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Multiple-probe analysis of folding and unfolding pathways of human

serum albumin

Evidence for a framework mechanism of folding
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The changes in the far-UV CD signal, intrinsic tryptophan
fluorescence and bilirubin absorbance showed that the
guanidine hydrochloride (GdnHCl)-induced unfolding of
a multidomain protein, human serum albumin (HSA),
followed a two-state process. However, using environment
sensitive Nile red fluorescence, the unfolding and folding
pathways of HSA were found to follow a three-state process
and an intermediate was detected in the range 0.25-1.5 m
GdnHCI. The intermediate state displayed 45% higher
fluorescence intensity than that of the native state. The
increase in the Nile red fluorescence was found to be due to
an increase in the quantum yield of the HSA-bound Nile red.
Low concentrations of GAnHCI neither altered the binding
affinity of Nile red to HSA nor induced the aggregation of
HSA. In addition, the secondary structure of HSA was not
perturbed during the first unfolding transition (<1.5 M

GdnHCI); however, the secondary structure was completely
lost during the second transition. The data together showed
that the half maximal loss of the tertiary structure occurred
at a lower GdnHCI concentration than the loss of the sec-
ondary structure. Further kinetic studies of the refolding
process of HSA using multiple spectroscopic techniques
showed that the folding occurred in two phases, a burst
phase followed by a slow phase. An intermediate with
native-like secondary structure but only a partial tertiary
structure was found to form in the burst phase of refolding.
Then, the intermediate slowly folded into the native state.
An analysis of the refolding data suggested that the folding
of HSA could be best explained by the framework model.

Keywords: bilirubin; human serum albumin; framework
model; Nile red; protein folding.

Human serum albumin (HSA), a major protein component
of blood plasma, is the physiological carrier for a broad
range of insoluble endogenous compounds like fatty acids,
lysolecithin, bilirubin and bile salts [1,2]. It also binds to a
wide variety of drugs [3-5]. It has three structurally similar
o-helical domains I-III, which are further divided into
subdomains A and B [6,7]. Recent evidences indicate the
presence of one or more stable intermediates in the
unfolding pathway of multidomain proteins suggesting that
unfolding occurs through multiple steps [8,9]. Surprisingly,
several studies reported that the denaturant-induced unfold-
ing of the multidomain protein HSA occurred through a
highly cooperative two-state process involving only the
native and unfolded states [10-13]. For example, Tayyab
et al. [10,11] found that the urea-induced unfolding of HSA
apparently occurred in a single, concerted step with no
intermediate formation. Further, Muzammil et al. [12]
found that guanidine hydrochloride (GdnHCI)-induced
unfolding occurred in a single step. In addition, a recent
analysis involving multiple probes and the changes in spatial
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distances between these probes have shown that GdnHCI-
induced unfolding of HSA occurred through an incremental
loss of structure but no stable intermediate state was
identified in the unfolding process [13]. However, Flora
et al. [14] reported that unfolding of HSA by GdnHCI
occurred in multiple steps, with at least one intermediate.
Thus, the presence of an intermediate state in the unfolding
pathway of HSA remains controversial.

In many proteins, although an intermediate forms during
the unfolding process, the intermediate is often not detected
due to the lack of an appropriate probe. It is believed that
the detection of an intermediate under equilibrium condi-
tions helps in understanding the mechanisms of protein
unfolding and folding and that the folding intermediates
greatly assist in narrowing the search for the native state
by increasing native-like interactions [5—-18]. However, often
the intermediates are trapped Kkinetically in the folding
pathway by non-native interactions that significantly reduce
the folding rate. These intermediates are comprised of
misfolded or randomly collapsed species [17,19-22]. The
partially folded intermediates that are formed under various
folding conditions may have different secondary structures
and compactness depending on the protein and the
experimental conditions. Further, the intermediate states
are not necessarily close either to the native or the unfolded
state [23]. These findings suggest that protein folding occurs
through a diverse array of mechanisms [16,24,25].

Three models, namely the framework model, the hydro-
phobic collapse model and the nucleation model are
frequently used to describe the mechanism of protein
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folding [24-32]. The framework model involves the forma-
tion of the tertiary structures through a hierarchical
assembly of the local elements of the secondary structures
[24,25,29-31,33]. The framework model has been extended
to include the mechanism where some extent of the tertiary
structures is also formed along with the secondary structure.
The hydrophobic collapse model, involves the formation
of a loose hydrophobic core followed by the development of
secondary structural elements resulting in the formation of
the tightly packed native structure [26,29]. According to the
nucleation model, the folding process of a protein starts
with the formation of a rate-limiting configuration by
native-like contacts of neighbouring residues, which then
nucleates into the native structures [27-29]. In the nucleation
model, the tight packing occurs rapidly without the
formation of an intermediate, whereas for both the hydro-
phobic collapse and framework models, the tight packing
occurs only after the formation of an intermediate state.

The folding pathway of HSA could be a complex process
because each domain could fold independently and the
inter-domain interactions could regulate the overall folding
process. However, very little is known about the folding
mechanism of HSA. In this report, multiple probes inclu-
ding bilirubin absorbance, tryptophan fluorescence, Nile
red fluorescence and far-UV CD spectroscopy were used
to identify and characterize the transitions that occurred
during the folding—unfolding of HSA. An intermediate state
was identified in both the unfolding and folding pathways of
HSA and we obtained evidence suggesting that the folding
of HSA follows the framework model.

Experimental procedures

Materials

HSA, fraction V, essentially fatty acid free was purchased
from Calbiochem. According to the manufacturer the
purity level of HSA is 298%. We also confirmed the purity
level of HSA by Coomassie blue staining of SDS/PAGE
(data not shown). GdnHCI was obtained from Aldrich
Chemical Co. Dicumarol, Sephadex G-25 and bilirubin
were from Sigma Chemical Co. Nile red and I-anilino-
naphthalene-8-sulfonic acid (ANS) were from Molecular
Probes. All other chemicals used in this study were of
analytical grade.

Binding of Nile red to HSA

Free Nile red in aqueous solution has negligible fluores-
cence. Upon binding to HSA, the fluorescence intensity at
615 nm increased severalfold. Nile red has limited solubility
in aqueous buffer. Therefore, low concentrations of Nile red
were used to determine its affinity to HSA. HSA (1 um) was
incubated with different concentrations (0.2-0.7 um) of Nile
red in 25 mm phosphate buffer (pH 7) at 25 °C for 30 min.
The dissociation constant of HSA and Nile red interaction
was determined using Eqn (1):

where AF,, is the maximum fluorescence when all the
binding sites are saturated with Nile red, [L] is the free ligand
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concentration, AFis the change in fluorescence when Nile red
and HSA were in equilibrium and Kj is the dissociation
constant. AF,,x was determined using a reverse titration
wherein a fixed concentration of Nile red (0.5 um) was
titrated with increasing amount of HSA in 25 mm phosphate
buffer pH 7 at 25 °C for 30 min. AF,,.x was determined by
plotting 1/(F-Fy) vs. 1/HSA and extrapolating 1/HSA
to zero. Here, Fy and F were the observed fluorescence
intensities of Nile red in the absence and presence of different
concentrations of HSA, respectively. Fluorescence measure-
ments were performed using a JASCO FP-6500 fluorescence
spectrophotometer (Jasco, Tokyo, Japan) at 25 °C equipped
with a constant temperature water-circulating bath. The
excitation and emission band passes were set at 5 nm and
10 nm, respectively. A quartz cell of 0.3 cm path length was
used for all experiments if not stated otherwise.

Unfolding of HSA probed by Nile red fluorescence

HSA (2 uvm) in 25 mMm phosphate buffer pH 7 was incuba-
ted with different concentrations of GdnHCl (0.25-7 m) at
25 °C for 30 min. Nile red (0.5 pm) was then added to the
reaction mixtures and incubated for an additional 30 min
before spectral measurements. The emission spectra were
collected over the range of 575-675 nm using 550 nm as an
excitation wavelength.

Steady-state unfolding of HSA probed by intrinsic
tryptophan fluorescence

HSA (2 um) in 25 mm phosphate buffer pH 7 was dena-
tured by different concentrations of GdnHCI (0.25-7 m)
at 25 °C for 1 h. The emission spectra were collected over
the range of 310400 nm using 295 nm as an excitation
wavelength.

Unfolding of HSA in the presence of bilirubin

The binding of bilirubin to HSA increases the ligand’s
absorbance at 475 nm. HSA (10 pm) was denatured by
different concentrations of GAnHCI (0.5-7 m) for 30 min at
25 °C. Then, 10 pm of bilirubin was added to individual
samples and incubated for 30 min under identical condi-
tions before taking the absorbance at 475 nm. Absorbance
measurements were performed using a JASCO V-530
UV-visible spectrophotometer.

Unfolding of HSA was probed by monitoring
the change in the secondary structure

HSA (5 um) in 25 mM phosphate buffer was incubated with
different concentrations of GdnHCI at 25 °C for 30 min.
The far-UV (200-260 nm) CD spectra were recorded at
25 °C using a JASCO spectropolarimeter (model J-810)
equipped with a JASCO PTC 423S Peltier temperature
control system. A quartz cuvette of 1-mm path length was
used for all far-UV CD measurements performed in this
study. Spectra were collected with a scan speed of
200 nm'min~" and a response time of 1 s. Each spectrum
was the average of five scans. The CD data were analysed
using a JASCO software package.
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Refolding studies by monitoring Nile red fluorescence

HSA (100 pm) was incubated with 6 M GdnHCI for 30 min
at 25 °C in 25 mm sodium phosphate buffer pH 7. Under
these conditions, HSA was found to be fully unfolded as
judged by Nile red fluorescence, tryptophan fluorescence
and far-UV CD spectroscopy. The unfolded sample was
diluted 50 times in phosphate buffer to adjust the final
concentration of HSA to 2 um. At desired time point, Nile
red was added to an aliquot of the diluted unfolded sample
and incubated for 2 min. The binding of Nile red to HSA
was found to be complete within 2 min. After 2 min of
incubation at 25 °C, Nile red fluorescence was monitored as
described previously. The fraction refolded was calculated
by using the following equation:

PO kil 2)

Fn—Fp

where F, is the fraction refolded, F is the observed Nile red
fluorescence intensity at different time intervals, Fy is the
fluorescence intensity of the native HSA—Nile red complex
and Fp is the fluorescence intensity of HSA-Nile red
complex in the presence of 6 M GdnHCI.

Refolding studies by monitoring tryptophan fluorescence

As described for Nile red, HSA (100 pm) was first unfolded
by incubating with 6 M GdnHCI. Then, the unfolded HSA
was diluted 50 times in phosphate buffer and the kinetics of
refolding were followed by monitoring tryptophan fluores-
cence. The excitation and emission wavelengths were
295 nm and 340 nm, respectively. The fraction of refolding
at different times was calculated using Eqn (2).

Ligand binding properties of refolded HSA

HSA was completely unfolded by incubating with 6 m
GdnHCl for 1 h. The denaturant was removed by exhaust-
ive dialysis at 4 °C against 25 mMm phosphate buffer pH 7.
Native or refolded HSA (3 um) was incubated with different
concentrations (0-50 pm) of dicumarol for 30 min at 25 °C
in 25 mm phosphate buffer pH 7. The binding of dicumarol
to the native and refolded HSA was determined by
monitoring the decrease in the tryptophan fluorescence of
HSA. Native or refolded HSA (3 pum) was incubated with
different concentrations (10-50 pm) of ANS for 30 min at
25 °C. The binding of ANS to the native and refolded HSA
was measured by measuring ANS fluorescence intensity at
475 nm using 360 nm as an excitation wavelength. Bilirubin
(5 um) was incubated with 5 pm of the native or refolded
HSA for 30 min at 25 °C and the binding of bilirubin to the
native and refolded HSA was determined by measuring the
bilirubin absorbance at 475 nm.

Light scattering assay

The light scattering of 10 ym HSA was monitored for
15 min in the absence and presence of different concentra-
tions (0.25 M, 0.5 M and 1 M) of GdnHCI. The excitation
and emission wavelengths were set to 400 nm with excita-
tion and emission band pass of 3 nm and 5 nm, respectively.
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Calculation of D, values from equilibrium unfolding

Several experiments demonstrated that the free energy
(AGy_f) of unfolded proteins at different denaturant
concentrations [D] has a linear relationship with the
denaturant concentration [34]:

AGufFD = AGufFHZO —m[D] (3)

where m is the slope of the transition, AGy_g™© is the free
energy of unfolding in the absence of denaturant. The
fluorescence intensity (F) of a protein at equilibrium with
differentconcentrations of denaturant[D]can beexpressed as:

F = [(oF + Bg[D]) + (o + By[D])
x exp{m([D] — Dy, )/RT}]/
(1 +exp{m([D] — Dn)/RT}] (4)

where o and oy are the intercepts and B and By are the
slopes of the baselines of the equilibrium fluorescence (F) at
low and high denaturant concentrations, respectively. D, is
the denaturant concentration at which 50% of the protein
is unfolded. R is the universal gas constant and 7 is the
absolute temperature. The data were fitted to this equation
using the linear least-squares method to obtain the best-
fitted values of m and D,,,. The curve fittings were performed
using MICROSOFT ORIGIN software.

Calculation of the rate constants from the kinetics
of refolding

HSA was found to follow two phases of refolding, a burst
phase and a slow phase. The burst phase occurred within the
dead-time of the experiment. The rate constant of the burst
phase could not be estimated as there were not sufficient
data points in the burst phase. The rate of the slow phase
was calculated using both tryptophan and Nile red fluor-
escence. The fluorescence intensity of tryptophan or Nile red
was related to the rate of the refolding reaction by Eqn (5):

I=1Iy+ (1 —e ™) x (Ir - Iy) (5)

where, I, and I; were the fluorescence intensities of the
unfolded and folded proteins, respectively, T is the absolute
temperature and k is the rate constant of the refolding
reaction. Eqn (5) was fitted to the kinetic data to obtain the
best-fitted values of k.

Results

Unfolding of HSA was monitored by the Nile red
fluorescence

Free Nile red in aqueous solution had negligible fluores-
cence but its fluorescence increased 18-fold upon the
addition of 2 pm HSA (Fig. 1A). The equilibrium unfolding
pathways of HSA were investigated using environment-
sensitive Nile red fluorescence. The fluorescence intensity of
the HAS-bound Nile red varied in a complex fashion with
increasing concentration of GdnHCI (Fig. 1A). For exam-
ple, the fluorescence intensity increased in the presence of
0.25 M GdnHCI and decreased at higher concentrations of
GdnHCI (Fig. 1A). The changes in fluorescence intensity at
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Fig. 1. The fluorescence spectrum of HSA-bound Nile red in the absence
and presence of GdnHCI. (A) Absence of GdnHCI (A), with 0.25 m
(V),2M (A), 4 m (O) and 7 M GdnHCI (@). Free Nile red (0.5 pum)
fluorescence spectrum in the absence of HSA was denoted by (O). The
fluorescence intensities of HSA-bound Nile red at 615 nm (O) and
emission maximum (@) are plotted against GdnHCI concentration in
(B). All spectra were corrected by subtracting the appropriate blank
(spectra containing 0.5 pm Nile red in the presence of different con-
centrations of GdnHCI in the absence of HSA) from the original
spectra.

615 nm of the HSA—Nile red complex along with the
changes in the wavelength of emission maximum with
increasing concentration of GdnHCI are shown in Fig. 1B.
The fluorescence intensity of HSA-Nile red complex
increased by ~44% in the presence of 0.25 M GdnHCI
and the intensity did not change until 1.5 m GdnHCI. The
fluorescence intensity of free Nile red (in the absence of
HSA) was increased only by 6% in the presence of 0.25 m
GdnHCI showing that the increased fluorescence intensity
of the HSA-Nile red complex in the presence of 0.25 m
GdnHCI was not due to an increase in the quantum yield of
the unbound Nile red. Further, there was a minimal increase
(3 nm) in the emission maximum of HSA—Nile red complex
fluorescence up to 1.5 M GdnHCI (Fig. 1B). Beyond 1.5 m
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GdnHCI, the fluorescence intensity of bound Nile red
decreased sharply with increasing concentration of GdnHCl
accompanied by a large red shift (26 nm) of the wavelength
of emission maximum (Fig. 1B). The unfolding of HSA
appeared to occur through two transitions with the
formation of an intermediate (Fig. 1B). The first transition
occurred at low concentrations of GAnHCI (< 1.5 m) that
increased the exposure of the hydrophobic surface around
Nile red binding site on HSA and the second unfolding
transition destroyed most of the hydrophobic surfaces of the
protein. The calculated value for the mid-point of unfolding
transition (D) was 2.0 = 0.01 m GdnHCI.

The enhanced Nile red fluorescence in the presence of low
concentrations of GdnHCI may be due to either an increase
in the Nile red binding to HSA or due to an increase in the
quantum yield of the HSA-bound Nile red. To discern the
possibilities, the dissociation constants of Nile red binding
to HSA were determined under mild denaturation condi-
tions. The dissociation constants (Ky) of Nile red and HSA
interaction were found to be 0.39 + 0.03 pm in the absence
of GdnHCI, 042 + 0.04 pm in the presence of 1w
GdnHCI and 1.72 + 0.32 pm in the presence of 2.2 M
GdnHCI. The data indicated that the observed increase in
Nile red fluorescence at low concentrations of GdnHCl was
not due to an increase of Nile red binding to HSA. Further,
the increase in Nile red (0.5 pm) fluorescence was measured
in the presence of low (2 pm) and high (50 um) concentra-
tions of HSA. In the presence of 50 pm HSA, the free Nile
red concentration would be negligible since the Ky of the
Nile red and HSA interaction was 0.39 £ 0.03 pm.
GdnHCI (1 m) increased the bound Nile red fluorescence
448 +£ 29% in the presence of 2um HSA and
44.7 + 2.0% in the presence of 50 pm HSA compared to
control (in the absence of GdnHCI). The data suggested
that the increase in Nile red fluorescence in the presence of
1 M GdnHCl was due to an increase in the quantum yield of
the HSA-bound Nile red.

We also investigated whether low concentrations of
GdnHCI (0.25 M, 0.5 M and 1 M) could induce the aggre-
gation of HSA by using a standard light scattering
technique [35,36]. Low concentrations of GdnHCI did not
increase the light scattering signal at 400 nm compared
to the control HSA (in the absence of GdnHCI) signal
suggesting that low concentrations of GdnHCI did not
induce aggregation of HSA (data not shown).

Steady-state unfolding of HSA was probed by tryptophan
fluorescence and bilirubin binding

There was a minimal (=~ 8%) increase in the tryptophan
fluorescence of HSA in the presence of low concentrations
of GdnHCl (0.6 m—1.4 m) (Fig. 2). However, tryptophan
fluorescence decreased sharply beyond 1.6 M GdnHCI
indicating that the unfolding process is cooperative. The
limiting fluorescence intensity was reached at 4 M GdnHCL.
The tryptophan fluorescence intensity changes were fitted
in a two state transition model that yielded a D, value of
2.0 £ 0.01 m.

Bilirubin binds to HSA at drug binding site I of the
domain IT [37,38]. As shown in Fig. 2, bilirubin binding
was minimally altered at low concentrations (< 2 m) of
GdnHCI but the binding of bilirubin to HSA decreased
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Fig. 2. GdnHCl-induced unfolding of HSA was probed by the intrinsic
tryptophan fluorescence (O) and bilirubin binding (®). Intrinsic trypto-
phan fluorescence intensities at 340 nm were recorded from the emis-
sion spectra and the fluorescence intensities were normalized against
the tryptophan fluorescence intensity of the native HSA. The inter-
action of bilirubin with HSA was monitored by the change in
absorbance at 475 nm.

sharply beyond 2 M GdnHCI. The nonlinear regression
analysis of the data in a two state transition model produced
a Dy, value of 2.5 + 0.1 m.

Secondary structural changes during equilibrium
unfolding and refolding of HSA monitored by far-uv CD

The far-UV CD spectra was not perturbed by ~1.5m
GdnHCI indicating that the secondary structure of HSA
was not detectably changed (Fig. 3A). However, higher
concentrations of GdnHCI perturbed the far-UV CD
spectra of HSA in a concentration-dependent fashion
(Fig. 3A). The changes in CD at 220 nm with increasing
GdnHCI concentration are shown in Fig. 3B. The D, value
was calculated to be 2.8 £ 0.1 m and the complete loss
of secondary structure occurred at 5 M GdnHCI (Fig. 3B).
The refolding isotherm was found to be similar to the
unfolding isotherm and the D,, was estimated to be
28 £ 0.2 m (Fig. 3B). The data indicated that HSA
undergoes reversible folding process.

Kinetics of HSA refolding was probed by tryptophan
fluorescence, Nile red fluorescence and far-Uv CD
spectroscopy

Tryptophan fluorescence has been used extensively to
monitor the recovery of tertiary structure during the
refolding processes of several proteins [39,40]. We also
examined the refolding kinetics of HSA by monitoring the
intrinsic tryptophan fluorescence spectra of HSA at differ-
ent time points (Fig. 4A). The kinetics of refolding appeared
to follow two phases, a burst phase and a slow phase
(Fig. 4B). During the burst phase, 50% recovery of the
tryptophan fluorescence occurred at 30 s of refolding.
However, the complete recovery of the tryptophan fluores-
cence took almost 2 h indicating that the remaining part of
the folding occurred through a slow phase. The rate
constant of the burst phase of the refolding step could not
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Fig. 3. The effect of GdnHCI on the far-UV CD spectra of HSA. (A)
CD spectra of HSA in the absence (O) and presence of 1.5 M (@),
2.5M (A) and 6 M (A) GdnHCI. (B) The 220 nm CD signals at dif-
ferent concentrations of GdnHCI were normalized with respect to the
control signal (in the absence of GAnHCI) and plotted against GAnHCI
concentrations (B) during unfolding (O) and refolding of HSA (@).
HSA (2 um) in the absence of GAnHCI was used as the control.

be estimated due to the lack of sufficient data points. The
apparent rate of the slow phase was estimated to be
0.016 + 0.002 min~' by fitting the data in Eqn (5). The
fluorescence intensity of the native HSA did not change
during the experimental duration.

The kinetics of refolding was also measured by the
recovery of the Nile red fluorescence as described in
Experimental procedures. The kinetics of refolding of
HSA appeared to be bi-phasic (Fig. 5). The burst phase of
refolding occurred rapidly with 71% of refolding happened
within the first 2 min of dilution in GdnHCl-free buffer. In
the slow phase of refolding almost 90% of folding was
observed by 10 min of refolding. The apparent rate constant
of the slow phase was estimated to be 0.12 + 0.02 min~" by
fitting the data points of the slow phase in Eqn (5).
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Fig. 4. Kinetics of HSA refolding monitored by tryptophan fluorescence.
(A) Tryptophan spectra of 2 pm HSA in the absence (O) and presence
of 6 M (@) GdnHCI. The spectra defined by the symbols (1, A, A and
(V) represent 30s, 45 min, 90 min and 120 min of refolding,
respectively. (B) Fraction of tryptophan fluorescence recovery (O) at
different time points. The fluorescence (A) of the native HSA (2 pm)
did not change during the duration of the experiment. The extent of
refolding was calculated as described in Experimental procedures.

Finally, the refolding kinetics of HSA was examined by
monitoring the increase of far-UV CD signals with time
(Fig. 6). Almost complete (> 98%) recovery of the 220 nm
CD signal was observed within the first 30 s of refolding
(Fig. 6, inset). Thus, the formation of the secondary
structure of HSA occurred at much faster rate than the
formation of the tertiary structure as probed by the recovery
of tryptophan fluorescence and Nile red fluorescence.

Refolding of HSA in the presence of different
concentrations of GdnHCI probed by Nile red
fluorescence

Using Nile red fluorescence, we detected an intermediate
state in the unfolding pathway of HSA (Fig. 1A). To verify
that the intermediate state was indeed a part of the folding
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The refolding kinetics (O) of HSA was measured by the fluorescence
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experiment.
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Fig. 6. Kinetics of secondary structure formation of HSA during
refolding. The recovery of secondary structure was monitored by
monitoring far UV-CD spectra at different time points. The figure
shows the spectra taken at 30 s (@) and 20 min (A) after dilution. The
far UV-CD spectra of 2 pm native HSA (O) in the absence of GAnHCl
and 2 pm unfolded HSA (A) in the presence of 6 M GdnHCI are also
shown for comparison. The fractional recovery of the 220 nm CD
signal is shown (inset).

pathway, and not an experimental artefact, refolding
kinetics of HSA in the presence of different concentrations
of GdnHCI were performed (Fig. 7). After unfolding HSA
in 6 M GdnHCI, refolding was initiated by appropriate
dilution of the unfolded protein in phosphate buffer
containing varying concentrations of GdnHCI and the
recovery of the Nile red fluorescence was monitored. During
refolding process, the fluorescence intensity of Nile red
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Fig. 7. Equilibrium refolding of HSA in the presence of different con-
centrations of GAnHCI. The recovery of the Nile red fluorescence at 1 h
(@), 12h (A) and 24 h (A) was monitored as described in the
Experimental procedures.

changed in a manner that was observed during the
unfolding process of HSA indicating that an intermediate
was also formed in the folding pathway. The fluorescence
intensity of the intermediate state remained constant for a
narrow GdnHCI concentration range for the longer incu-
bation time. The estimated D,, values were 2.2 + 0.1 m,
2 + 001 ™M and 1.5 £ 0.1 m for 1 h, 12 h and 24 h of
refolding, respectively. The results together indicated that
the stability of the intermediate state decreased with
increasing incubation time.

Ligand binding properties of the refolded HSA

HSA was completely unfolded by incubating with 6 m
GdnHCI for 1 h. After removal of GdnHCI, the ligand
binding ability of the refolded HSA was compared with that
of the native HSA. Bilirubin, dicumarol and ANS were
found to bind to the native and refolded HSA similarly
showing that the refolded HSA regained its ligand binding
ability completely (data not shown). In addition, trypto-
phan fluorescence spectra and far-UV CD spectra of the
native HSA and refolded HSA were found to be identical.
The results together showed that no misfolding occurred
during the refolding process and that the unfolding of HSA
was completely reversible. Previous studies also showed that
the GdnHCl-induced unfolding of HSA was reversible
[13,41].

Discussion

The highly cooperative changes in tryptophan fluorescence,
bilirubin absorbance and the far-UV CD spectra suggested
that the unfolding process of HSA involves only a native
and an unfolded state, i.e. the reaction follows a two-state
process (Figs 2 and 3). However, the initial increase and the
subsequent decrease of Nile red fluorescence at low and
high concentrations of GdnHCI indicated that at least
one relatively stable intermediate was formed during the
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unfolding of HSA. Similar to unfolding, at least one
intermediate was detected in the folding profile of HSA
using Nile red fluorescence. The stability of the equilibrium
refolding intermediate was found to decrease in the presence
of moderate concentrations of GdnHCI with increasing
incubation time. The Nile red fluorescence of the inter-
mediate was found to increase with incubation time
suggesting that the nature of the intermediate changed after
prolonged incubation with GdnHCI (Fig. 7). The increase
in the Nile red fluorescence of the intermediate with
incubation time could be due to an increase in the
hydrophobic environment surrounding the probe. The
multidomain structure of HSA could be the structural basis
of the formation of the equilibrium intermediate, as the
domains may unfold and fold independently.

Despite overlap in the effective GdnHCI concentrations
needed to unfold HSA, the GdnHCl-induced unfolding of
HSA occurred in a stepwise fashion. The calculated D,
values for GdnHCl-induced unfolding of HSA probed by
tryptophan fluorescence, Nile red fluorescence and far-UV
CD were 2.0 £ 0.01 m, 2.0 = 0.01 m and 2.8 + 0.2 Mm,
respectively. Thus, the tertiary structure was lost at a lower
concentration of GdnHCl compared to the secondary
structure suggesting that the secondary structure of HSA is
more stable than its tertiary structure. The first unfolding
transition that occurred in the presence of 0.25 M GdnHCl
was accompanied by a significant increase (=45%) in the
fluorescence intensity of the HSA-Nile red complex
(Fig. 1B). The fluorescence intensity of free Nile red was
increased only 6% by the low concentration of GdnHCI
showing that the enhanced fluorescence of the HSA—Nile
red complex was not caused by an increase of the quantum
yield of the free Nile red. Interestingly, the dissociation
constant of HSA and Nile red interaction did not change in
the presence of low concentrations of GdnHCI. Further, the
fluorescence intensity of the fully bound Nile red (in the
presence of 100-fold excess HSA) also increased by =~ 45%
in the presence of 1 M GdnHCl indicating that the increased
fluorescence intensity at low concentration of GdnHCl was
due mainly to an increase in the quantum yield of the Nile
red and not due to the generation of new Nile red binding
sites. It appears that low concentrations of GdnHCI induce
rearrangement of hydrophobic surfaces around Nile red
binding site on HSA in a way that the probe experiences
more hydrophobic environment than the native conforma-
tion of HSA, which results in an increase in the quantum
yield of the bound probe. The CD analysis showed that no
significant alteration in the secondary structure occurred
during the first unfolding transition, indicating that the first
transition involves local tertiary structure rearrangement,
with no detectable change in secondary structure. Low
concentration (< 1.5 m) of GdnHCI minimally altered the
intrinsic tryptophan fluorescence of HSA. Therefore, the
intermediate state that was detected by the Nile red
fluorescence has native-like secondary structure and tertiary
topology but it contained 45% more exposed hydrophobic
surface than the native HSA.

Upon removal of GdnHCI, HSA gained its tryptophan
fluorescence, secondary structure and ligand binding abil-
ities indicating that HSA undergoes reversible folding and
unfolding processes (Figs 4-6 [13]). However, the equilib-
rium refolding profile of HSA monitored by the Nile red
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fluorescence did not match well with that of the unfolding
profile in the presence of GdnHCI (Fig. 1B and Fig. 7). The
disparity between the unfolding and refolding profiles of
HSA suggested that the intermediates formed during the
folding and unfolding processes in the presence of GdnHCI
were not identical. Some misfolded off-pathway intermedi-
ates could also be formed when the unfolded HSA was
incubated with moderate concentrations of GdnHCI for
longer durations (Fig. 7).

The refolding process was initiated by diluting the
unfolded HSA in GdnHCl-free buffer. The far-UV CD
spectrum of refolded HSA was indistinguishable from that
of the native protein within 30 s of dilution while the protein
recovered only 50% of its tryptophan fluorescence at 30 s
(Figs 4 and 6). The data suggested that the folding pathway
of HSA involved at least one intermediate (I), which
contained native-like secondary structures but only a partial
tertiary structure. The pattern of the recovery of the
tryptophan fluorescence intensity indicated that the folding
of HSA occurred in a biphasic manner, a burst phase
followed by a slow phase. The slow phase may be due to
some kinetically unfavourable structural rearrangements of
the protein. Like tryptophan fluorescence, the Nile red
fluorescence intensity also showed a similar kinetic pattern
of HSA refolding; 71% of the Nile red fluorescence was
recovered within 2 min of refolding while the recovery of
the remaining fluorescence was a relatively slow process
(Fig. 5). The initial burst phase was not detectable using
Nile red fluorescence because the kinetics of Nile red
binding to HSA was a much slower process than the burst
phase of the refolding. Although, the estimated values of the
apparent rate constants of the slow phase obtained from
tryptophan and Nile red fluorescence differed from each
other, both probes showed a similar overall pattern of
refolding kinetics of HSA, a burst phase followed by a slow
phase of refolding. The change in the fluorescence intensity
of a probe depends on the change in its surroundings. The
discrepancy in the rate constants of the slow phase may be
due to a difference in the rates of folding of the local
environment of the probes. Taken together, the results of
the kinetic studies suggested that an intermediate was
formed at the burst phase of refolding, which contained
most of the secondary structures of the native state but did
not have native-like rigid side chain packing and subse-
quently, the intermediate refolded to the native state (N)
through a slow phase. Therefore, the refolding scheme of
HSA can be described as:

Burst Slow

U——I]——N

The secondary structure of HSA was completely formed
within 30 s of refolding whereas only 50% of the trypto-
phan fluorescence was recovered within that time suggesting
that the secondary structure of HSA was completed prior
to the completion of tertiary structure. The data suggested
that the folding of HSA follows a framework model wherein
the formation of the tertiary structure occurs through a
hierarchical assembly of the local elements of the secondary
structures [29-31]. However, we cannot rule out the
possibility that a native-like tertiary topology started to
form at a very early stage of folding as 50% of the
tryptophan fluorescence and 71% of Nile red fluorescence
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were recovered by 30 s and 2 min of refolding, respectively,
supporting a hierarchical framework-like model for the
folding of HSA. The hierarchical framework model is an
extended version of the framework model where some
extent of the tertiary structures is also formed along with the
secondary structure [31,32]. The subtle difference between
the framework model and the hierarchical framework-like
model makes it very difficult to distinguish between these
models because a native-like tertiary backbone was also
found to exist for several proteins at very early stages of
folding although the formation of the secondary structure
preceded the formation of the tertiary structure [30,42-44].
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