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ABSTRACT: Comparative study of the natural ligand effect on structural properties and conformational
stability of humanR-fetoprotein (AFP) and its homologue, human serum albumin (HSA), was performed
using several approaches, including circular dichroism, fluorescence spectroscopy, and scanning
microcalorimetry. Here we show that denaturation of AFP, induced by the increase of temperature or
urea concentration, is irreversible. We have established the fact that this irreversibility is caused by ligand
release from the AFP molecule. Interestingly, the ligand-free form of AFP has no rigid tertiary structure
but exhibits substantial secondary structure and high compactness. This means that the rigid tertiary
structure of AFP is controlled by interaction with ligands, while their release results in transition of a
protein molecule into a molten globule-like intermediate. In contrast, processes of HSA denaturation
and unfolding are completely reversible. Release of ligands from HSA results only in a small decrease
in stability but not transformation into the molten globule state.

R-Fetoprotein, AFP,1 is a cancerodevelopmental glyco-
protein consisting of 590 amino acid residues (Morinaga et
al., 1983) that is produced primarily by fetal liver and yolk
sac cells. Synthesis of AFP during fetal development is very
high but decreases drastically just after birth. As a result,
only trace amounts of AFP are presented in the serum of
healthy adults, where AFP is replaced by serum albumin.
An increase of AFP content in adults is a sign of the
development of some pathological conditions, usually of
oncological nature (Abelev, 1971).

AFP is a well-known molecular marker indicating the
development of cancer as well as fetal abnormalities such
as open neural tube defects (Abelev, 1971; Brock et al., 1975;
Seppala, 1975; Smuckler et al., 1976; Purves et al., 1978;
Ruoslahti & Seppala, 1979; Lange, 1983). In addition to
its substantial diagnostic importance, the physiological
functions of AFP are also of great interest. It was established
that AFP occurred in pregnancy sera and in the fetal sera of
rats was capable of binding estrogens (Soloff et al., 1972;
Uriel et al., 1972; Nishi et al., 1991). It was shown that
AFP can strongly bind fatty acids (Parmelee et al., 1978;
Hsia et al., 1980); material isolated from human fetuses
contained 2-3 mol of fatty acid, mainly of unsaturated nature
(arachidonic, C20:4, and docosahexaenoic, C22:6, acids).
Human hepatoma AFP isolates show a much larger variety
in fatty acid content as compared with fetal ones (Parmelee
et al., 1978; Nagai et al., 1982). A high affinity of AFP for

bilirubin that appears due to a single binding site has been
shown (Ruoslahti et al., 1979; Hsia et al., 1980). Binding
of both copper and nickel by human AFP has been also noted
(Aoyagi et al., 1978). In addition to its transport function,
AFP participates in regulation of cell multiplication and
metabolism and can effectively interact with microphages
(Lu et al., 1984) and T-lymphocytes (Torres et al., 1989). A
role of AFP in the suppression of immune response has also
been discussed (Calwell et al., 1973; Lu et al., 1984).
Human serum albumin (HSA), the major component in

blood plasma, consists of 585 amino acid residues (King &
Spences, 1972; Brown, 1975). The importance of HSA
stems from the fact that it is involved in bioregulatory and
transport phenomena. It was shown that HSA participates
in the control of osmotic pressure in blood (Peters, 1985). It
binds various metal ions: Ca2+ (Pedersen, 1978), Cu2+ and
Ni2+ (Bradshaw et al., 1968; Sarkar, 1983), Zn2+ (Gurd &
Wicox, 1956), Mg2+, Co2+, and Cd2+ (Nandedkar et al.,
1973), and many others (Peters, 1985). HSA takes part in
transport and storage of different fatty acids (Klopfenstein,
1969; Spector & Fletcher, 1978; Roda et al., 1982), unsatur-
ated arachidonic acid among them (Savu et al., 1981). It
also binds bilirubin (Jacobsen, 1977), steroids (Pearlman &
Crepy, 1967; Unger, 1972), amino acids (Sollene et al.,
1981), and many other ligands, usually with hydrophobic
moieties (Kragh-Hansen, 1981; Peters, 1985). This unique
property enables HSA to fulfil a fundamental biological role
as a universal carrier and reservoir in blood plasma, tissues,
and secretions throughtout the mammalian body (He &
Carter, 1992).
As it follows from the listed above data, AFP and HSA

can interact with the same ligands; that is why AFP has been
often regarded as a fetal-type albumin. There is, however,
a difference between these two proteins in their binding
propertiessthe number of different ligands transported by
HSA is much larger than that of AFP. Additionally,
albumin’s affinity for many organic ligands is in the range
of log Ka ) 4-6, while for AFP the corresponding value is
considerably larger (logKa ) 6-8) (Deutsch, 1991).
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It is necessary to emphasize that these proteins also show
some structural similarity. Indeed, they have about 40%
homology in their amino acid sequences and relatively close
molecular dimensions (King & Spences, 1972; Brown, 1975;
Morinaga et al., 1983). Their structures are stabilized by
large number of disulfide bridges, 17 and 15 for HSA and
AFP, respectively. At the same time, albumin has only one
free sulfhydryl group, while AFP has two;R-fetoprotein,
being a glycoprotein, has considerable heterogeneity in the
degree of glycosylation, depending on the source of the
protein (Morinaga et al., 1983; Deutsch, 1991), while HSA
has no carbohydrates (Peters, 1985). The X-ray structure
of HSA, solved at 2.8 Å resolution, shows that this protein
consists of three quasi-independent domains (He & Carter,
1992).

Considerable structural and functional similarity as well
as overlapping lists of natural ligands carried by HSA and
AFP show that comparative studies of these two proteins
are not meaningless. As for structural properties of HSA,
they are relatively well studied (Peters, 1985). In particular,
the possibility for this protein to be transformed into a
number of different forms (probably with different spatial
orientations of its domains) upon pH changes has been
discussed (Foster, 1977; Peters, 1985; Oliviery & Craievich,
1995). Intrestingly, this large protein shows a high degree
of reversibility in numerous unfolding-refolding studies
(Wallewik, 1973; Peters, 1985).

Although it is obvious that deep insight into the molecular
mechanism of AFP function cannot be achieved without
detailed investigation of structural properties of the protein,
this is still a poorly studied field. In particular, even a brief
overview of AFP physiological activities allows one to
conclude that the environment of this protein varies consider-
ably with its function, but the only example of investigation
of the environmental effect on AFP structural properties is
our recent work (Uversky et al., 1995), which shows
formation of the molten globule state driven by a decrease
in pH. It has been established that AFP possesses consider-
able microheterogeneity, associated with dissimilar character
of glycosylation or ligand contents (Purves et al., 1970;
Alpert et al., 1973; Smith & Kelleher, 1980) of the protein
molecules, but virtually nothing is known about the effect
of prosthetic groups (such as hydrophobic ligands) on AFP
structure and stability.

In the present paper we compare the effect of ligands on
structural properties and conformational stability of AFP with
that of its structural and functional homologue, serum
albumin. We show thatany kind of denaturing action leads
to irreVersible destruction of AFP’s unique tertiary structure,
caused by the spontaneous irreversible release of ligands from
the protein molecule. Special procedures are required for
the removal of ligands from HSA. Formation of a ligand-
free form transforms the AFP molecule into a compact
denatured intermediate with pronounced secondary structure,
i.e., into the molten globule state. For HSA, ligands play
only a stabilizing role but do not determine protein confor-
mation.

MATERIALS AND METHODS

Chemicals.Sepharose 4B, epichlorohydrin, iminodiacetic
acid, borate hydride, and Cibacron Blue 3Ga used for

preparation of Cibacron Blue-Sepharose and metal-chelating
Sepharose were from Sigma. Triethylamine, trifluoroacetic
acid, and acetonitrile were also from Sigma. Na2HPO4,
NaH2PO4, NaCl, NH4Cl, NiCl2, and CuCl2 were of analytical
or extra-pure grade and were used without additional
purification. Ultrapure urea was from BRL. Human serum
albumin was from Reanal and was used without additional
purification. Electrophoresis reagents were purchased from
Bio-Rad.
Bidistilled water was used in the experiments. Desirable

pH values were adjusted by the addition of 0.5-1.0 N NaOH
or HCl. In the course of structural investigations all solutions
contained 0.15 M NaCl.
AFP Purification. To obtain homogeneous AFP samples

suitable for structural investigations, a special scheme for a
large-scaleR-fetoprotein isolation from human cord serum
was elaborated. The peculiarities of this purification pro-
cedure will soon be published (Tomashevski & Uversky,
1997). We are presenting here a short protocol of the AFP
purification. The isolation procedure includes three chro-
matographic steps, on affinity (Cibacron Blue-Sepharose),
metal-chelating (NiCl2- andCuCl2-Sepharose), and reverse-
phase (C-3) columns. At the first stage, human cord serum
was centifuged at 40000g for 30 min. The supernatant was
collected, filtered, and passed through a Cibacron Blue-
Sepharose 4B column preequilibrated with phosphate buffer
(20 mM potassium phosphate buffer, pH 7.2). At these
conditions AFP did not interact with column matrix; the
protein eluted within column void volume. The AFP-
containing fractions were pooled and passed through a metal-
chelating Sepharose 4B column saturated with NiCl2. This
column was preequilibrated with PBS (20 mM potassium
phosphate and 1.5 M NaCl, pH 7.2) and elution was carried
out in the same buffer. There was also no AFP binding to
the column. Fractions with AFP (detected by rocket im-
munophoresis) were cocentrated and applied to a metal-
chelating Sepharose 4B column, saturated with CuCl2.
Proteins was eluted in PBS (see above) with a linear gradient
of NH4Cl (0-2 M). AFP-containing fractions were pooled
and concentrated by (NH4)2SO4 precipitation (440 g/L). The
precipitate was dissolved in a small amount of PBS contain-
ing 1 mM triethylamine and 0.1% TFA. This sample was
passed through a reverse-phase C-3 column equilibrated with
1 mM triethylamine/0.1% TFA buffer, pH 2.0. AFP was
eluted in the same buffer with a linear gradient of acetonitrile
(0-55%). Fractions containing AFP were pooled, concen-
trated, and passed through a PD-10 column with Sephadex
G-25 to substitute buffer with acetonitrile on PBS. As a
result, homogeneous AFP samples were obtained: SDS and
native polyacrylamide gel electrophoresis, reverse-phase
chromatography and the ELISA test with antibodies against
human serum albumin,R-antitrypsin, and transferrin showed
no less than 98% purity of the isolated protein. Gas
chromatography analysis allowed us to conclude that the
purified AFP contains at least part of its natural ligands.
Indeed, the chromatographic profile showed the existence
of two nonprotein peaks, major and minor (data not shown).
The major peak was attributed to arachidonic acid, while
the minor peak (with intensity∼1/5 that of the major one)
was due to docosahexaenoic acid. Any other natural ligands
were not detected in the purified AFP samples.
Release of Hydrophobic Ligands from AFP and HSA.A

standard procedure for the release of hydrophobic ligands
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from the protein molecules was used (Chen, 1967; Sogami
& Foster, 1968). To this end, protein solution at pH 6.5
was mixed with charcoal. The mixture was kept stirring for
12 h at room temperature, then centrifuged, and passed
through a small gel-filtration column (G-75) equilibrated with
100 mM sodium phosphate buffer, pH 7.2, containing 0.15
M NaCl. The completeness of ligand release was monitored
by gas chromatography. A chromatographic profile obtained
for AFP after the above procedure contains only the peak
corresponding to protein molecules.

Add-Back Experiments with the Stripped Form of AFP.
Arachidonic acid was dissolved in ethanol. A small amount
of this ethanol solution was mixed with a large excess of
aqueous solution of ligand-free AFP (to have a final ethanol
concentration less than 1%). The AFP/arachidonic acid
mixture (molar ratio 1/1) was kept stirring at room temper-
ature for several hours. The effectiveness of resaturation of
stripped AFP by fatty acid was monitored using gas
chromatography and scanning microcalorimetry.

Experimental Procedures.Protein concentrations were
measured by the absorbance at 280 nm on a Cary-219
spectrophotometer (Varian). The values for extinction
coefficients (ε1cm,280nm

1mg/mL ) were estimated by the nitrogen
determination method (Jaenike, 1974) and were equal to
0.365 and 0.455 for AFP and HSA, respectively. For circular
dichroism and calorimetric measurements protein concentra-
tion was 0.5-1.0 mg/mL, while fluorescence investigations
were performed using 0.01 mg/mL protein solutions.

Urea concentrations were measured by the refractive index.
Unfolding and refolding transitions were monitored by the
characteristic shift of the intrinsic tryptophan fluorescence,
using an Aminco SPF-100cs corrected spectrofluorometer
(American Instrument Co.) with a 10.0 mm cell. To
investigate urea-induced unfolding, AFP or HSA was initially
dissolved in buffer A to a final protein concentration of about
1 mg/mL. Then 10µL of this stock (stock 1) was mixed
with 990µL of the same buffer, containing urea in the desired
concentration. Solutions were incubated at 23°C for 24 h
before measurements. The same procedure was used in the
refolding experiments, but protein solutions with 9.5 M urea
(stock 2) were used as the initial sample. The stock for the
repetition unfolding scans was obtained by dilution of stock
2 to a final urea concentration of about 0.2-0.4 M.

Circular dichroism spectra were obtained on a Jasco-600
spectropolarimeter (Japan Spectroscopic Co.) equipped with
a temperature-controlled holder. Cells with 0.148 and 10
mm path lengths were used for far- and near-UV measure-
ments, respectively. Temperature-induced conformational
transitions were monitored by changes in ellipticity at 220
and 265 nm. The rate of heating was 0.9°C/min.
Calorimetric measurements were carried out by a precision

scanning microcalorimeter DASM-5M (Bureau of Biological
Instrumentation) with a cell volume of 1 mL. The rate of
heating was 1 K/min. The excess pressure was kept equal
to 3.6 atm. The excess heat capacity of AFP and HSA in
solutions was determined as described earlier (Privalov &
Potekhin, 1979). The protein partition volume of 0.72 cm3/g
was used for calculations (Uversky et al., 1995).

Reverse-phase chromatography was carried out on a C-3
column (Beckman) connected to an HPLC system (LKB-
Pharmacia).

RESULTS AND DISCUSSION

As was already mentioned,R-fetoprotein and serum
albumin share structural homology. Most of all, both of them
participate in transport of hydrophobic ligands; that is, they
belong to the class of carrier proteins. To understand the
role of hydrophobic ligands in stabilization of protein
structure, the structural properties and conformational stabili-
ties of AFP and HSA in the presence and absence of ligands
were studied.

Structural Properties and Conformational Stabilities of
AFP and HSA in the Presence of Their Natural Ligands

Heat-Induced Denaturation.Protein conformational
changes, induced by the increase of temperature, were
investigated using several structural methods. Disruption of
tertiary structure was studied by scanning microcalorimetry
and circular dichroism (CD) in the near-UV region, while
far-UV CD spectra were used to follow the changes in the
protein secondary structure.
Figure 1 (solid lines) shows typical excess heat capacity

curves for ligand-containing forms of AFP and HSA at pH
7.2. The curve for AFP has a single heat absorption peak
with maximum at∼70 °C (Figure 1A). The excess heat
capacity curve for HSA has more than one peak, as shown
in Figure 1B. The presence of heat absorption peak(s) in a
calorimetric curve is usually considered as evidence for the
cooperative disruption of rigid tertiary structure of a protein
molecule (Privalov, 1979; Ptitsyn, 1995). This means that
in the presence of their natural ligands both proteins have
unique tertiary structure, which is cooperatively destroyed
by heating. It should be also emphasized thatthermal
denaturation of HSA is a reVersible process, while the
disruption of AFP’s tertiary structure is completely irreVers-
ible. This was confirmed by reheating of protein solutions
in the calorimetric cell just after cooling after the first run
(see Figure 1, dashed lines).
The existence of more than one peak in a calorimetric

curve reflects the domain denaturation mechanism (Privalov,
1982). Thus, the results for HSA melting (see Figure 1B)
clearly show that this protein consists of at least two quasi-
independent domains, rather than a single cooperative unit.
This observation is in good agreement with data obtained
earlier for bovine and human serum albumins (Privalov,
1982; Leybman et al., 1975).
The values of calorimetric (∆Hcal) and van’t Hoff (∆HvH)

enthalpies for AFP and HSA were obtained directly from
the calorimetric curves and are summarized in Table 1. One
can see that calorimetric enthalpy of AFP is practically equal
to the effective one, which indicates that temperature-induced
denaturation of this protein is a two-state process (Privalov,
1979). The value of calorimetric enthalpy for HSA is typical
of proteins of this molecular weight (Privalov & Potekhin,
1986), while the corresponding value for AFP is ap-
proximately 4 times lower. Such low∆Hcal values cannot
be explained by the partial denaturation of AFP in the initial
samples. It is known that partially denatured protein
molecules show poor resistance to proteolysis. We have
established that the ligand-saturated form of AFP possesses
high resistance toward proteolytic digestion (data will be
published elsewhere).
The complementary lines of evidence of the temperature-

induced disruption of AFP and HSA tertiary structure can

13640 Biochemistry, Vol. 36, No. 44, 1997 Uversky et al.



be obtained by following the changes of protein spectra in
the near-UV CD region. Indeed, it is known that incorpora-
tion of aromatic residues into a rigid chiral environment gives
rise to aromatic CD signals (Adler et al., 1973). The decrease
of ellipticity in this region reflects reduction in ordered
tertiary structure. Solid lines (1) in Figure 2 represent the
near-UV CD spectra of ligand-saturated forms of AFP
(Figure 2A) and HSA (Figure 2B) at 23°C. Solid lines (3)
refer to the proteins at 87°C. The spectra for the proteins
unfolded completely by 9.5 M urea are presented for
comparison (see Figure 2, dotted lines). One can see that at
room temperature the spectra of both proteins show the
existence of asymmetry in the environment of aromatic
amino acid residues. At 87°C the spectra are much less
pronounced and close to those obtained for randomly coiled
AFP and HSA. Such considerable reduction in spectrum
intensity reflects melting of the unique protein structure. The
temperature-induced changes in ellipticity at 265 nm for both
proteins are presented in the insets in Figure 2 (lines 1). The
transition midpoints are at 69 and 66°C for AFP and HSA,
respectively. The data obtained by CD measurements
confirm reVersibility of HSA denaturation and irreVersibility
of AFP denaturation.Indeed, cooling of the HSA solution
leads to complete restoration of the near-UV CD spectrum

(see dashed curve in Figure 2B). Moreover, the inset in
Figure 2B shows that in this case reheating leads to the same
changes in ellipticity at 265 nm as those observed upon the
first heating. On the contrary, the near-UV CD spectrum
of AFP is not restored upon the decrease of temperature (see
Figure 2A, dashed curve). The repetition temperature scan
for AFP shows the absence of any cooperative changes in
ellipticity at 265 nm (see Figure 2A, inset, dashed line).
Far-UV CD spectra of ligand-saturated forms of AFP and

HSA are presented in Figure 3, panels A and B, respectively.
Spectra were measured at 23°C (solid lines (1), 87°C (solid
lines 3) and 23°C just after cooling after the heating run
(dashed lines). The spectra of both proteins in the presence
of 9.5 M urea are also presented. It is seen that even at 87
°C proteins have pronounced CD spectra. It means that
heating does not lead to the complete unfolding of both
proteins. After cooling,the far-UV CD spectrum of HSA is
completely restored, whereas in the case of AFP it is slightly
different from the initial one. Insets in Figure 3 represent
the melting curves for AFP and HSA, followed by the
changes in ellipticity at 220 nm. The transition midpoints
are at 69 and 66°C for AFP and HSA, respectively. These
values are in good correlation with calorimetric and near-
UV CD data (see above). Thetemperature course of [Θ] 220
for HSA was completely reVersible, while this was shown to
be irreVersible for AFP(see Figure 3).
Urea-Induced Unfolding. It is known that solvated

tryptophan residues have a fluorescence maximum at 350
nm. Embedding of Trp in the nonpolar core of globular
proteins results in the characteristic blue shift of its fluores-
cence spectrum. This means that the position of the
tryptophan fluorescence spectrum, being sensitive to the
polarity of the environment, allows us to study protein
unfolding (Stryer, 1968). Panels A and B of Figure 4 show
the Trp fluorescence spectra of AFP and HSA in the presence
and absence of 9.5 M urea. The spectra of renatured proteins
are also presented (see dashed lines). One can see that the
addition of urea results in the well-defined shift of the
fluorescence spectral maximum to 350 nm. The decrease

FIGURE 1: Temperature dependence of partial molar heat capacity of humanR-fetoprotein (A) and serum albumin (B) at pH 7.2. Curve 1,
calorimetric recordings of proteins in the presence of ligands; curve 2, melting curves of the defatted samples. Dashed lines present the
results of repeated temperature scans for natural AFP and HSA, while dashed-and-dotted lines show results of the same experiments for the
ligand-free proteins. All measurements were done in 100 mM sodium phosphate buffer, pH 7.2, containing 0.15 M NaCl. Protein concentration
was 1.0 mg/mL.

Table 1: Thermodynamic Parameters Obtained by Scanning
Microcalorimetry of HumanR-Fetoprotein and Serum Albumina

protein
Tm
(°C)

∆HvH

(kJ K-1 M-1)
∆Hcal

(kJ K-1 M-1)
ratio

∆HvH/∆Hcal

AFP 69( 2 500( 20 480( 20 1.05( 0.08
HSA (natural form) 59( 2 410( 20

67( 2 1100( 50 310( 20
80( 3 340( 20

HSA (defatted form) 59( 2 440( 20
64( 2 1260( 50 440( 20
72( 3 370( 20

a Table represents results averaged over four independent experi-
ments. Conditions were 100 mM sodium phosphate and 0.15 M NaCl,
pH 7.2. Protein concentration was 1.0 mg/mL for all calorimetric
measurements.
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in urea concentration leads to practically complete restoration
of the fluorescence spectra position. This allows us to
suggest that both proteins are considerably unfolded in 9.5
M urea, while the removal of denaturant results in the
restoration of their compact structure. As also follows from

Figure 4, the urea-induced unfolding of both proteins is
accompanied by the decrease of the fluorescence intensity,
while renatured and native proteins are relatively close
according to this parameter. It can be seen that the effect
of intensity reduction is more pronounced in the case of AFP.

FIGURE 2: Near-UV CD spectra of AFP (A) and HSA (B). Curves 1 and 2, spectra of natural and ligand-free forms of proteins, respectively,
measured at 23°C; curves 3 and 4,- spectra of natural and ligand-free forms, respectively, measured at 87°C. Reversibility of thermal
denaturation was checked by recording of the spectra just after cooling of protein solutions from 90 to 23°C. These results are depicted
by dashed and dashed-and-dotted lines for natural and ligand-free forms, respectively. Spectra of the proteins completely unfolded by 9.5
M urea are given by dotted lines. Insets present the temperature-induced increase in [Θ]265, measured for natural proteins (1) and their
ligand-unsaturated forms (2). Dashed and dashed-and-dotted lines represent the corresponding repeated temperature runs. All measurements
were done in 100 mM sodium phosphate buffer, pH 7.2, containing 0.15 M NaCl. Protein concentration was 1.0 mg/mL.

FIGURE 3: Far-UV CD spectra of AFP (A) and HSA (B). Curves 1 and 2, spectra of natural and ligand-free forms of proteins, respectively,
measured at 23°C; curves 3 and 4, spectra of natural and ligand-free forms, respectively, measured at 87°C. Dashed and dashed-and-
dotted lines represent the spectra measured just after cooling of protein solutions from 90 to 23°C for ligand-saturated and ligand-free
forms, respectively. Spectra of the proteins completely unfolded by 9.5 M urea are shown by dotted lines. Insets present the temperature-
induced changes in [Θ]220, observed for the natural proteins (1) and their ligand-free forms (2). Results of the corresponding repeated
temperature runs are given by dashed and dashed-and-dotted lines, respectively. All measurements were done in 100 mM sodium phosphate
buffer, pH 7.2, containing 0.15 M NaCl. Protein concentration was 0.5 mg/mL.
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Figure 5 represents unfolding curves obtained for AFP and
HSA in the presence of ligands (solid circles in panels A
and B, respectively). Transitions were provoked by the

increase of urea concentration and followed by the changes
in the position of the Trp fluorescence spectral maximum.
One can see that the transitions in both proteins are

FIGURE 4: Tryptophan fluorescence spectra of AFP (A) and HSA (B) in natural (1), defatted (2), and completely unfolded by 9.5 M urea
(3) states. Dashed (natural forms) and dashed-and-dotted (ligand-free forms) lines are attributed to the spectra of renatured proteins and the
results of repeated unfolding. All measurements were done at 23°C in 100 mM sodium phosphate buffer, pH 7.2, containing 0.15 M NaCl.
Protein concentration was 0.01 mg/mL.

FIGURE 5: Equilibrium urea-induced unfolding (circles and triangles) and refolding (squares) of AFP (A) and HSA (B), monitored by the
characteristic red shift of intrinsic Trp fluorescence. Solid symbols refer to the natural forms of proteins, while the open ones describe the
unfolding of their ligand-free species obtained either by charcoal treatment (circles, see Materials and Methods) or by overnight dialysis of
a protein solution against 9.5 M urea (triangles, see text). Fraction of unfolded molecules,fU, was calculated fromfU ) (θN - θ)/(θN - θU),
whereθ is λmax

Trp at given conditions, whileθN and θU are the values of this parameter at given urea concentration extrapolated from
baselines for native and unfolded molecules. All measurements were done at 23°C in 100 mM sodium phosphate buffer, pH 7.2, containing
0.15 M NaCl. Protein concentration was 0.01 mg/mL.
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cooperative. The midpoints are at 7.7 and 6.9 M urea for
AFP and HSA, respectively. This means that both proteins
show great stability toward the urea action. The reversibility
of urea-induced unfolding was checked by equilibrium
renaturation and repetition of the unfolding scan (see
Materials and Methods). Results of these investigations are
presented in Figure 5 as solid squares and triangles,
respectively. The figure clearly shows that the structural
changes in ligand-saturated form of HSA observed upon
protein unfolding, refolding, and reunfolding (see Figure 5B,
solid circles, squares, and triangles) can be described by one
transition curve. This is not the case for AFP. Indeed, as
follows from Figure 5A, data for this protein represent two,
rather than one, unfolding curves. One of these curves
describes the changes in AFP structure upon its unfolding
(solid circles, Figure 5A), while the other is attributed to
the refolding and repeated unfolding of AFP (solid squares
and triangles, Figure 5A). This means thaturea-induced
unfolding of HSA is a completely reVersible process. The
renatured form of AFP, being practically as compact as the
natural state of this protein, shows lower conformational
stability.

Structural Properties and Conformational Stabilities of
Ligand-Free Forms of AFP and HSA

The data presented above show thatR-fetoprotein and
serum albumin, having about 40% homology in their amino
acid sequences, have quite different conformational stability.
In particular, any kind of denaturing action on AFP (heating
or increase of urea concentration) results in the irreversible
destruction of its unique tertiary structure. As for HSA, its
urea-induced unfolding and melting show high reversibility.
To explain these results, let us assume that (1) rigidity of
AFP tertiary structure is controlled by interactions with
ligands, while for HSA these interactions are not so crucial,
and (2) denaturation of AFP is accompanied by irreversible
transformation of a protein molecule to the ligand-free form,
while HSA preserves the possibility for ligand binding.
The second suggestion was partially confirmed by gas-

chromatography experiments, which show that renatured
AFP molecules almost do not contain their natural ligands.
This means that AFP irreversibly loses ligands during
denaturation. To have more complete information about the
ligand effect on AFP and HSA, the structural properties and
conformational stabilities of ligand-free forms of both
proteins were studied. A standard procedure for the release
of hydrophobic ligands from the protein molecules was
employed (see Materials and Methods).
Results of these investigations are presented in Figures

1-5 by solid lines (2). It can be seen that the release of
ligands leads to the appearance of much more considerable
differences between two proteins studied.
Tertiary Structure of Ligand-Free Forms.Figure 1A

shows that there is no visible heat absorption upon the
increase of temperature in the solution containing AFP in
the ligand-free form. It is in good agreement with the fact
that the temperature scan, followed by changes in [Θ]265,
shows the absence of any cooperative transition (Figure 2A,
inset). Figure 2A demonstrates that the release of ligands
leads to considerable change in the AFP near-UV CD
spectrum: it is close to that of a protein fully unfolded by
9.5 M urea. Thus, we can conclude that theAFP ligand-
free form has no unique tertiary structure.

It follows from Figures 1B and 2B that this is not the case
for the defatted HSA. Indeed, the calorimetric curve in this
case consists of at least three heat absorption peaks with the
averaged maximum position at about 60°C (Figure 2B). The
shape of this calorimetric curve is quite different from that
for HSA in the presence of ligands. This means that the
release of ligands destabilizes the HSA molecule and leads
to rearrangement (but not to disruption!) of its unique tertiary
structure. This conclusion is also confirmed by near-UV CD
measurements (see Figure 2B).
Secondary Structure and Compactness.Release of ligands

from both proteins does not affect considerably either the
shape of their far-UV CD Spectra (Figure 3) or the position
of their Trp fluorescence maxima (Figure 4). This means
that in the ligand-free form the proteins are rather compact
and haVe secondary structure which is close to that of the
natiVe state. On the other hand, insets in Figure 4 clearly
show that the stability of secondary structure decreases. It
is interesting that temperature-induced changes in [Θ]220 of
AFP ligand-unbounded form coincide with those monitored
upon repetition of the heating scan of natural AFP (see Figure
4). This close similarity is also observed for the renatured
and ligand-free forms of AFP in their far-UV CD and
fluorescence spectra (Figures 3 and 4).
Urea-Induced Unfolding. Stability toward the urea-

induced unfolding ofR-fetoprotein and serum albumin
ligand-free forms were compared with the data presented
above. In these investigations two ligand-unbounded forms
were studied. One of these forms was the result of charcoal
treatment, described in Materials and Methods. The other
one was obtained by overnight dialysis of a protein solution
against 9.5 M urea with subsequent refolding by dilution to
0.1-0.2 M urea. Results of this study are presented in Figure
5 by open circles and triangles, respectively. It can be seen
that unfolding of the AFP ligand-free forms follows the same
urea dependence as was observed upon the refolding and
repeated unfolding scan of the natural protein. The unfolding
curve for ligand-unbounded species of HSA is quite different
from that obtained for this protein in the presence of ligands.
Add-Back Experiments.Direct evidence on the irrevers-

ibility of ligand release from AFP was obtained from add-
back experiments described in Materials and Methods. As
was already mentioned, the effectiveness of resaturation of
the ligand-free form of AFP by arachidonic acid was
monitored using gas chromatography and scanning micro-
calorimetry. It was established that neither chromatographic
nor calorimetric behavior of a stripped protein was changed
after its coincubation with free fatty acid for 12 h (data not
shown).

CONCLUSIONS

Results presented above allow us to conclude that two
homologous proteins, humanR-fetoprotein and serum albu-
min, show a large difference in their conformational stabili-
ties. It has been established that this difference is attributed
mainly to different effect of ligands on AFP and HSA
structure. In the case of HSA, the protein molecule after
the release of ligands, being destabilized and considerably
structurally rearranged, preserves rigid tertiary structure.
Quite another situation is observed for AFP. This protein
in ligand-free form has no unique tertiary structure but retains
nativelike secondary structure and compactness. This means
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that the release of ligands results in the transformation of
the AFP molecule into the molten globule state [see Uversky
et al. (1997) for a more detailed investigation of structural
properties of the ligand-free form of AFP]. We cannot
exclude the possibility that such a difference between two
homologous proteins can be associated with the difference
in their functioning. Indeed, it is known that the most
important activity (if not the only function) of HSA is
nonspecific binding of a wide variety of organic and
inorganic ligands and their trafficking (see introduction). As
for AFP, its activities are more diverse (see introduction).
We assume that the structural transformations in the AFP
molecules induced by the release of ligands might be
important for further functioning of this protein, e.g., as
immunoregulator.
Another fact that should be pointed out here is the

irreversibility of the ligand release from AFP and complete
reversibility of this process for HSA. It was already noted
that AFP is a glycoprotein, while HSA has no covalently
attached carbohydrates. We assume that the glycosylation
of AFP is responsible for the above irreversibility. Indeed,
it is difficult to exclude that the site of ligand (arachidonic
acid?) binding and site of the glycosyl chain attachment are
relatively close in space. In this case the oligosaccharide
component of AFP can screen the hydrophobic pocket of
the ligand binding site and prevent normal penetration of
ligand to this pocket.
We understand that our suggestions are rather courageous

and do not follow directly from the presented results. We
also realize that further investigations are required to clarify
this point.
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