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Abstract. The chaperone behaviour of bovine serum
albumin was compared with that of a-crystallin. The
chaperone activity was assessed by measuring: (i) the
ability to antagonize protein aggregation induced by
heat; (ii) the capability to protect the activity of thermally
stressed enzymes and (iii) the effectiveness in assisting
the functional recovery of chemically denatured sorbitol
dehydrogenase. Despite the lack of structural analogies,
both proteins show several functional similarities in
preventing inactivation of thermally stressed enzymes
and in reactivating chemically denatured sorbitol dehy-

drogenase. As with a-crystallin, the chaperone action
of bovine serum albumin appears to be ATP independ-
ent. Bovine serum albumin appears significantly less
effective than a-crystallin only in preventing thermally
induced protein aggregation. A possible relationship
between chaperone function and structural organization
is proposed. Together, our results indicate that bovine se-
rum albumin acts as a molecular chaperone and that, for
its particular distribution, can be included in the extracel-
lular chaperone family.
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genase; enzyme renaturation; protein refolding.

Bovine serum albumin (BSA) is one of the most studied
and well-understood proteins and consists of a single
polypeptide chain, containing 580 amino acids with
17 intrachain disulphide bonds [1]. It is involved in the
maintenance of pH and in osmotic regulation of blood
[2, 3]. Sixty percent of BSA is in the extravascular space
of tissues, the remainder being in the circulation. Serum
albumin is a thermostable protein; when heat-treated it
goes through two structural stages: the first one, up to
65 °C, is reversible, whilst the second, above 65 °C, is ir-
reversible, and appears to be associated with the genera-
tion of a secondary structure enriched in beta sheets [4].

* Corresponding author.

An outstanding property of albumin is its strong ability to
reversibly bind and transport an enormous variety of sub-
stances, generally not well soluble in water, such as fatty
acids, hematin, bilirubin and small negatively charged
aromatic compounds [3, 5].

Because of its broad ability to interact with various mo-
lecular species, albumin regulates the plasma concentra-
tion of many xenobiotic and physiological substances [3,
6]. It performs many other functions, such as sequester-
ing oxygen-free radicals [7] and inactivating various tox-
ic lipophilic metabolites such as bilirubin [8] or forming
adducts with pyridoxal phosphate, cysteine, glutathione
and various metals, such as Cu(Il), Ni(I), Hg(II), Ag(ID),
Au(I) and Au(IIl) [9, 10]. Moreover, albumin is the key
carrier or reservoir of nitric oxide [11].
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BSA is commonly used in many biochemical applica-
tions: as a nutrient in mammalian and bacterial cell cul-
tures, as a transport protein for nutrients or as a protein
standard in diagnostic and immunochemistry applica-
tions [12-15].

Because of its thermostability, BSA has been widely
used as a control protein when the protective action of
heat shock proteins (Hsps) was investigated [16—18].
Recently, its ineffectiveness in suppressing the thermally
induced unfolding and aggregation of citrate synthase
and in favouring the refolding of chemically denatured
xylanase has been reported [19-21]. In contrast, chap-
erone-like properties of BSA have been demonstrated
by using chemically denatured rhodanese and thermally
inactivated [-galactosidase [22, 23].

In this paper, making use of bovine lens sorbitol dehydro-
genase (SDH) and other enzymes, a comparison between
the chaperoning ability of BSA and o-crystallin was
performed by evaluating their features as preservatives
of functional structures, as protein antiaggregation agents
and as protein refolding assistants.

Materials and methods

Materials. Calf eyes were obtained from a local abattoir
soon after slaughtering; the lenses were removed and
frozen at —20 °C until used.

Alcohol dehydrogenase (E.C. 1.1.1.1) from yeast,
30.85U/mg, glucose-6-phosphate dehydrogenase (E.C.
1.1.1.49) from yeast, 528 U/mg, 6-phosphogluconate
dehydrogenase (E.C. 1.1.1.44) from yeast, 0.2U/mg,
malic dehydrogenase (E.C. 1.1.1.37) from porcine heart,
248 U/mg, lactic dehydrogenase (E.C. 1.1.1.27) from
rabbit muscle, 796 U/mg, isocitric dehydrogenase (E.C.
1.1.1.42) from porcine heart, 44 U/mg, glucose oxidase
(E.C. 1.1.3.4), 1U/mg, molecular weight markers for
SDS-PAGE, dithiothreitol (DTT), NAD", B-D(-)fructose,
glucose-6-phosphate, NADP*, NADPH, oxalacetate,
phosphoenolpyruvate, pyruvate, ATP, ADP, AMP, IMP,
adenosine (Ado), guanosine (Guo), nicotinamide mono-
nucleotide (NMN), 9,10-phenanthrenequinone, dimethyl
sulphoxide (DMSO) and lysozyme were from Sigma-
Aldrich. NADH was supplied by Boehringer, EDTA by
Serva Feinbiochemica, guanidine hydrochloride (GdnCl)
by Fluka and YM30 ultrafiltration membrane by Ami-
con. The electrophoretic equipment was from Bio-Rad.
Sepharose 6B was from Amersham Biosciences. All
other chemicals were of reagent grade.

SDH purification and assay. SDH (E.C. 1.1.1.14) was
purified to electrophoretic homogeneity as previously
described [24]. The final enzyme preparation (approxi-
mately 2mg/ml), with a specific activity of 21 U/mg, was
stored at 4 °C in 10mM sodium phosphate pH 7 (S-buff-
er), supplemented with 2mM DTT and 0.1 mM NADH.
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The purified enzyme was dialysed against S-buffer just
before use.

The assay of enzyme activity was performed at 37°C
as previously described [24] by following the decrease
in absorbance at 340nm in a reaction mixture (0.5ml
final volume) containing 0.24 mM NADH and 0.4M D-
fructose in 100 mM Tris/HCI buffer pH 7.4. The rate of
NADH oxidation measured in a parallel assay in which
the substrate was omitted was subtracted as a blank. One
unit of enzyme activity is the amount of SDH that cataly-
ses the oxidation of 1 umol/min of NADH.

a-Crystallin isolation. All procedures were carried out at
4°C, unless otherwise stated. Frozen bovine lenses were
suspended (1.5g/10ml) in S-buffer and homogenized in
a Potter-Elvehjem homogenizer. The suspension was then
centrifuged at 25,000 g for 30 min. An aliquot of the result-
ing supernatant was applied to a Sepharose 6B column (1.5
X 65cm), and the elution was performed with S-buffer at a
flow rate of 3ml/h. The eluted fractions (1 ml) containing
low molecular-weight a-crystallin were pooled, analysed
by SDS-PAGE, concentrated on Amicon YM30 membrane
to a final protein concentration of approximately 10mg/ml
and then stored at —20 °C until use.

BSA purification. BSA was purchased from Sigma, dis-
solved in S-buffer and applied (19mg) on a Sephacryl
S-200 (1.5 x 65cm) column; the elution was performed
with S-buffer at a flow rate of 25ml/h and fractions of
1.8 ml were collected. The elution profile obtained moni-
toring the absorbance at 280nm revealed two peaks. The
fractions corresponding to the lower-molecular-weight
peak were pooled, analyzed by SDS-PAGE, concentrated
on Amicon YM30 membrane to a final protein concentra-
tion of approximately 10 mg/ml and then stored at —20 °C
until use.

PB2-crystallin isolation. For PB2-crystallin isolation,
heat precipitation was used as previously described [25].
Bovine lenses were suspended (1.5 g/10ml) in S-buffer,
homogenized in a Potter-Elvehjem homogenizer and the
suspension was centrifuged for 30 min at 25,000 g. The
surpernatant was heated at 100 °C for 5 min; the mixture
was then centrifuged as above. The supernatant was again
subjected twice to the above thermal treatment cycle. The
final supernatant was then dialysed on YM10 ultrafiltra-
tion membrane against S-buffer, concentrated to 5 mg/ml
of protein and stored at —20°C. Purity of pB2-crystallin
was assessed by SDS-PAGE.

Enzymatic assays. Aldose reductase (ALR2) (E.C.
1.1.1.21) activity was measured at 37°C as previously
described [26] by using D,L-glyceraldehyde as substrate.
Alcohol dehydrogenase activity was measured at 37 °C
by following the increase in absorbance at 340nm in a
reaction mixture containing 0.22mM NAD" and 50 mM
ethanol in 100 mM Tris/HCI buffer pH 7.4.
Glucose-6-phosphate dehydrogenase activity was meas-
ured at 37 °C by following the increase in absorbance at



3094 1. Marini et al.

340nm in a reaction mixture containing 0.19 mM NADP*
and 3mM D-glucose-6-phosphate in 100mM Tris/HCI
buffer pH 7.4.

C-Crystallin activity was measured at 37°C by follow-
ing the increase in absorbance at 340nm in a reaction
mixture containing 0.19 mM NADP* and 0.05mM 9,10-
phenanthrenequinone (previously dissolved in DMSO)
in 50mM Tris/HCI buffer pH 7.7.

6-Phosphogluconate dehydrogenase activity was meas-
ured at 37 °C by following the increase in absorbance at
340nm in a reaction mixture containing 0.2 mM NADP*
and 4mM 6-phospho-D-gluconate in 50mM Tris/HCI
buffer pH 7.4.

Malic dehydrogenase activity was measured at 37 °C by
following the decrease in absorbance at 340nm in a re-
action mixture containing 0.26 mM NADH and 0.8 mM
oxalacetate in 100mM Tris/HCI buffer pH 7.4.

Protein aggregation assay. The thermally induced
aggregation of target proteins (0.1 mg/ml at 55°C in
50mM Tris/HCI buffer pH 7.4) both in the absence and
in the presence of the protector protein was followed by
monitoring the absorbance at 360 nm in a Beckman DU-6
spectrophotometer.

Preparation of chemically denatured SDH and recovery
of enzyme activity. SDH (final concentration 1mg/ml)
was denatured by incubation for 2h at 25 °C in Tris/HCI
100mM pH 7.4 in the presence of 6M GdnCl, 2mM
DTT and 100uM EDTA.

The recovery of active SDH after the GdnCl treatment
was performed by a 100-fold dilution of the denatured
enzyme preparation in Tris/HC] 100mM pH 7.4 and in-
cubation at 25 °C, for appropriate times in the presence
of BSA and/or different compounds, as specified. At
different times, aliquots were withdrawn and SDH activ-
ity measured. The extent of recovery of enzyme activity
from denatured SDH is given as the percent of the activ-
ity of a control sample of native SDH treated in the same
conditions.

Other methods. Protein concentration was determined by
the Coomassie Blue binding assay [27] using BSA as a
standard. Aldose reductase was purified from bovine lens
as previously described [28]. Leucyl amino peptidase
was purified from bovine lens as previously described
[29]. C-crystallin was purified from camel lens essen-
tially according to Garland et al. [30]. SDS-PAGE analy-
ses were performed according to Laemmli [31], using
12% acrylamide slab gels, 0.75 mM thick. The following
standards were used for apparent-molecular-weight cali-
bration: bovine serum albumin (M, 66,000), ovalbumin
(M, 45,000), glyceraldehyde-3-phosphate dehydrogenase
(M, 36,000), human erythrocyte carbonic anhydrase (M,
29,000), trypsinogen (M, 24,000) and trypsin inhibitor
(M, 20,000). Gels were stained by the silver stain tech-
nique [32].

BSA as a molecular chaperone

Results

Prevention of thermally induced inactivation of enzymes
by BSA. Similarly to what has been previously reported
for a-crystallin [33], thermal inactivation of SDH is
prevented by BSA. This is shown in figure 1, where the
effectiveness of BSA and a-crystallin in protecting the
functional integrity of the enzyme are compared. The sta-
bilization of the enzyme kept at 55 °C for 40 min at differ-
ent protector/target enzyme ratios ranging from zero to 1,
while confirming the well-assessed feature of a-crystal-
lin as a molecular chaperone, also reveals a remarkable
stabilization ability for BSA. In fact, even though a ratio
BSA/SDH of at least 0.4 (to be compared with the ratio
a-crystallin/SDH of 0.1) is required to retain 50% of the
enzyme activity, at protector/target ratios higher than 0.7,
BSA and a-crystallin behave similarly, almost complete-
ly protecting the enzyme. An indication of the specificity
of the protective action of BSA and a-crystallin on SDH
inactivation comes from the results shown in the inset of
figure 1. Here, the residual activity of SDH incubated at
55 °C either alone or with different thermostable proteins
(i.e. BSA, a-crystallin, lysozyme and pB2-crystallin),
present at a protector/target ratio of 10:1, is reported as a
function of time. While BB2-crystallin was only able to
protect the enzyme partially (in this case 50% of the ac-
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Figure 1. Effect of BSA and a-crystallin on thermal inactivation of
SDH. SDH (10pg/ml) was incubated at 55°C in 50mM Tris/HCI
pH 7.4 in the presence of either BSA (4p) or a-crystallin (@) at
the indicated concentration ratios [protector protein]/[SDH], (w:
w). The enzyme activity measured after 40 min of incubation was
reported as % residual activity with respect to the activity at zero
time. The inset shows the time course of inactivation of bovine lens
SDH incubated as above at a ratio protector protein/SDH of 10:1 by
weight, either alone (O) or in the presence of a-crystallin (@), BSA
(®), lysozyme (A) or B2 crystallin ().
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tivity was lost), lysozyme was completely unable to exert
any protective action.

When other enzymes besides SDH were used as target
proteins to evaluate the effectiveness of BSA to preserve
functional structures of thermally stressed proteins, a
comparable, but not identical, pattern of protection for
BSA and a-crystallin was observed (see table 1).

Prevention of thermally induced aggregation of enzymes
by BSA. When SDH is heated at 55 °C, the solution gets
turbid because of the formation of large aggregates; in
this condition, BSA present at a ratio of 1:1 by weight
with respect to SDH was able to exert an 80% protection
against precipitation after 3h of incubation (fig.2). An
increase in the ratio protector:target to 2:1 or 3:1 gave
no further protection. Ratios of BSA:SDH lower than 1
revealed a failure of BSA to prevent protein aggregation.
In fact, figure2 shows that at a BSA:SDH ratio of 0.5,
only a delay before aggregation of thermally stressed
SDH is observed without any effect on the precipitation
phenomenon. Lysozyme, chosen as a control protein,
was completely unable to prevent SDH aggregation; ac-
tually, lysozyme, present with SDH, co-precipitates with
the target enzyme. In contrast, o-crystallin, even at a pro-
tector:target ratio of 0.5 was able to completely suppress
aggregation of thermally stressed SDH. Neither BSA,
lysozyme, nor o-crystallin incubated alone at 55 °C, dis-
played aggregation phenomena (fig.2).

The ability of BSA, compared with a-crystallin, to im-
pair thermally induced aggregation of different target

Table 1. Effect of BSA and a-crystallin on thermal inactivation of
enzymes.

Target enzyme Temperature ~ Percent residual activity
(°C) BSA a-crystallin

Alcohol dehydrogenase 45 84 98

Malic dehydrogenase 45 40 50

Glucose-6-phospate

dehydrogenase 40 38 20

Aldose reductase 45 50 65

C-Crystallin 55 65 50

Sorbitol dehydrogenase 55 93 95

6-Phosphogluconate

dehydrogenase 40 35 35

The enzymes were incubated in 50 mM Tris/HCl buffer pH 7.4 at the
indicated temperatures with the following concentrations and ratios
of enzyme/protector protein by weight (in parentheses): alcohol
dehydrogenase 10pg/ml (1:10); malic dehydrogenase 1ug/ml (1:
100); glucose-6-phosphate dehydrogenase 1ug/ml (1:50); aldose
reductase 25ug/ml (1:20); T-crystallin 18.4pug/ml (1:10); sorbitol
dehydrogenase 10ug/ml (1:5); 6-phosphogluconate dehydrogenase
0.12mg/ml (1:10). After 60min of incubation, enzymatic assays
were performed as described in Materials and methods. Percent re-
sidual activity refers to the ratio between the activity measured at the
end of incubation over the activity measured at zero time x 100.
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Figure 2. Effect of BSA and a-crystallin on thermal aggregation of
SDH. SDH 0.16 mg/ml was heated at 55 °C either alone (V) or in the
presence of BSA (1:0.5 w:w) (H), BSA (1:1 w:w) (@), lysozyme
(1:1 w:w) (&), a-crystallin (1:0.5 w:w) (A). Symbols (O), (O) and
(), refer to a-crystallin, lysozyme and BSA, respectively, incu-
bated alone at 0.16 mg/ml. All the open symbols are superimposed.

proteins, is reported in table 2. The results indicate that,
even though far less effective than a-crystallin, BSA
displays, in the adopted conditions, a well-detectable
antiaggregation effect.

Assistance of reactivation of chemically denatured SDH
by BSA. When SDH inactivated by GdnCl is incubated at
25 °C (see Materials and methods), a spontaneous refold-

Table 2. Effect of BSA and a-crystallin on thermally induced ag-
gregation of proteins.

Target protein Percent protection

BSA a-crystallin
Sorbitol dehydrogenase 80 100
Glucose oxidase 100 100
Malic dehydrogenase 17 100
Aldose reductase 40 100
Alcohol dehydrogenase 42 100
Alcohol dehydrogenase 67' 100
C-Crystallin 43! 100
Glucose-6-phospate dehydrogenase 0 100
Leucyl amino peptidase 50 100

The protein aggregation assay was performed at 55 °C as described
in Materials and methods at a protector protein/target ratio of 1:1 by
weight. The % protection exerted by BSA (or a-crystallin) was cal-
culated as follows: [(Abss5-BSA) — (Abs;5+BSA)/(Abssg-BSA)] X
100, measured at 60 min of incubation.

' BSA/target ratio of 3:1 by weight.
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ing is observed giving rise to a recovery of 10-15% of
the enzyme activity. When BSA is present during incuba-
tion at a BSA:SDH ratio of 20:1 (w:w), the recovery of
active SDH was increased up to 35%. No effect on the
recovery of the enzyme activity was observed when lys-
ozyme substituted BSA in the incubation mixture (fig. 3).
NADH present alone in the reactivation mixture elicited
the recovery of SDH activity up to 33%. When NADH
and BSA were added together to the denatured SDH, the
recovery rose to 76%. Identical results were obtained re-
placing NADH with NAD" (data not shown). When ATP
or ADP were present (up to 3.5mM) in the reactivating
mixture instead of NADH, a measurable, but modest, ef-
fect of BSA in eliciting the recovery of functional SDH
was observed. When chemically denatured SDH was re-
folded in the presence of BSA and other nucleosides and
nucleotides such as Ado, Guo, AMP, IMP or NMN, the
recovery of the enzyme activity with time was essentially
the same as observed for ATP (data not shown). Such
lines of evidence are essentially identical to previously
observations when a-crystallin was tested as a molecular
chaperone [34].

Discussion

Molecular chaperones prevent irreversible aggregation
of temporarily unfolded proteins and assist their folding
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Figure 3. Effect of BSA on the reactivation of chemically denatured
SDH. Chemically denatured SDH (10 pg/ml) was reactivated in
the presence of 1:10 (w:w) lysozyme (A) or 0.1 mM NADH (OJ).
Closed symbols refer to incubations of SDH in the presence of 1:10
(w:w) BSA either alone (4p) or supplemented with the following:
3.5mM ATP (V¥),3.5mM ADP (A), 0.1 mM NADH (m), SDH (O) .
alone. See Materials and methods for details.

BSA as a molecular chaperone

and assembly by influencing the partitioning between
productive and unproductive folding steps without being
part of the final structure of the folded protein [35, 36].
Such a functional definition of chaperones groups mo-
lecular chaperones irrespectively of the features related
to the energy requirement (i.e. ATP hydrolysis) for their
action. Even though its mechanism of action is not fully
characterized, o-crystallin appears unequivocally to act
as an ATP-independent chaperone [34, 37-39]. Thus, by
using a-crystallin activity as a reference paradigm for
chaperone features, BSA was studied by testing its an-
tiaggregation action towards thermally stressed proteins,
its ability to stabilize protein structure and its effective-
ness in assisting of denatured-protein refolding.

Making use of different enzymes including SDH, a pro-
tein target previously used to test a-crystallin chaperone
action, BSA could be closely compared to o-crystallin
as a chaperone molecule. BSA seems to share with a-
crystallin all the features allowing it to be defined as a
molecular chaperone. In particular, BSA and oa-crys-
tallin have a comparable effect in protecting enzymes
from thermally induced inactivation (table 1). The direct
comparison between BSA and a-crystallin in terms of
their ability to prevent thermally induced inactivation of
SDH at different protector/target ratios (fig. 1) indicates
an efficient action of BSA, even though an apparently
reduced affinity for the target with respect to a-crystallin
is observed. Worth noting here is the failure of other ther-
mostable proteins such as lysozyme and PB2-crystallin
to stabilize SDH even at a relatively high protector/target
ratio (fig. 1, inset). Concerning the ability to assist pro-
tein refolding, BSA, like a-crystallin, is remarkably ef-
fective in assisting the recovery of functional SDH from
the GdnCl denatured enzyme (fig.3). The similarity in
behaviour between BSA and a-crystallin is emphasized
by looking at the remarkable effect exerted by NADH in
eliciting the action on the SDH refolding and the rather
poor effectiveness of ATP (fig.2). Even though a specific
1:1 binding of ATP to the BSA monomer was previously
demonstrated [40, 41], ATP is unlikely to contribute as an
energy donor since ADP, NMN and AMP are as or even
slightly more effective than ATP in favouring the recov-
ery of SDH activity. Moreover, no differences were ob-
served upon addition of MgCl, and KCI, whose presence
deeply influences the effectiveness of ATP-dependent
molecular chaperones [42, 43] (data not shown). As pos-
tulated for the effect of ATP on the a-crystallin-assisted
SDH refolding [34], the possibility that ATP or ADP may
interact with the target protein, mimicking the enzyme
co-factor NADH, cannot be ruled out.

Calcium ion, which like Mg** [44] was previously shown
to impair the protective action of a-crystallin towards
thermally induced aggregation of ALR2 [45], as well
as inactivation and aggregation of SDH [33], also exerts
its effect on the protective action of BSA on thermally
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stressed SDH. As previously observed for a-crystallin
[33, 45], Ca*, in the concentration range of 0.1-0.5mM,
at 55°C and at a protector:SDH ratio of 1:1, is able to
abolish the protective action of BSA towards the ther-
mally stressed enzyme (data not shown).

The only chaperone feature for which the effectiveness of
BSA is rather poor with respect to a-crystallin is the an-
tiaggregation ability towards thermally stressed proteins.
Both figure2 and table2 clearly show that, despite the
intrinsic ability of BSA to interact with proteins undergo-
ing thermal denaturation, its ability to effectively prevent
protein precipitation is remarkably reduced with respect
to a-crystallin.

While defining the chaperone features of BSA and dem-
onstrating their comparability with those of a-crystallin,
the presented results may give insights into the restraints
on the functional action of these ATP-independent mo-
lecular chaperones. The similarity in the effectiveness
and features of BSA and a-crystallin (i. e. enzyme stabili-
zation, SDH renaturation, Ca** effect), is rather puzzling
especially when the multimeric assembly of a-crystallin
is invoked as a requirement for its chaperone function
[46]. Nevertheless, the remarkable structural differences
in terms of quaternary assembly between the two com-
pared chaperones may be key in explaining the observed
differences with respect to different stress conditions, in
particular, the clearly reduced antagonistic effect of BSA
towards the thermally induced protein aggregation. In
fact, the refolding and stabilization of an enzyme deal
essentially with intramolecular rearrangements and are
usually performed and monitored at a rather low level of
the target protein. In such a case, the enzyme stabilization
or refolding assistance may not require special structural
restrictions in the protector or assistant protein, besides
its ability to interact with the target. This would simply
favour structural modification paths of the target protein
with respect to non-productive or irreversible steps either
in the denaturation or in the refolding process. On the
other hand, the antiaggregation action of chaperone-like
proteins is normally tested at rather high absolute con-
centrations of the target and mainly refers to interchain
interactions. In such a case, a structurally organized mo-
lecular compartimentalization, as is the case of a-crys-
tallin, would more efficiently, even irreversibly, subtract
the target undergoing structural modification from the
protein-protein self interaction steps. Such a protective
action would be elicited by the increase in surface hydro-
phobicity observed in native o.-crystallin, in the oligomer
of recombinant 0lA and even in a aA-crystallin-derived
peptide [47-50]. The dynamic nature of the multimeric
assembly of a-crystallin is a well-documented fact [51],
and thus it can afford different kinds of interactive struc-
tures. Worth noting here is the previous observation that
the protective action of a-crystallin towards aggregation
and inactivation of thermally stressed SDH was shown to
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occur through the formation of two kinds of interacting
adducts: the first, stable and containing inactive SDH,
possibly related to the antiaggregation action of o-crys-
tallin; the second, transient and containing active SDH,
appears to be related to the preservation of SDH activity.
The first complex has a high molecular weight, suggest-
ing interaction between multimeric 800kDa o-crystallin
with the target protein; the second has a weight compa-
rable to that of SDH, suggesting interaction between en-
zyme and oligomeric o-crystallin complexes [33]. BSA,
which is uncapable of extensive multimeric assembly and
has a surface hydrophobicity reduced rather than expand-
ed by a temperature increase [23], may only be able to
afford interaction sites for the second type of complex.
While the main families of molecular chaperones and
some abundant chaperone-like proteins such as tubulin
[52] are intracellular, evidence is emerging for the pres-
ence of protein molecules classifiable as extracellular
chaperones. This is the case for (i) some proteoglycans
involved in the release, transfer and stabilization of lipo-
protein lipase from the adipocyte to the luminal endothe-
lial surface [53]; (ii) PrsA, a lipoprotein essential for the
viability of Bacillus subtilis, responsible for the translo-
cation and subsequent folding of secretory proteins [54]
and (iii) clusterin, a ubiquitous and conserved protein
over-expressed in some pathological states, whose exact
function is not yet clear [55]. BSA, with its particular
distribution and its multifunctional protein-interactive
action may well be a member of this growing class of
molecular chaperones.

Acknowledgements. This work was supported by a grant from the
Italian Board of Education, University and Research (MIUR) and
from Pisa University. We are indebted to Dr. G. Pasqualetti and Dr.
R. Di Sacco (veterinary staff of Consorzio Macelli S. Miniato, Pisa)
for their valuable co-operation in bovine lens collection.

1 He X. M. and Carter D. C. (1992) Atomic structure and chemis-
try of human serum albumin. Nature 358: 209-214

2 Figge J., Rossing T. H. and Fencl V. (1991) The role of se-
rum-proteins in acid-base equilibria. J. Lab. Clin. Med. 117:
453467

3 Peters T. Jr (1985) Serum albumin. Adv. Protein Chem. 37:
161-245

4 Wetzel R., Becker M., Behlke J., Billwitz H., Bohm S., Ebert B.
et al. (1980) Temperature behaviour of human serum albumin.
Eur. J. Biochem. 104: 469-478

5 Savu L., Benassasyag C., Vallette G., Christeff N. and Nuney E.
(1981) Mouse alpha- fetoprotein and albumin. J. Biol. Chem.
256: 9414-9418

6 Roda A., Cappelleri G., Aldini R., Roda E. and Barbara L.
(1982) Quantitative aspects of the interaction of bile acids with
human serum albumin. J. Lipid Res. 23: 2490-2495

7 Bourdon E., Loreau N. and Blache D. (1999) Glucose and free
radicals impair the antioxidant properties of serum albumin.
FASEB J. 13: 233-244

8 Brodersen R. (1979) Bilirubin: solubility and interaction with
albumin and phospholipid. J. Biol. Chem. 254: 23642369



3098

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

1. Marini et al.

Bal W., Christodoulou J., Sadler P. J. and Tucker A. (1998)
Multi-metal binding site of serum albumin. J. Inorg. Biochem.
70: 33-39

Marcon G., Messori L., Oriolo P., Cinellu M. A. and Minghetti
G. (2003) Reactions of gold(Ill) complexes with serum albu-
min. Eur. J. Biochem. 270: 4655-4661

Stamler J. S., Singel D. J. and Loscalzo J. (1992) Biochemis-
try of nitric oxide and its redox-activated forms. Science 258:
1898-1902

Hu T. and Su Z. (2003) A solid phase adsorption method for
preparation of bovine serum albumin-bovine hemoglobin con-
jugate. J. Biotechnol. 100: 267-275

Hoshi H., Takagi Y., Kobayashi K., Onodera M. and Oikawa
T. (1991) Growth requirements and long-term subcultivation
of bovine granulosa cells cultured in a serum-free medium. In
Vitro Cell Dev. Biol. 27: 578-584

Scopes R. K. (1987). Protein purification: Principle and Prac-
tice, 2nd edn, pp.246-249, Springer, New York

Willoughby N., Martin P. and Titchener-Hooker N. (2004) Ex-
treme scale-down of expanded bed adsorption: purification of
an antibody fragment directly from recombinant E. coli culture.
Biotechnol. Bioeng. 87: 641-647

Horwitz J. (1992) a-Crystallin can function as a molecular
chaperone. Proc. Natl. Acad. Sci. USA 89: 10449-10453

Hook D. W. A. and Harding J. J. (1997) Molecular chaperones
protect catalase against thermal stress. Eur. J. Biochem. 247:
380-385

Hess J. F. and Fitzgerald P. G. (1998) Protection of a restriction
enzyme from heat inactivation by o-crystallin. Mol. Vis. 15:
4-29

Muchowski P. J. and Clark J. I. (1998) ATP-enhanced chaperone
functions of the small heat shock protein human aB-crystallin.
Proc. Natl. Acad. Sci. USA 95: 1004—-1009

Smykal P, Masin J., Konopasek I. and Zarsky V. (2000)
Chaperone activity of tobacco hspl8, a small heat shock
protein, is inhibited by ATP. Plant J. 23: 703-713

Nath D., Rawat U., Anish R. and Rao M. (2002) a-Crystallin
and ATP facilitate the in vitro renaturation of xylanase: enhance-
ment of refolding by metal ions. Prot. Sci. 11: 2727-2734
Jarabak R., Westley J., Dungan J. M. and Horowitz P. (1993)
A chaperone-mimetic effect of serum albumin on rhodanese. J.
Biochem. Toxicol. 8: 4148

Chang B. S. and Mahoney R. R. (1995) Enzyme thermostabi-
lization by bovine serum albumin and other proteins: evidence
for hydrophobic interactions. Biotechnol. Appl. Biochem. 22:
203-214

Marini I., Bucchioni L., Borella P., Del Corso A. and Mura U.
(1997) Sorbitol dehydrogenase from bovine lens: purification
and properties. Arch. Biochem. Biophys. 340: 383-391
Mostafapour M. K. and Schwartz C. A. (1981) Purification of a
heat-stable beta-crystallin polypeptide in the bovine lens. Curr.
Eye Res. 1: 517-522

Cecconi 1., Moroni M., Vilardo P. G., Dal Monte M., Borella
P, Rastelli. G. et al. (1998) Oxidative modification of aldose
reductase induced by copper ion: factors and conditions affect-
ing the process. Biochemistry 37: 14167-14174

Bradford M. M. (1976) A rapid and sensitive method for
the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 72:
248-254

Del Corso A., Barsacchi D., Giannessi M., Tozzi M. G., Camici
M., Houben J. L. et al. (1990) Bovine lens aldose reductase:
tight binding of the pyridine coenzyme. Arch. Biochem. Bio-
phys. 283: 512-518

Cappiello M., Lazzarotti A., Buono F., Scaloni A., D’ Ambrosio
C., Amodeo P. et al. (2004) New role for leucyl aminopeptidase
in glutathione turnover. Biochem. J. 378: 35-44

Garland D., Rao V. P,, Del Corso A., Mura U. and Ziegler S. J.
(1991) T-Crystallin is a major protein in the lens of Camelus
dromedarius. Arch. Biochem. Biophys. 285: 134-136

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51
52

BSA as a molecular chaperone

Laemmli U. K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227:
680-685

Wray W., Boulikas T., Wray V. P. and Hancock R. (1981) Silver
staining of proteins in polyacrylamide gels. Anal. Biochem.
118: 197-203

Marini I., Moschini R., Del Corso A. and Mura U. (2005) Al-
pha-crystallin: an ATP-independent complete molecular chap-
erone toward sorbitol dehydrogenase. Cell. Mol. Life Sci. 62:
599-605

Marini I., Moschini R., Del Corso A. and Mura U. (2000) Com-
plete protection by a-crystallin on lens sorbitol dehydrogenase
undergoing thermal stress. J. Biol. Chem. 275: 32559-32565
Ellis J. (1987) Proteins as molecular chaperones. Nature 328:
378-379

Jakob U. and Buchner J. (1994) Assisting spontaneity: the role
of Hsp90 and small Hsps as molecular chaperones. Trends Bio-
chem. Sci. 19: 205-211

Jakob U., Gaestel M., Engel K. and Buchner J. (1993) Small
heat shock proteins are molecular chaperones. J. Biol. Chem.
268: 1517-1520

Rawat U. and Rao M. (1998) Interactions of chaperone a-crys-
tallin with the molten globule state of xylose reductase. J. Biol.
Chem. 273: 9415-9423

Del Fierro D., Zardeneta G. and Mendoza J. A. (2000) a-Crys-
tallin facilitates the reactivation of hydrogen peroxide-inactivat-
ed rhodanese. Biochim. Biophys. Res. Commun. 274: 461-466
Bauer M., Baumann J. and Trommer W. E. (1992) ATP binding
to bovine serum albumin. FEBS Lett. 313: 288-290

Takeda S., Miyauchi S., Nakayama H. and Kamo N. (1997)
Adenosine 5°-triphosphate binding to bovine serum albumin.
Biophys. Chem. 69:175-183

Wang K. and Spector A. (2000) a-Crystallin prevents irrevers-
ible protein denaturation and acts cooperatively with other heat-
shock proteins to renature the stabilized partially denatured
protein in an ATP-dependent manner. Eur. J. Biochem. 267:
4705-4712

Wang K. and Spector A. (2001) ATP causes small heat shock
proteins to release denatured protein. Eur. J. Biochem. 268:
6335-6345

Koretz J. F., Doss E. W. and LaButti J. N. (1998) Environmental
factors influencing the chaperone-like activity of alpha-crystal-
lin. Int. J. Biol. Macromol. 22: 283-294

Marini I., Bucchioni L., Voltarelli M., Del Corso A. and Mura
U. (1995) Alpha-crystallin-like molecular chaperone against
the thermal denaturation of lens aldose reductase: the effect
of divalent metal ions. Biochem. Biophys. Res. Commun. 212:
413-420

Avilov S. V., Aleksandrova N. A. and Demchenko A. P. (2004)
Quaternary structure of a-crystallin is necessary for the binding
of unfolded proteins: a surface plasmon resonance study. Prot.
Pep. Lett. 11: 1-8

Raman B., Ramakrishna T. and Rao M. C. (1995) Temperature
dependent chaperone-like activity of alpha-crystallin. FEBS
Lett. 365: 133-136

Datta S. A. and Rao M. C. (1999) Differential temperature-
dependent chaperone-like activity of aA- and aB-crystallin
homoaggregates. J. Biol.Chem. 49: 34773-34778

Reddy B. G., Das K. P, Petrash M. J. and Surewicz W. K.
(2000) Temperature-dependent chaperone activity and structur-
al properties of human aA- and aB-crystallins. J. Biol. Chem.
275: 4565-4570

Sharma K. K., Kumar R. S., Kumar G. S. and Quinn P. T.
(2000) Synthesis and characterization of a peptide identified
as a functional element in aA-crystallin. J. Biol. Chem. 275:
3767-3771

Horwitz J. (2003) Alpha-crystallin. Exp. Eye Res. 76: 145-153
Manna T., Sarkar T., Poddar A., Roychowdhury M., Das K. P.
and Bhattacharyya B. (2001) Chaperone-like activity of tubulin.
J. Biol. Chem. 276: 39742-39747



Cell. Mol. Life Sci. ~ Vol. 62, 2005

53

54

Pillarisetti S., Paka L., Pasaki A., Vanni-Reyes T., Yin B.,
Parthasarathy N. et al. (1997) Endothelial cell heparanase
modulation of lipoprotein lipase activity: evidence that heparan
sulfate oligosaccharide is an extracellular chaperone. J. Biol.
Chem. 272: 15753-15759

Williams R. C., Rees M. L., Jacobs M. F., Pragai Z., Thwaite J.
E., Baillie L.W. et al. (2003) Production of Bacillus anthracis

55

Research Article 3099

protective antigen is dependent on the extracellular chaperone,
PrsA. J Biol Chem. 278: 1805618062

Humphreys D. T., Carver J. A., Easterbrook-Smith S. B. and
Wilson M. R. (1999) Clusterin has chaperone-like activity
similar to that of small heat shock proteins. J. Biol. Chem. 274:
6875-6881

To access this journal online:
http://www.birkhauser.ch




