroxidation, we compared the
rates of lipid peroxidation in liposomes with same zeta
potentials, which depend on the concentrations of BSAs
added to the membranes and of charged molecules removed
from the membranes. The rate of Fe’*-NTA/X-XO-depend-
ent lipid peroxidation in liposomes with different charges
was plotted as a function of zeta potential of liposomes in
the presence and absence of BSAs (Fig. 5). Under the same
zeta potential conditions in systems in which the charge of
the liposomes is opposite to that of the BSAs added, the
rates of Fe**-NTA/X-XO-dependent lipid peroxidation were
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Fig. 4. The effects of the concentration of BSAs on the rate of Fe**-NTA/X-X0O-dependent lipid peroxidation and the zeta potential of EYPC liposomes with
DCP or SA. Panel A: nBSA in SA-EYPC liposomes; panel B: aBSA in SA-EYPC liposomes; pancl C: mBSA in DCP-EYPC liposomes. (O) Lipid
peroxidation; (@) zeta potential, Concentrations of BSAs added to the DCP-EYPC (0.1 mM/1.0 mM) or SA-EYPC (0.2 mM/1.0 mM) liposomes were 0.1 mg/

ml-1.0 mg/ml. Other experimental conditions were as shown in Fig. 3.
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Fig. 5. The rate of Fe*™-NTA/X-XO-dependent lipid peroxidation as a
funetion of zeta potential of liposomes with different charges in the presence
orabsence of nBSA, aBSA, or mBS A, Pancl A: nBSA; pancl B: aBSA; pancl
C: mBSA. (O) DCP-EYPC (0.1 mM/1.0 mM) liposomes in the presence of
BSAs; (O) SA-EYPC (0.2 mM/1.0 mM) liposomes in the presence of BSAs;
(®#) DCP-EYPC {0-0.2 mM/1.0 mM) and SA-EYPC (0-0.2 mM/1.0 mM)
liposomes in the absence of BSAs, The concentrations of BSAs added to the
Tiposomes are indicated by numbers: (1) §.1 mg/ml; (2) 0.5 mg/ml; (3) 1.0
mg/ml. Experimental conditions were as shown in Fig. 3.

always higher in the presence of BSAs (O in Fig. 5(A) and
(B), © (1) in Fig. 3(C)) than in their absence (dotted lines in
Fig. 5), except for the results shown in Fig. 5(C) (O (2) and

O (3)). The reductions of the rate of lipid peroxidation were
larger for the addition of aBSA with a high net negative
charge (O in Fig. 5 (B)) than for addition of nBSA with a
low net negative charge in SA-EYPC (0.2 mM/l mM)
liposomes (& in Fig. 5(A)).

On the contrary, in the systems in which BSA was
added to identically charged liposomes, Fe**-NTA/X-XO-

" dependent lipid peroxidation was inhibited without affect-

ing the zeta potential: nBSA and aBSA with a net negative
charge did not affect the zeta potential but weakly
inhibited the lipid peroxidation in negatively charged
DCP-EYPC (0.1 mM/! mM) liposomes (O (3), as shown
in Fig. 5(A) and (B)), and mBSA with a net positive
charge did not affect the zeta potential but did lower the
rate of lipid peroxidation in positively charged SA-EYPC
liposomes (O (3) in Fig. 5(C)).

Fig. 6 shows the effects of mBSA and aBSA on the
zeta potentials of liposomes and the rates of Fe’-EGTA/
X-XO-dependent lipid peroxidation. The addition of
mBSA lowered both the negative value of the zeta
potential and lipid peroxidation in DCP-EYPC liposomes,
and their mBSA concentration-dependent decreases corre-
lated well (Fig. 6 (A)). At the same zeta potential, the rates
of lipid peroxidation in DCP-EYPC liposomes in the
presence of mBSA (O in Fig. 6 (B)) were always higher
than those in their absence (dotted line in Fig. 6 (B)).
Furthermore, Fe*"-EGTA/X-XO-dependent lipid peroxida-
tion was not induced in positively charged SA-EYPC
liposomes (O (1) in Fig. 6 (B)} but was induced in DCP-
EYPC liposomes with a net positive charge by the addition
of a high concentration of mBSA (0.5 mg, 1.0 mg/ml) (O

_ (3%,0 (4) in Fig. 6(B)). On the contrary, Fe’*-EGTA/X-

XO-dependent lipid peroxidation was induced in nega-
tively charged DCP-EYPC liposomes (dotted line in Fig.
6(B)) but was not induced in SA-EYPC liposomes with a
net negative charge by the addition of a high concentration
of aBSA (1.0 mg/ml} (T {5} in Fig. 6(B)).

Fig. 7 shows the effects of aBSA and mBSA on the
zeta potentials of liposomes and the rates of Fe*'-EDTA/
X-XO-dependent lipid peroxidation. The addition of
aBSA also concentration-dependently neutralized the
charge of liposome membranes and lowered the lipid
peroxidation rate in SA-EYPC liposomes (Fig. 7 (A)).
However, in SA-EYPC liposomes, the rates of lipid
peroxidation were always higher in the presence of aBSA
(O in Fig. 7(B)) than in the absence of it (dotted line) at
the same zeta potential (Fig. 7 (B)). Fe’*-EDTA/X-XO-
dependent lipid peroxidation was not induced in neg-
atively charged DCP-EYPC liposomes (O (1) in Fig.
7(B)) but was induced in SA-EYPC liposomes with a net
negative charge by the addition of a high concentration of
aBSA (0.5 mg, 1.0 mg/ml) (O (3), O () in Fig. 7(B)).
On the contrary, Fe*'-EDTA/X-XO-dependent lipid per-
oxidation was induced in positively charged SA-EYPC
liposomes {dotted line in Fig. 7(B)) but was not induced
in DCP-EYPC lipesomes with a net positive charge by
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Fig. 6. The effects of the concentration of BSAs on the rate of Fe?*-EGTA/X-XO-dependent lipid peroxidation and the zeta potential of EYPC liposomes with
DCP or SA. Pancl A: {O) lipid peroxidation; (@) zeta potential. Concentrations of mBSA added to the SA-EYPC (0.2 mM/1.0 mM) liposomes were 0.1-1.0
mg/ml. Panel B: (O) DCP-EYPC (0.1 mM/1.0 mM) liposomes in the presence of BSAs; (O) SA-EYPC (0.2 mM/1.0 mM) lipesomes in the presence of BSAs;
(@) DCP-EYPC or SA-EYPC liposomes in the absence of BSA. (1) control (no BSA); (2) 0.1 mg mBSA/ml; (3) 0.5 mg mBSA/mI; (4) 1.0 mg mBSA/ml; (5)

1.0 mg aBSA/ml. Other experimental conditions were as shown in Fig. 3.

the addition of a high concentration of mBSA (1.0 mg/
ml} (O (5) in Fig. 7(B)).

The effects of polypeptides, which were used instead of
positively charged mBSA and negatively charged aBSA to
simplify the experimental system, on the zeta potentials and
the rates of lipid peroxidation were investigated further. As
shown in Fig. 8(A), the addition of positively charged poly-
Lys inhibited Fe’"-EGTA/X-XO-dependent lipid peroxida-
tion in DCP-EYPC liposomes (A), and the addition of
negatively charged poly-Glu inhibited Fe**-EDTA/X-XO-
dependent lipid peroxidation in SA-EYPC liposomes (O).
Fe**-EGTA/X-XO-dependent lipid peroxidation was not
induced in positively charged SA-EYPC liposomes (dotted
line} but was induced in DCP-EYPC liposomes with a net
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positive charge by the addition of poly-Lys (A}. Similarly,
Fe*"-EDTA/X-XO-dependent lipid peroxidation was not
induced in negatively charged DCP-EYPC liposomes
{dotted line) but was induced in SA-EYPC liposomes with
a net negative charge by the addition of poly-Glu (O). Thus,
the inhibition of lipid peroxidation by polypeptides as well
as by BSAs with charges opposite those of the membrane
was associated with neutralization of the membrane charge.

We further investigated the effects of positively charged
copolypeptides with a hydrophobic residue, poly (Lys-Phe),
on the zeta potentials and the rates of Fe'*-NTA/X-XO-
dependent lipid peroxidation in EYPC and DCP-EYPC
liposomes. As shown in Fig. 8(B), poly (Lys-Phe) behaved
similarly to the charged molecule SA in the membranes, and

(B)

N W e 0 O

() .
o0—e P, 5)

-50 -40 -3¢ -20 10 0

10 20 30 40 50
Zeta potential {mV)

Fig. 7. The effcets of the concentration of BSAs on the rate of Fe**-EDTA/X-XO-dependent lipid peroxidation and the zeta potentials of EYPC liposomes with
DCP or SA. Pancl A: (O) lipid peroxidation; (@) zcta potential. Concentrations of aBSA added to DCP-EYPC (0.1 mM/1.0 mM) liposomes were 0,1-1.0 mg/
m!. Pancl B: (C) DCP-EYPC (0.1 mM/1.0 mM) liposomes in the presence of BSAs; (1} SA-EYPC (0.2 mM/1.0 mM) liposomes in the presence of BSAs; (@)
DCP-EYPC and SA-EYPC liposomes in the absence of BSAs. (1) control (no BSA); (2} 0.1 mg aBSA/ml; (3) 0.5 mg aBSA/m!; (4) 1.0 mg aBSA/ml; (5 1.0

mg mBSA/ml. Other experimental conditions were as shown in Fig. 3.
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ingly, the amount of DCP bindable with positively charged
Fe'"-NTA remains small, and thus only a small amount of
residual Fe**-NTA is available to initiate lipid peroxida-
tion. Under conditions with the same zeta potential, the
lower rate of lipid peroxidation in the DCP-liposome
system to which mBSA was added than in the SA-
liposome system to which no BSA was added, would be
due to the lower availability of Fe*’-NTA depending on

the amount bound to charge molecules. Similarly,” the -

higher availability of Fe**-NTA would cause the higher
rate of lipid peroxidation in the SA-liposome system to
which aBSA was added than in the DCP-liposome system
to which no BSA was added under conditions with the
same zeta potential (O (2), O (3) in Fig. 5(B)).

BSAs and polypeptides inhibited lipid peroxidation
without affecting the zeta potentials of the liposomes, which
have the same type of charges as BSAs and polypeptides; as
shown in Fig. 9(B), nBSA, aBSA, and poly-Glu did not
affect the zeta potential but weakly inhibited lipid perox-
idation in DCP-EYPC liposomes, while mBSA and poly-
Lys also lowered lipid peroxidation in SA-EYPC liposomes
without affecting their zeta potential. This indicates that they
inhibit lipid peroxidation without direct interaction with
membranes. We concluded that their inhibiting effect on
lipid peroxidation was due to their binding with Fe**-NTA
and excluding it from membranes. A good correlation.
between their abilities to bind to Fe**-NTA and to inhibit
lipid peroxidation (Fig. 9(A) and (B)) supports this
conclusion,

Surprisingly, an amphiphilic polypeptide, poly (Lys-
Phe), increased the rate of Fe’*-NTA-dependent lipid
peroxidation and the zeta potential of EYPC liposomes,
but a hydrophilic poly-Lys decreased the rate of Fe*"-NTA-
dependent lipid peroxidation and increased their zeta
potential (O (2), @ (2), and A (2) in Fig. 8(B)). In EYPC
liposomes, poly {(Lys-Phe) binds to the membranes by
hydrophobic interaction and increases their membrane
charge by acting as a membrane charge molecule like SA,
resulting in an increase in the amount of Fe**-NTA bound to
membranous poly (Lys-Phe), and an increase in lipid
peroxidation follows. Similar behaviors by poly {Lys-Phe)
were observed in negatively charged DCP-EYPC liposomes
(O (1), ® (1) in Fig. 8(B)). In DCP-EYPC liposomes, some
parts of membranes charged positively with poly-(Lys-Phe)
and other of parts charged negatively with DCP results in an
increase of the total number of membrane-charged mole-
cules, that is, an increase of the amount of membranous sites
bound with Fe**-NTA, which can interact with molecules of
either charge. Accordingly, the initiation reaction induced
by Fe**.NTA occurs charge-site dependently, and the
initiation ability of Fe**-NTA depends on the total number
of sites charged positively and negatively in a membrane
rather than the net charge of the membrane.

Recently, Anraku et al. [7] reported that additional net
negative charge was increased in oxidized human serum
albumin. This finding suggests that the oxidized BSA

functions just like an aBSA. It is very interesting to
investigate the antioxidant effect of the oxidized BSA from
this point.

Finally, we will discuss the antioxidant effect of the
native type of BSA based on the above-mentioned

_ considerations. The rate of lipid peroxidation depending

on the Fe®*-NTA concentration in SA-EYPC liposomes
increased with an increase of SA concentration (Figs. 2

_and 3). At concentrations of Fe’"-NTA higher than 20 pM,

the decrease of the Fe®*-NTA concentration-dependent
lipid peroxidation due to the addition of nBSA (1 mg/ml)

_to SA-EYPC liposomes (0.2 mM/1.0 mM) with the zcta

potential of +41 mV was similar to that of the lipid
peroxidation rates decreased by a lower SA concentration
in liposomes (Fig. 2), which had about +20 mV of zeta
potential as approximated from the rate of lipid perox-
idation in SA-EYPC liposomes shown in Fig. 3. These
results suggest that net negatively charged nBSA binds to
positively charged SA and decreases the amount of
membranous SA available for Fe**-NTA binding, resulting
in a decrease in the rate of lipid peroxidation. The zeta
potential measured when nBSA (1 mg/ml) was added to
SA-EYPC (0.2 mM/1.0 mM) liposomes was about —5 mV,
which corresponds to the zeta potential of EYPC lip-
osomes containing no charged substance (Fig. 5(A)). The
rate of lipid peroxidation depending on the Fe’*-NTA
concentration in the nBSA-added system of SA-EYPC
liposomes with —5 mV (e in Fig. 2) was higher than that
in nBSA-free system of the EYPC liposome with a charge
of —5 mV (O in Fig. 2), indicating that the membranes of
SA-EYPC liposomes that interact with nBSA would be
more likely to bind with Fe’*-NTA than with the
membranes of EYPC liposomes, even if their membrane
zeta potentials were almost the same.

On the contrary, at a concentration of Fe’-NTA lower
than 10 pM, the rate of lipid peroxidation was slower in the

. system in which nBSA (1 mg/ml} was added to SA-EYPC

(0.2 mM/1 mM EYPC) liposomes (@ in Fig. 2) than in the
nBSA-free systern of EYPC liposomes containing no SA (O
in Fig. 2}, although the zeta potentials of liposomes in both
systems were almost the same (—3 mV). These results
suggest that nBSA binds with most of the Fe**-NTA and
prevents it from interacting with membranes by keeping it
away from the membrane, resulting in little induction of
Jipid peroxidation. .

In conclusion, the binding of Fe-chelate to membrane
surfaces triggered initiation of the Fe-chelate/O; ™ -depend-
ent lipid peroxidation of the membrane. BSA inhibits this
lipid peroxidation by decreasing the availability of Fe-
chelate in two manners, which are dependent on Fe-chelate
concentration: (I at high concentrations of Fe-chelate, BSA
directly interacts with the membrane and prevents the
interaction of Fe-chelate with the membrane surface, where
lipid peroxidation is initiated; and @ at low concentrations
of Fe-chelate, BSA interacts with Fe-chelate and excludes it
from the membrane.
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Abstract

Reversible ‘thermal denaturation of 33 genetic variants of human serum albumin (HSA) appeared to be a two-state process when
studied by circutar dichroism (CD). Fourteen single-residue variants have T, values (midpoint of denaturation) higher than, and nine
have T, values lower than, their endogenous, wild-type counierpart. Nine single-residue variants have AM, values (van't Hoff
enthalpy) higher than, and 14 have AH, values lower than, normal albumin. All types of combinations of positive and negative AT
values and A(AH,) values were found. Good linear correlations between mutation-induced changes of a-helical content and A(AH,)
values, but not AT, values, were found especially for the variants mutated in domains I and IIL The effect of altered chain length
and plycosylation on Ty, and AH, was also studied. For all variants, no clear relationship was found between the changes in the
thermodynamic parameters and the type of substitution, changes in protein charge or hydrophobicity. However, the protein changes
taking place in domain I have a rather uniform effect (almost all of the nine variants have positive AT, values and negative A(AH,)
values, i.e., they denature more easily than normal albumin but they do so at a higher temperature). The present results can be of
both protein chemical relevance and of clinical interest, because they could be useful when designing stable, recombinant HSAs for

clinical applications.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Human serum albumin; Genetic variant; Thermal stability; Midpoint of denaturation; van't Hoff enthalpy; a-Helical content

1. Introduction

Moutations of surface residues as well as of amino acids in
the interior of proteins can effect their stability. Even single-
residue substitutions can influence stability as has been
observed for, e.g., intracellular fatty acid-binding proteins
[1}, lysozyme [2], apoflavodoxin [3], a thermophilic cold
shock protein [4], crystallins [5] and staphylococcal
nuclease [6]. The results referred to have all been obtained
by using recombinant mutants. In the present work, we have

Abbreviations: HSA, human scrum albumin; Alb, albumin; proAlb,
proalbumin; Alb A, normal (wild-type) albumin; CD, circular dichroism;
T, midpoint of denaturation; A, van't Hoff enthalpy
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studied the effect of genetic variation on the thermal
stability of human serum albumin (HSA).

HSA is a single-chain protein synthesized in and secreted
from liver cells. Normally, it is a simple protein, i.e., it lacks
prosthetic groups and covalently bound carbohydrate and
lipid. The protein has 585 amino acids and a molecular mass
of 66.5 kDa [7]. According to X-ray crystallographic
analyses of HSA and its recombinant version, the albumin
has about 67% o-helix but no p-sheet. The analyses also
showed that the polypeptide chain forms a heart-shaped
protein with three homologous - domains (I-III), each
comprised of two subdomains {A and B) with distinct
helical folding patterns that are connected by flexible loops
[8,9]. HSA has 35 cysteine residues, and all of these but
one, 34 Cys, are involved in the formation of stabilizing
disulfide bonds.
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The temperature behaviour of albumin has been studied
by several techniques but mostly by circular dichroism (CD)
[10-14] and differential scanning calerimetry [12,15-21].
Among other things, the results showed increased thermal
stability of the protein in the presence of aliphatic fatty acid
anions of different chain length [13,15-17] or of N-acetyl-L-
tryptophanate [13,17]. The effect of species differences has
also been investigated [21]. Here, the effect of natural
mutation of HSA has been examined, The work made use of
33 structurally different genetic variants which represent all
kinds of known albumin isoforms, namely single-residue
substitutions, proalbumin variants, chain termination
mutants and glycosylated albumins. The thermal stability
of these alloalbumins, as compared with that of wild-type
albumin isolated from the same heterozygous carriers, was
monitored by CD at 222 nm. Stability was quantitated in
terms of midpoint of the denaturation curve (T,,) and van’t
Hoff enthalpy (AH,). In addition, in the case of the 23
single-residue vartants, the changes in T,, and AH, were
related to changes in a-helical content.

2. Materials and methods
2.1. Protein samples

The genetic varants of HSA and their normal (wild-type)
counterparts (endogenous Alb A) were isolated from serum
from heterozygous carriers by ion-exchange chromatogra-
phy. After isolation, the albumins were checked by electro-
photesis, and no denaturation or significant (no more than
5%) cross-contamination was detected. The proteins were
put at our disposal by Drs. M. Galliano and L. Minchiotti,
University of Pavia, Pavia, Italy; Dr. $.0. Brennan, Canter-
bury Health Laboratories, Christchurch, New Zealand; Dr.
A.L. Tamoky, University of Reading, Reading, UK; Dr. FM.
Salzano, Universidade de Federal do Rio Grande do Sul,
Porto Alegre, Brazil; Dr. D. Donaldson, East Surrey
Hospital, Redhill, UK and Dr. O. Sugita, Niigata University
School ef Medicine, Niigata, Japan. Before use, the albumins
were delipidated by treatment with a hydroxyalkoxypropyl-
dextran at pH 3.0 as previously described [22]. After
defatting, the albumins were dialysed extensively against
deionized water, lyophilized and stored at —20 °C until use.
Thus, the albumins from a donor have been exposed to
exactly the same conditions from the time the blood samples
were taken until the present experiments were performed.

Fraction V HSA (96-99% pure), assumed to be Alb A,
was obtained from Sigma Chemical Co. (St. Louis, MO,
USA) and delipidated, dialysed and lyophilized in the same
way as the other albumin samples.

2.2, Thermal denaturation measurements

The protein concentration was 10 uM, as determined by
the method of Bradford [23], and the buffer was 67 mM

sodium phosphate, pH 7.4. CD measurements were made
with a Jasco J-720 spectropolarimeter (Tokyo, Japan), and
CD melting curves were determined by monitoring the
changes in the dichreic intensity at 222 nm as a function of
temperature. The albumin solutions were heated by a Peltier
effect in the CD-cuvette. The thermal denaturation was
studied in the range 298-358 K using a heating rate of 1.0
K/min which was applied with a Jasco PTC-348 thermostat
(Tokyo, Japan). Similar results {not shown) were obtained
with a heating rate of 0.5 K/min. The calorimetric
reversibility of the thermally induced transition was checked
by reheating protein solutions in the calorimetric cell,
flushed with nitrogen, after cooling from the first run, It
was observed that heating to or above 358 K caused

. irreversible denaturation. This finding is in accordance with

results of differential scanning calorimetry [20,21] and
fluorescence spectroscopy [20].

The denaturation process was characterized by determin-
ing the midpoint of denaturation {melting temperature, 7}
and the van’t Hoff enthalpy (AH.). T\, is the temperature at
which half of the protein is in a denatured state (D) and the
other half is in the native state (N). AH, was determined
according to the following method, which is essentially the
same as that of Budisa et al. [24]. At each temperature an
equilibrium constant for the denaturation (X)) was calculated
from [DJ[N], where the squared brackets represent concen-
trations. Next, InK was plotted as a function of temperature
(T) according to the van’t HofT equation:

InkK = (- AH,/R) x 1/T.
In this equation, R is the gas constant. Finally, AH, was
determined from the slope of the straight line obtained.

2.3. Far-UV CD spectra

The profein concentration was 1.5 pM, and the buffer
was 67 mM sodium phosphate, pH 7.4, 25 °C. Far-UV
intrinsic spectra were recorded from 200 to 250 nm using
the Jasco J-720 spectropolarimeter. For calculation of the

- mean residue ellipticity, [0], the molecular masses of normal

albumin and of the albumins with single amino acid
substitutions were assumed to be 66.5 kDa. The a-helical
content of these proteins was estimated from the ellipticity
values at 222 nm as described by Chen et al. [25].

3. Results and discussion
3.1. The genetic variants

The 33 alloalbumins used in this study have been named
after the place from where the first detected carrier
originates, and their molecular changes are summarized in
Tables | and 2.

The majority of the albumin variants results from single-
residue substitutions and almost all have net charges which
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Table 1
Thermal denaturation of albumin variants with a single amino acid
substitution®

Variant (mutation®) Reference®  ATm (K)!  A(AH.)
(k)/mol)®
Alb Blenheim (1 Asp—Val) (26} 1.94 —132.61
Alb Malmd-95 (63 Asp—Asn)’  [27] 6.07 —163.15
Alb Vibo Valentia (82 Glu—Lys) (28] 2.03 -35.48
Alb Tregasio (122 Val—Glu) 293 0.57 26.85
Alb Hawkes Bay (177 Cys—Phe) [30] -1.5% —17.66
Alb Tradate-2 (225 Lys—Glw) 317 —4.86 44,13
Alb Herbom (240 Lys—Glu) [32) -274 -71.99
Alb Niigata (269 Asp—Gly) 133] 3.67 ~70.90
Alb Caserta (276 Lys—Asn) [31] 4.87 13.42
Alb Canterbury (313 Lys—Asn) {34] -7.16 6.84
Alb Brest (314 Asp—Val) 1351 ~0.38 24.09
Alb Roma (321 Glu—Lys) 136] 1.42 2898
Alb Sondrio (333 Glu—Lys) [31 -2.56 -21.8%
Alb Trieste (359 Lys—Asn) [38] —6.56 -1391
Alb Parklands (365 Asp—His) [39] 0.89 58.06
Alb Milano Slow (375 Asp—+His) [38] ~0.09 —94.33
Alb Kashmir (501 Glu—Lys) [40] .13 —1.52
Alb Ortonovo (505 Glu—Lys) [411 1.87 —83.36
Alb Maku (541 Lys—Glu) [42} 6.12 —58.32
Alb Church Bay (560 Lys—Glu)  [43] 0.70 15.23
Alb Paris-2 (563 Asp—Asn) [37) 417 —154.35
Alb Verona {570 Glu—Lys) [44] —6.53 83.92
Alb Milano Fast {573 Lys—Glu)  [45] 2.08 —41.45

* The table gives average values for two to three experiments, which
coincided with cach other within £6%.

® The positions of Alb A are from 1 to 585.

¢ Sce the references for more information about, for example, isolation
and sequencing,

9 AT, is Tr for the variant minus T, for the corresponding Alb A.

¢ A(AH,)is AH, for the variant minus AH, for the corresponding Alb A.

" The unglycosylated form of the variant. The name of this variant, as
well as of its glycosylated form (Table 2), was taken from Ref. [31].

differ from Alb A at physiological pH (Table 1): Alb Vibo
Valentia, Roma, Sondrio, Kashmir, Ortonovo and Verona
are all +2 variants (i.e., they have two positive charges more
than Alb A); Alb Blenheim, the unglycosylated form of
Malms-95, Niigata, Brest, Parklands, Milano Slow as well
as Paris-2 are +1 variants; Alb Tregasio, Caserta, Canter-
bury and Trieste are — | variants; and, finally, Alb Tradate-2,
Herborn, Maku, Church Bay and Milano Fast are —2
variants. Thus, all kinds of changes in net charge are
represented in this work. The only variant with no change in
net charge is Alb Hawkes Bay. This albumin is also special
in the sense that it has one disulfide bond less than Alb A
but one free sulfhydryl group more than Alb A. Most of the
single amino acid substitutions are placed in domain II
(residues 200-391), namely 11. Domains I (residues 1-199)
and III (residues 392-585) are represented by five and seven
examples, respectively.

Proalbumin {proAlb) is an albumin molecule to which the
propeptide, Arg-Gly-Val-Phe-Arg-Arg-, is still bound at the
N-terminus. Normally, this protein does not occur in
detectable amounts in the circulation, because the propeptide
is cleaved off by propeptidase within the liver cells,
However, substitution of —2 Arg (as in proAlb Lille) or 1

Asp (as in proAlb Blenheim) inhibits the proteolytic clea-
vage of the propeptide but not the secretion of the protein,
and proalbumin variants, in contrast to wild-type proalbumin,
can be isolated from the serum. In the periphery, part of pro-
Alb Blenheim (Table 2) becomes converted to Alb Blenheim
(Table 1), i.e., the normal propeptide is hydrolysed [26]).
Among the C-terminal variants most are truncated
albumins (Table 2), Thus, Alb Catania is three amino acids
shorter than Alb A, and the three last residues in the new C-
terminal end are changed from Gln-Ala-Ala to Lys-Leu-Pro,
Alb Venezia has been shortened by seven amino acids, and
the new C-terminal end is changed from Gly-Lys-Lys-Leu-
Val-Ala-Ala to Pro-Thr-Met-Arg-lle-Arg-Glu. Alb Bazzano
has been shortened by three amino acids, and 14 of the last
16 amino acids in the new C-terminal end have been
substituted: from Cys-Phe-Ala-Glu-Glu-Gly-Lys-Lys-Leu-
Val-Ala-Ala-Ser-Gln-Ala-Ala to Ala-Leu-Pro-Arg-Arg-Val-
Lys-Asn-Leu-Leu-Leu-Gln-Val-Lys-Leu-Pro. Here the 567
Cys— Ala substitution has caused the loss of the C-terminal
disulfide bridge. The most pronounced modification, how-
ever, is found in Alb Kénitra which is an extended, and not a
truncated, variant [49]. The last 11 amino acids of Alb A
have been changed from Leu-Val-Ala-Ala-Ser-Gln-Ala-Ala-
Leu-Gly-Leu to Thr-Cys-Cys-Cys-Lys-Ser-Ser-Cys-Leu-
Arg-Leu, The extension consists of Ile-Thr-Ser-His-Leu-
Lys-Ala-Ser-Gln-Pro-Thr(596)-Met-Arg-Tle-Arg-Glu-Arg-
Lys; in the circulation the two C-terminally placed Arg-Lys
are cleaved off by basic carboxypeptidases. In Alb Kénitra

Table 2
Thermal denaturation of proalbumin variants, albumins modified at the C-
terminal end and of glycosylated variants*

Variant (mutation®) Refercnce® AT, A(AF)
®y® (kJimal)®

proAlb Lille (=2 Arg—His) [46) 4,64 —13.82

proAlb Blenheim (1 Asp—Val) [26] AL —118.49

Arg-Alb (Alb A baving —1 Arg) 47 0.23 12.65

Alb Catania (580582 substituted, [48] 0.13 -51.27
583-585 deteted) .

Alb Vengzia (572-578 substituted, [48] -5.74 99.43
579-585 deleted)

Alb Bazzano (567-582 substituted,  [31] 4.67 -8.54
583-585 deleted)

Alb Kénitra (575-585 substituted, [49} -5.30 1272
extended with 586-601)

Alb Malmd-95 (63 Asp—Asn, ()] 406 —107.41
glycosylatcd at 63 Asn) :

Alb Redhill (—1 Arg retained, {50.51) 1.93 -9.52
320 Ala—Thr,

. glycosylated at 318 Asn)

Alb Cascbrook (494 Asp—Asn, [52,53] -1.11 54.36

glycosylated at 494 Asn)

* The table gives average values for two to three experiments, which
coincided with each other within +6%.

" ‘The positions of proalbumin are from —6 to —1 (the juxtaposition to
albumin itsclf), and those of Alb A are from 1 to 585.

¢ See the references for more information about, for cxample, isolation
and sequencing.

4 AT, is T, for the variant minus T, for the corresponding Alb A,

© A(AF,)is AH, for the variant minus AFf, for the corresponding Alb A.
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the four additional! cysteine residues form two new S-S
bridges, and 596 Thr is partially O-glycosylated by a
monosialylated oligosaccharide.

It is uncommon for an amino acid substitution to result in
the formation of an oligosaccharide attachment sequence.
However, that has happened to Alb Malms-95 (partly),
Redhill and Casebrook, which are glycosylated in domain I,
I and 11T, respectively (Table 2). In all three cases, the glycan
is a disialylated {mainly or totally) biantennary complex type
oligosaccharide N-linked to an asparagine residue {51]. Alb
Redhill is unique, because it is the only example so far of an
albumin with two mutations. One is the 320 Ala—Thr,
which leads to glycosylation of 318 Asn; the other is —2
Arg—Cys, which, in this case, results in abnormal hydroly-
sis of preproalbumin within the liver cells and to the forma-
tion of albumin still possessing an Arg at position —1 {50].

All the albumins wete isolated from heterozygotes, who,
except for two cases, had one proalbumin or albumin variant
and Alb A in the circulation. In one exception, a member of
a New Zealand family had both proAlb Kaikoura and Arg-
Alb [47]. The explanation of this condition is that most of
the modified preproalbumin (about 85%) is cleaved after the
mutated residue, —2 Cys, giving rise to Arg-Alb (Table 2),
with about 15% processed nommally, i.c., hydrolysed before
—6 Arg by signal peptidase, leading to the formation of
proAlb Kaikoura, The liver excretes both alloalbumins, and
both can be isolated from the serum. Unfortunately, the
proalbumin vadant was not available for this study. In the
other example, 2 Swedish one, the person carried a variant
(Alb Malm3-95} of which about 50% was glycosylated [27].

According to the literature cited [26-53], none of the
mutations seem to affect the oligomeric state of albumin.

3.2. Thermal denaturation
The temperature behaviour of albumin is strongly

dependent on the environmental conditions. For example,
thermal denaturation has been reported to be dependent on
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protein concentration [10,16], the presence of ligands
[13,17], pH [15.18], type of salt [19] and salt concentration
in the medium [15,18]. In the present work, we have used
our standard conditions with respect to medium and rate of
heating; see Section 2.2. In this way we should be able to

" compare the results obtained in this work with those in

which the effect of recombinant mutation [14] and species
differences were examined [21]. Thus, the effect of temper-
ature in the range 298-358 K (25-85 °C) on the reversible
denaturation of the albumins was monitored by CD at 222
nm. In this temperature range, the thermal denaturation
process can be regarded as a two-state transition, i.e., in
these proteins, the probability of all the intermediate states
between the native and denatured ones is very low, and the
denaturation appears as a single cooperative system [21].
Fig. 1 shows examples of mutations having a moderate
effect (Fig. 1A) and a small effect (Fig. 1B) on thermal
stability. In all cases, the process was characterized by
determining the midpoint of denaturation, T, and the van’t
Hoff enthalpy, AH,, and the results are included in Tables 1
and 2. The average value of Ty, for endogenous Alb A was
336.67 K. This value is similar to that determined for
commercial HSA (337.0210.21 K, n=4), The average value
of AH, for wild-type HSA was calculated as 262.55 kJ/mol,
a valoe which is somewhat higher than that obtained for the
commercial protein (237.49+0.18 kl/mol, n=4), The differ-
ences between the average values determined for endoge-
nous and commercial Alb A are most probably due to
differences in isolation procedures.

3.2.1. Single-residue variants

From Table 1 it is seen that 20 of the 23 single-residue
mutations resulted in ATy, values which are larger than two
times the standard deviation determined for commercial Alb
A (042 X). Thirteen of the AT, values are positive, and
seven are negative. Apparently, there is no simple relation-
ship between the ATy, values and the domains in which the
mutations are placed, or between the AT}, values and the
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Fig. 1. Thermal denaturation of atloalbumins and their normal, endogenous counterparts. (A) Alb Herbom and (B) Alb Brest; the broken and full curves
represent variant and corresponding Alb A, tespectively, The curves are averages for three experiments.
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change in protein charge (see Section 3.1). However,
eight of the 20 mutations giving significant changes in AT,
are mutations resulting in more hydrophobic albumins,
These include the albumins Blenheim, Malms-95, Niigata,
Caserta, Parklands and Paris-2, having positive changes in
T\, and albumins Canterbury and Trieste, which have very
big negative ATy, values. For Alb Hawkes Bay, see below.

All of the mutations result in A(AH,) values larger than
0.36 k¥mol (2xS8D for commercial Alb A) (Table 1).
Among these, 14 have AH, values lower than their
corresponding Alb A, i.e., the variants are easier to denature,
more unstable, than Alb A. Nine of the 14 variants have
positive AT, values, i.e., the albumins denature more easily
than Alb A but do so at a higher temperature. Although
most of the positive A(AH,} values are placed in domain I,
there seems to be no clear relationship between the A(AH,)
values and the domains in which the mutations are placed.
Finally, apparently there is no relationship between the
A(AH.,) values and the change in protein charge or between
the A(AF,) values and protein hydrophobicity.

All the genetic variants included in this study were
criginally detected by electrophoresis performed under non-
denaturing conditions. Among other things, this fact implies
that the single-residue mutations are exposed to the solvent

“and result in modifications of albumins surface charges, a
proposal which is supported by inspection of the crystal
structure of HSA {8,29,31,35,38,43]. Alb Hawkes Bay is an
exception, because the abnormal electrophoretic mobility of
this’ alloalbumin was due to a gross conformational change
caused by the mutation (177 Cys—Phe) [30]. The reason for
the conformational changes is that this variant has lost the
disulfide bond between 177 Cys and 168 Cys. The new SH-
group of 168 Cys seems to bind to the nearby 124 Cys
leaving 169 Cys unbound [30]; i.e., the variant has two free
cysteine residues, namely the usual 34 Cys and 169 Cys.
Surprisingly, the molecular rearrangements do not effect the
thermal denaturation much (Table 1).
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By using recombinant mutants, Watanabe et al. [14]
studied the effect of single-residue mutations placed in
subdomain IIA (Sudlow’s binding site I) and II1A (site IT) on
the thermal stability of HSA. These authors observed that
mutations in subdomain ITA have a larger impact on the
stability than those placed in subdomain IIIA, which only
had marginal effects on the thermodynamic parameters. The
mutation with the biggest effect was 214 Trp— Ala, which
resulted in a AT, value of —3.0 K and a A(AH,) value of
—178.7 k)/mol. The first value is within the range of the
results found in this study, whereas the numeric value of the
latter is higher than the numeric values of those found here
(Table 1).

3.3, Relation between thermal stability and o-helical
content

The molecular changes of the albumin variants had in
themselves an impact on the CD spectrum. Fig. 2A shows
that the mutation of Alb Herborn has a fairly large effect,
whereas that of Alb Brest (Fig. 2B) has a small effect on the
far-UV CD spectrum of albumin. Comparison of these
observations with the results illustrated in Fig. 1 suggests
that there exists a correlation between the mutation-induced
effects on e-helical content and thermal stability of albumin.
Therefore, a more detailed study was performed involving
all the single-residue variants. Alloalbumins with more
extensive molecular changes were not included in these
experiments, because the cffects on a-helical content were
assumed to be mote complex. Fig. 3 relates changes in a-
helical content (abscissas) and A(AH,) (ordinates), and it is
seen that there exists a good linear correlation between these
parameters. Apparently, the correlation is best for mutations
in domain ITI. However, if the results for Alb Hawkes Bay
are ignored, an excellent correlation (r=0.998) is obtained
for the domain I variants. The results of Fig. 3A also support
the information in the literature [30), that the 177 Cys—Phe

B,
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Fig. 2. Far-LFV CD) spectra of alloalbumins and their normal, endogenous counterparts. (A) Alb Herborn and (B) Alb Brest; the dotied and full curves represent
variant and corresponding Alb A, respectively. The curves arc averages for three experiments.



86 U. Kragh-Hansen et al. / Biochimica et Biophysica Acta 1747 (2005) 81-88

(A) 160 -
-8 -6 4 2 L]
]
. -
- 100 y=17.46x -2.72
] [ r=0724
2200 &
{B) 100
[ |
8 % 4 " A0
a__J
[ ]
001y 3063k 4 19.53
r=0.797
-200
<)
wr g
8 3 /./2

y = 34.24x-9.15
r=03882

2200 L

Fig. 3. Abscissas: Changes in percentages of the a-helical content of HSA
caused by single amino acid substitutions. Ordinates: Corresponding
A(AH,) given as kI/mol, taken from Table 1. Results are shown for domain
1 {A), domain II (B} and domain 1T {C). In all three cases, the relation
between changes in a-helical content and A(AH,) has been characterized by
regression lines, and the expressions of these are given in the panels. The X
in (A} represents the single variant in which a cysteine residue has been
mutated (177 Cys—Phe). Without this protein, the domain I variants can be
described by the following regression line: y=25.00x—3.16, r=0.998. The
figure shows average values for two to three experiments, which coincided
with cach other within +2%.

mutation results in a large conformational change, because
the a-helical content of Alb Hawkes Bay is diminished by
ca. 6%..

The changes in e-helical content were also related to
AT, (results not shown). However, this relationship was
poor: the regression coefficients for the lines were only
0.242 (domain I}, 0.319 (domain II} and ¢.548 (domain III).

3.4. Effect of other types of mutation on thermal stability

3.4.1. Effect of altered chain lengths

The thermal stability of albumin is not effected much by
an extra arginine residue at the N-terminus (Table 2). By
contrast, the presence of a propeptide has a pronounced

influence, and proAlb Blenheim is among the alloalbumins
mostly effected. For both proalbumins, T, is increased, and
AH, is decreased (Table 2).

A relatively small molecular change of the C-terminus
(Alb Catania) has no effect on Ty, (Table 2). By contrast, a
relatively large decrease in AH, was found. Alb Bazzano has
lost its C-terminal disulfide bridge, namely the one between
558 Cys and 567 Cys. Surprisingly, this molecular change, as
well as the relative large number of amino acid substitutions
(see Section 3.1}, has a pronounced increasing effect on T,
(ATy=4.67 K), whereas AH, is decreased somewhat, Alb
Kénitra has only one free SH-group (34 Cys) but two new
disulfide bridges, both of which are placed in the modified
C-terminal end (see Section 3.1). Apparently, the two
additional disulfide bonds have only a minor stabilizing
effect because T, is decreased by —5.30 K and A, is only
slightly increased. However, the results are most probably a
combined effect of the unusually many changes, which have
taken place in this variant [49]. Finally, Alb Venezia has the

_ mostly modified parameters, because T, is much decreased,

and the AH, value is very high (Table 2).

3.4.2. Effect of N-glycosylation

All three variants have disialylated oligosaccharides
linked to an asparagine residue (Table 2). Alb Malmg-95
has its glycan in domain 1, and the molecular change causes
a big increment of T, and a large decrease of AH,. Alb
Redhill is so far the only example of an zlbumin with two
mutations but they have only a relatively small impact on
the proteins thermal stability. Finally, attachment of an
oligosaccharide to domain IIT (Alb Casebrook) results in a
more stable protein.

4. Concluding remarks

Apparently, there is no clear relation between changes in
thermal stability of HSA and the type of substitution,
change in protein charge or hydrophobicity. These obser-
vations probably reflect the fact that the effects on stability
are strongly dependent on the molecular environment of the
individual mutations. However, the protein changes taking
place in domain I have a fairly uniform effect, because eight
of the nine variants have positive ATy, values and seven of

- them have negative A(AH,) values (Tables 1 and 2); ie.,

almost all of the alloalbumins modified in domain I denature
more easily than normal albumin but they do so at a higher
temperature. Furthermore, four of the five mutations
resulting in very big changes in AH, [A(AF,)<-100 kI/
mol] are placed in domain I. This finding suggests that
domain I is the most thermally unstable domain.

A good comelation was found between changes in a-
helical content and A(AFL,). Ignoring the variant with a
modified disulfide bond pattemn, the correlations were best
for the peripheral domains. For all three domains, the trend
is that a diminished a-helical content results in a negative
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value of A{(AH.,). However, examples of increased a-helical
content were also found. These increments were generally
associated with positive A(AF,) values, i.e., more stable
albumins.

Kosa et al. [21] have determined the T, values for five
species of serum albumin, namely human, bovine, dog,
rabbit and rat. Of these, HSA was the most stable, and rat
serum albumin was the least stable, and T, for the former
minus T, for the latter was 2.0 K. Even though the sequence
homologies between the five species of mammalian
albumins are greater than 70% [21}, many differences exist
between them with respect to amino acid sequence. There-
fore, it is surprising that half of the genetic variants with
single amino acid substitutions have AT, values larger than
2.0 K or lower than —-2.0 X (Table 1).

Mutations resulting in change of size or shape of nonpolar
residues in the hydrophobic core almost always modify
thermal and chemical stability as well as structural properties
of a protein [54,55]. However, the presence of cavities in the
protein can to some extent neutralize the effect of single site
mutations [55]. On the other hand, it has also been argued
that filling of cavities leads to better packing and thereby
helps stabilize the native state of the protein [56]. In general,
it is expected that replacements on the surface of a protein
have little or moderate effect on protein stability unless
either the original or the introduced residue has specific
roles. However, mutations of residues on the protein surface
can also affect the proteins stability by more unspecific
means. For example, the effect can be brought about by the
alteration of charge-charge interactions [57], the packing
and thereby the stability of the protein can be modified by
changing the number of van der Waals interactions
throughout the protein [56). Thus, the observed changes in
albumin stability could in some cases be due to structural
alterations localized to the surface of the protein, whereas in
other examples interior parts of albumin could be affected as
well.

The present tesults can be of both protein chemical
relevance and of clinical interest. HSA is a very widely used
therapeutic agent. However, a major problem at present in
the usage of the protein for clinical applications is viral
contamination by, for example, human immunodeficiency
virus, or vira causing herpes or hepatitis. Therefore,
solutions of HSA are pasteurized by heating at 60 °C for
10-11 h before use [7]. Such a prolonged treatment can
cause both reversible and irreversible denaturation of the
protein, In the near future, the supply of recombinant HSA
with high stability as well as inexpensive cost will be
awaited. The results obtained here will be basically useful
for designing these recombinant albumins.
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Structural Properties and Pharmaceutical Application of
Human Serum Albumin
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v FIET AT Y (HSA) i, BEEBEOHS, TWHat, HEbisk CEAROEREEFICLERTRER
BERHMELELTWA S LD, SRMERICHE) LHHSAOR - HHZHIL, ThooBETEZ5I&RBIT. &E,
BRI RA RS X D HSAOBRBERIBICHNELRT I /EBRESEE S, i, EDEECRRIEICERZRENN
Lz xhoodd. T, HSAR, &4t £EHEAECHPHERIIBATVIAD, FIv7FINI—-VAT A
(DDS) =B 214 E LTORRLRAITPRTEY, BEFERARNCLATAV I VL ERRERRORET
ARG XTI TI VEBSERREZII LD, TSIV OMEL, SBELICXZY A ARBELRY, TVTIVEED
HEIL AERAOGHELRALTTWS, 2, HSADBWY F ¥ FEEREAALZT AT I VERETI, b
WPREL L TRAZSR T 5.

Abstract

Human serum albumin (HSA) has many essential functions for homeostasis, such as the maintenance of osmotic pressure, drug
binding capacity and antioxidant activity. In some diseases, the qualitative and quantitative variation of HSA in blood induced
the depression of these functions. Site-directed mutagenesis studies of HSA, made it possible to examine the participation of
various amino acids residues in the functional properties of HSA, such as binding capacity and antioxidant activity. In addition,
the development of HSA as carrier in the drug delivery system (DDS) is advanced, such as albumin fusion protein and
fragment and polymeric albumin by using recombinant DNA technology. Especially, albumin circulation dialysis using the high
ligand binding capacity of HSA will be utilized as liver function adjuvant therapy.

Keywords
Human serum albumin, X-ray crystallographic analysis, site-directed mutagenesis, pharmaceutical application, albumin
circulation dialysis
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Rentar, 851, &, AEFHRRAHEMCLIZ2H5A%
Bwi:DDSORBHEEIR, TL7I VL EABEESORET
PRESIELTLTI VRESEERLIILD, TLTI Ok
Fik, SR 24 4 Al/ER Y, TV VEEOHRR
WELZEH~OIEHALRALATWS,

FRRTIE, XARFEEMERTE b2 S o R+,
HSASFLOEWZEESY A P s LBERRAICLEALT
I/MBREBCHBEL, BETHABIENE AW -HSAORE
CRIZTENRLT I VEBREOREIZSOVWTHAMT . AT,
Fov 77N s) - A7 4 (DDS) #EE LTRSS TY
SHSAILDWT, BIEFHRBRAEMNELR LALHSADERA
OEELZERIIOWTHEAS,

1. HSAMOBEERBIZFES 7 I JEEE

HSAISSSRO 7 3 JESRE, SR 25 FRE#66.5kDa i
MAEFLTVWERBERE TS, HSAOXREEXa~Y v 2
AL ENEBELETHRhinget iR L VR EhDZ 3D FAL
YThHH (FALXT, T, M) »5, KBEHPTIRIhE 32
DFEAL VWS LILHTFNELZ-T, LHEOBLERELSBH
DUFFEE L -oTWwD (Fig 1), ¥4, HSARFOH5FH
235D AF A VIRE (Cys) #HLTWD, F03517
HRGTFRAVANT 4 FESEREL, 320V —7OBESR
HSADHERELIIKELFELTWE., —F, —KBEFI LM
HHOCysISHEMERLRETEELTEBY, Z0SH
HHMELEER ) Y FERE L v o HSADIRE BRI
BOWIEELRBHEELLTWE,

Fig. 1. Crystal structure of human serum albumin. (HSA) {from Ref 1)

@¥Cys (Y7 K1 IA)
CysliIBREORILEOZSWSHEFHA L TEh, Zhitmdh
B2 VINRHIBEOREYDOAANRY Vr—5H5wIEY
H—ri—r LTHERELTYv5. Bhagavanbid, Cys—SerZR
HEERL, NOHZBEINOBIET LA L9s, *Cysk
MERILT7 I VEBERELLTEHELTWDY, T/, Erabid,
“Cys®SHEIIIHKB L, SHEX7 ) —oRErBTE 7LV T3
Y (AVATITNMTIZHMA)Y, YAFURBILR S VS
FAULEYOERTI/BEEYANT 4 FESLIRESEL
B7A7IvrEL, OFiCBwT, ChOTAENREHMELT

FETAILEEHELTWAEY. ZO"CysDB TR LEBHMLA 7
V73 VOFEGEHPLCEIZL Y, BEICERTEAI EHs,
IRITIIERE, HEBLRLELXORBCIBITAEEROE
{LBREBEORITICHWLRTwEY., &R, EZLL T,
COATAILNVEEREECANEH CADICERES SR
TWAHFIZ L ZEROBILIELER LTS (Fig. 2)%.
IOLICTHREATEREEORRE VY F 2 OHREILL -
THEh oBTUIMELRTWEDS, —Hllasn T, mEn
NEBHLTERRNIISRIKFETZOETLT I ¥HZOSHE
O L - BERBBIC Y o, FEENLZREEEARE LTA
CBEELTwWa, B, Evancebid, 2 BEBERE
(ARDS) DBHIZHLT, 0% TNV 73 v (&5 L2,
GBI AR TEFEIB% LR T E L LI, P OFF+—
ML HEMELAEI &P, YysOSHEIMiEPizBT 5
VIBML7 3 /BEREGE LTHEET SR AR LT v B,

A p—HMA B c
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Fig. 2. High-performance liquid chromatography (HPLC) profile of serum
albumin from hemodialysis patients (IID) patients with or without
intravenous iron administration (IVIR). 5 u#L aliquots of serum
from HD patients with or without IVIR, and healthy subjects
were subjected to HPLC analysis using a Shodex Asahipak ES-
502N column. A representative tracing of HPLC profiles of serum
albumin from normal subjects (A). A representative tracing of
HPLC profiles of serum albumin from HD patients without IVIR
(B). A representative tracing of HPLC profile of serum albumin
from patients treated with IVIR (C). HMA; mercapte albumin,
HNA-1 nonmercapte albumin (§8), HNA-2, nonmercapto albumin
(-SO0H or -SOO0H} (from Ref. 8)

@MetiEE (“Met, *"Mel)
IHETICysDBEERERLTEAY, U, Foiio
TIJERELIEHET SIS, IS, MetDBibIX, ¥Cysiio
CEEA R LVACKHTALAREL LTRES ISR TW S,
B, Finchbid, “CysoMBIEiEICRRIZL VWO D,
“Met, **"MetdEEEFTH B BEAKEOENLRITH LS
EEBALPIILTWE", FELD T/, Met—ARERELTH
WZRET L D, Met, **MetHHSAB & OEBALIZH L TIEE
ke LTHET b RBL, CORRORLEFEMNT
Twa, I, TRV7IV0BHATELZVLO0, MatnEE
BERTHELT, WAEIZLZq,-T¥F 2TV RIBE
BWT, MetORHMEPEAB HFOERIFEEFIEEC T
PHESNRTWS, MAT, Stadtman b3, MBELEEsrHT

ATI#E Vol 13, No 3, 2005



