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Abstract Human serum albumin (HSA) participates in

heme scavenging, the bound heme turning out to be a

reactivity center and a powerful spectroscopic probe. Here,

the reversible unfolding of heme–HSA has been investi-

gated by 1H-NMR relaxometry, circular dichroism, and

absorption spectroscopy. In the presence of 6 equiv of

myristate (thus fully saturating all available fatty acid

binding sites in serum heme–albumin), 1.0 M guanidinium

chloride induces some unfolding of heme–HSA, leading to

the formation of a folding intermediate; this species is

characterized by increased relaxivity and enhanced

dichroism signal in the Soret region, suggesting a more

compact heme pocket conformation. Heme binds to the

folding intermediate with Kd = (1.2 ± 0.1) 9 10-6 M. In

the absence of myristate, the conformation of the folding

intermediate state is destabilized and heme binding is

weakened [Kd = (3.4 ± 0.1) 9 10-5 M]. Further addition

of guanidinium chloride (up to 5 M) brings about the usual

denaturation process. In conclusion, myristate protects

HSA from unfolding, stabilizing a folding intermediate

state in equilibrium with the native and the fully unfolded

protein, envisaging a two-step unfolding pathway for

heme–HSA in the presence of myristate.

Keywords Circular dichroism � 1H-NMR relaxometry �
Heme–human serum albumin � Guanidinium chloride �
Folding intermediate state

Abbreviations

B Basic

CD Circular dichroism

F Fast migrating

FA Fatty acid

GnCl Guanidinium chloride

HSA Human serum albumin

N Neutral

Introduction

Human serum albumin (HSA), a nonglycosylated 66-kDa

protein consisting of 585 amino acids, is the most abundant
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protein in plasma. The modular three-domain structure of

HSA, which probably arises from a divergent evolution of

a degenerated ancestral gene followed by fusion events, is

made by two flexible interdomain helices linking domains

I–II and II–III, respectively. Each domain is formed by two

separate subdomains (named A and B), connected by a

random coil (Fig. 1) [1–5].

HSA is a well-known plasma carrier, characterized by an

extraordinary ligand binding capacity, being able to interact

with amino acids, hormones, metal ions, bilirubin, and

drugs. Furthermore, HSA binds up to 7 equiv of long-chain

fatty acids (FAs; such as myristate) at multiple binding sites

with different affinity (Fig. 1). In sites FA1–FA5 the car-

boxylate moiety of FAs is anchored by electrostatic/polar

interactions; in contrast, sites FA6 and FA7 do not display

clear evidence of polar interactions that keep in place the

carboxylate head of the FA, thus suggesting that sites FA6

and FA7 are low-affinity FA binding sites [3, 4, 6–10]. One

of the FA binding sites (FA1) has evolved to selectively

bind heme with high affinity (Kd = 1.0 9 10-8 M [11])

with the tetrapyrrole ring arranged in a D-shaped cavity

limited by Tyr138 and Tyr161 residues that provide p–p
stacking interaction with the porphyrin and supply a donor

oxygen (from Tyr161) for the Fe(III) heme iron [10–14].

In turn, heme binding to HSA endows the protein with

heme-based reactivity [4, 15] and spectroscopic properties

[16–21].

Myristate, binding to all FA sites, competes with heme

in FA1 and at the same time modulates the neutral (N) to

basic (B) transition and stabilizes the binding of heme with

an overall twofold increase of Kd [21]. Binding of FAs to

HSA is known to determine a conformational change in the

protein structure [3, 5, 13, 20].

HSA structure undergoes pH- and ligand-dependent

reversible conformational transition(s). Between pH 2.7

and 4.3 and in the absence of ligands, HSA displays the

fast-migrating (F) form, characterized by increased vis-

cosity, low solubility, and a significant loss in helical

content. Between pH 4.3 and 8.0 and in the absence of

ligands, HSA displays the N form, which is characterized

by the typical heart-shaped structure and increased affinity

for some ligands (e.g., warfarin) (Fig. 1). At pH greater

than 8.0 and in the absence of ligands, HSA changes

conformation leading to the B form, which is characterized

by increased affinity for some other ligands (e.g., heme).

According to linked functions [22], ligands that bind

preferentially to one of the conformational states of HSA

allosterically modulate the F $ N $ B transition [2, 16–

18, 20, 21, 23, 24].

The multidomain structural organization makes HSA a

model system to investigate how interdomain interactions

could affect the folding/unfolding process [25–32]. With

use of different experimental techniques to follow thermal

or chaotropic denaturation of HSA, it has been observed

that the HSA N state unfolds in two sequential steps,

domain II unfolding before domain I (i.e., the heme bind-

ing domain) [29–31]. Although the guanidinium chloride

(GnCl)-induced unfolding of HSA has been reported to

proceed cooperatively without any detectable intermediate

state in the absence of ligand(s) that would stabilize the

intermediate state(s) [30, 32], it has been suggested by

Rezaei-Tavirani [31] that reversible unfolding of the HSA

N form might occur through the formation of an interme-

diate species, possibly a molten globule, which could retain

the ability to bind the heme. A similar mechanism has been

proposed for the urea-induced reversible unfolding of the

HSA F state [30].

Here, we report the GnCl-dependent heme–HSA re-

versible unfolding in the absence and presence of myristate,

followed by NMR relaxometric measurements, circular

dichroism (CD), and absorption spectroscopy. NMR re-

laxometry has been used recently to investigate the effect of

prototypic drugs (such as ibuprofen and warfarin) on

reversible heme–HSA unfolding, and has turned out to be a

powerful technique to investigate protein structural changes

in the proximity of a paramagnetic probe molecule (i.e.,

heme) [32]. Results obtained by NMR relaxation, CD, and

absorption spectroscopy indicate that heme–HSA partially

unfolds, in the presence of 1.0 M GnCl and 6 equiv of

myristate, through the formation of a folding intermediate

characterized by increased relaxivity and negative elliptic-

ity in the Soret region. Further, the thermodynamics of

Fig. 1 Three-dimensional structures of human serum albumin (HSA)

in the absence (Protein Data Bank entry 1AO6 [39], in red) and in the

presence (Protein Data Bank entry 1O9X [12], in blue) of heme and

myristate. Heme (red) and myristate ions (green) are rendered as

space-fill. For details, see the text
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heme binding to HSA, in the absence and presence of GnCl

and myristate, indicates that myristate stabilizes a folding

intermediate state displaying heme affinity similar to that of

native HSA.

Materials and methods

All reagents (from Sigma-Aldrich, St Louis, MO, USA)

were of the highest purity available and were used without

further purification. HSA was FA-free and its concentration

was determined by the Bradford assay [33]. The heme

concentration was determined spectrophotometrically at

535 nm after converting hemin to the heme–bisimidazolate

derivative in sodium dodecyl sulfate micelles (e535 =

14.5 cm-1 mM-1) [34]. Heme–HSA was prepared by

adding the appropriate volume of the stock heme solution

(i.e., 1.2 9 10-2 M heme in 1.0 9 10-1 M NaOH) to the

1.0 9 10-3 M HSA solution (1.0 9 10-1 M phosphate

buffer, pH 7.0) to obtain a final heme–HSA concentration

ranging between 5.0 9 10-6 and 1.0 9 10-3 M. The heme

to HSA ratio ranged between 1:10 and 9:10. The excess of

HSA ensured that the heme was bound to the HSA primary

binding site only [11].

The 1.0 9 10-1 M myristate solution was prepared by

adding 1.0 9 10-4 mol sodium myristate to 1.0 ml of

1.0 9 10-1 M NaOH. To dissolve the FA, the suspension

was heated to 100 �C and stirred. An appropriate aliquot of

the myristate solution was then mixed with 1.0 9 10-4 M

heme–HSA to achieve the desired myristate concentration.

Then, the heme–HSA–myristate complex was incubated

for 1 h at room temperature under continuous stirring [13].

Lastly, the pH was adjusted to pH 7.0 by adding few

microliters of 1.0 9 10-1 M HCl or 1.0 9 10-1 M NaOH.

The heme–HSA–GnCl stock solution (containing 5.0 M

GnCl) was prepared by dissolving GnCl in the heme–HSA

solution. Then, different volumes of the heme–HSA solu-

tion (in the absence and presence of the chaotropic agent)

were mixed to obtain the desired GnCl concentration at a

fixed heme–HSA concentration. GnCl-induced HSA

unfolding is fully reversible under the experimental con-

ditions reported in the present study [25–32]. Samples were

incubated for 1 h before measurements. Lastly, the pH was

adjusted to pH 7.0 by adding a few microliters of

1.0 9 10-1 M HCl or 1.0 9 10-1 M NaOH.

Water proton T1 measurements at 0.04 MHz, pH 7.0,

and 25.0 �C were performed with a Stelar Spinmaster-FFC

fast field cycling relaxometer (Stelar, Mede, PV, Italy) with

16 experiments in four scans. Briefly, macroscopic mag-

netization is obtained by inserting the sample in a magnetic

field of 2.35 9 10-1 T (corresponding to 10 MHz proton

Larmor frequency), then the magnetic field is switched to

9.4 9 10-3 T (corresponding to 0.04 MHz proton Larmor

frequency) for variable time. During this evolution interval

the macroscopic magnetization changes with a time con-

stant corresponding to the T1 value at 0.04 MHz. At the

end, the magnetic field is switched to 2.21 9 10-1 T

(corresponding to a 9.4 MHz proton Larmor frequency)

and the magnetization is converted into an observable

NMR signal by a radiofrequency pulse at 9.4 MHz. The

intensity of the signal is proportional to the magnetization

at the end of the evolution interval [35]. The reproduc-

ibility in T1 measurements was ±0.5% [11]. The

temperature was controlled by a Stelar VTC-91 airflow

heater and checked in the sample cavity with a mercury

thermometer. The r1 relaxivity values (i.e., the paramag-

netic contributions to the solvent water longitudinal

relaxation rate referenced to that of a 1.0 9 10-3 M con-

centration of the paramagnetic agent) were determined by

subtracting from the observed relaxation rate (R1
obs) the

blank relaxation rate (R1
dia) measured for the buffer solution

at the experimental temperature [35–37]. The heme–HSA

concentration was 1.0 9 10-4 M.

Reversible GnCl-induced unfolding data were analyzed

according to Eq. 1 (modified from [38]):

r1 ¼ r1 þ r0 þ
Dr � GnCl½ �
Kd þ GnCl½ �

� �
� 1

1þ e �
DG0�m� GnCl½ �

RT

� �
" #

;

ð1Þ

where r? is the r1 value observed at saturating GnCl

concentration, r0 is the r1 value observed in the absence of

GnCl, Dr is the r1 increase associated with the first dena-

turation step, i.e., the formation of the folding intermediate

state, DG0 is the standard Gibbs free energy for the global

unfolding process, and Kd is the protein–GnCl affinity

constant. The coefficient m is proportional to the protein

surface exposed to the solvent.

CD experiments were performed with a JASCO J710

spectropolarimeter (JASCO, Tokyo, Japan) in the far-UV

region (190–250 nm), the near-UV region (250–310 nm),

and the Soret region (350–450 nm): the heme–HSA con-

centration was 5.0 9 10-7, 2.0 9 10-5, and 1.0 9

10-4 M, respectively. The cell length was 1.0 mm. The

buffer was 0.1 M phosphate pH 7.0. All spectra were the

average of four measurements and were corrected by

baseline subtraction. The myristate concentration was

6 times the HSA concentration; after addition of GnCl and/

or myristate, solutions were incubated for 60 min at 25 �C.

Heme binding to HSA was investigated spectrophoto-

metrically using an optical cell with 1.0-cm path length

with use of a Cary 50 Bio spectrophotometer (Varian, Palo

Alto, USA) in the UV–vis region (300–800 nm). In

experiments carried out at different HSA concentrations, a

small amount of the heme solution (about 1.2 9 10-2 M)

was diluted in the optical cell in 1.0 9 10-1 M phosphate
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buffer, 10% dimethyl sulfoxide, pH 7.0, to a final chro-

mophore concentration of 1.0 9 10-5 M. Then, small

amounts of 1.0 9 10-3 M HSA were added to the heme

solution and the absorption spectra were recorded after

incubation for a few minutes after each addition. The same

experiments were performed in the presence of

1.8 9 10-4 M myristate, 1.0 M GnCl, or both. Spectra

were normalized with respect to the first spectrum. In

experiments carried out at different heme concentrations, a

small amount of the HSA solution (about 1.0 9 10-3 M)

was diluted in the optical cell in 1.0 9 10-1 M phosphate

buffer, 10% dimethyl sulfoxide, 1.0 M GnCl, pH 7.0, to a

final HSA concentration of 1.0 9 10-5 M, in the absence

and in the presence of 6.0 9 10-5 M myristate. Then,

small aliquots of 1.2 9 10-2 M heme were added to the

HSA solution and the absorption spectra were recorded

after incubation for a few minutes after each addition. In

parallel, spectra were recorded in the absence of HSA and

pairwise subtracted from the first ones. In both cases, the

binding isotherms were analyzed by plotting the difference

of absorbance (DA) at 410 nm as a function of the HSA or

heme concentration. Data were analyzed according to

Eq. 2 (modified from [20]):

Y ¼
K�1

d Lt þ PtK
�1
d þ 1

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K�1

d Lt þ PtK
�1
d þ 1

� �2� 4K�2
d LtPt

q
2K�1

d Lt

;

ð2Þ

where Y is the molar fraction of bound heme, Kd is the

dissociation equilibrium constant of heme–HSA formation,

Lt is the total ligand (i.e., heme) concentration, and Pt is the

total protein (i.e., HSA) concentration.

The three-dimensional structures of HSA in the absence

and in the presence of heme and myristate were down-

loaded from the Protein Data Bank (entries 1AO6 and

1O9X, respectively) [13, 39]. Structural models were

drawn with the UCSF Chimera package from the Resource

for Biocomputing, Visualization, and Informatics at the

University of California, San Francisco [40].

Results

Figure 2 shows the GnCl-induced reversible unfolding of

heme–HSA followed by measuring the millimolar relax-

ivity r1 at 0.04 MHz, pH 7.0, and 25 �C. In the absence

(see also [21]) and in the presence of 3 equiv of myristate

with respect to total HSA (i.e., 3.0 9 10-3 M myristate),

the r1 value of the 1.0 9 10-4 M heme–HSA solution (in

the presence of a tenfold excess of HSA, i.e.,

1.0 9 10-4 M heme and 1.0 9 10-3 M HSA) decreases

from 25 to 8 s-1 mM-1 on raising the GnCl concentration

to 5.0 M. The denaturation curves are in agreement with a

simple global unfolding process (Eq. 1, DR = 0), from

which DG0 values of 6.4 ± 1.0 and 7.9 ± 1.0 kJ mol-1,

respectively, are derived (Table 1); furthermore, values of

m (proportional to the increase of the protein surface

exposed to the solvent on unfolding) of 4.4 ± 0.6 and

3.8 ± 0.4 kJ l mol-2, respectively, were obtained. On the

other hand, in the presence of 6 equiv of myristate (with

respect to total HSA, i.e., 6.0 9 10-3 M myristate), the r1

value of the 1.0 9 10-4 M heme–HSA solution (in the

presence of a tenfold excess of HSA, i.e., 1.0 9 10-4 M

heme and 1.0 9 10-3 M HSA) increases from 25 to

33 s-1 mM-1 on raising the GnCl concentration to 1.0 M.

A further increase of the GnCl concentration from 1.5 to

5.0 M induces a reduction of r1 values, which tend to the

asymptotic value of 14 s-1 mM-1 at saturating denaturant

concentrations. The analysis of data according to Eq. 1

allowed us to determine the dissociation equilibrium

constant for the formation of the heme–HSA–myristate–

GnCl complex (i.e., the species endowed with a high

relaxivity value; Kd = 0.3 ± 0.2 M, corresponding to a

Gibbs free energy for the GnCl binding to HSA of

Fig. 2 Effect of guanidinium chloride (GnCl) on unfolding of heme–

HSA in the absence of myristate (squares) and in the presence of

3 equiv (i.e., 3.0 9 10-3 M; triangles) and 6 equiv (i.e.,

6.0 9 10-3 M; circles) of myristate, as obtained by measuring r1 at

0.04 MHz proton Larmor frequency, pH 7.0, and 25 �C. The dotted
lines were obtained by the analysis of data according to Eq. 1. For

details, see the text and Table 1

Table 1 Thermodynamic parameters for global unfolding of heme–

human serum albumin (heme–HSA)

Myristate (M) DG0 (kJ mol-1) m (kJ l mol-2)

0 6.4 ± 1.0 4.4 ± 0.6

3.0 9 10-3 a 7.9 ± 1.0 3.8 ± 0.4

6.0 9 10-3 b 15.8 ± 3.2 6.8 ± 1.2

a Corresponding to 3 equiv of myristate per total HSA
b Corresponding to 6 equiv of myristate per total HSA
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1.3 ± 0.5 kJ mol-1), the Gibbs free energy for the global

unfolding process (DG0 = 15.8 ± 3.2 kJ mol-1; see

Table 1), and m (6.8 ± 1.2 kJ l mol-2). The free energy

for the global unfolding increases with the myristate con-

centration, thus suggesting a stabilizing effect of myristate;

on the other hand, m remains mostly unaffected at low

myristate concentration, whereas it shows a twofold

increase in the presence of 6 equiv of myristate (Table 1).

The myristate concentration corresponding to 6 equiv is

6.0 9 10-3 M, i.e., higher than the critical micellar con-

centration (4.5 9 10-3 M). This is not a concern when the

protein is folded, as myristate is completely bound to HSA,

whereas myristate micelles are formed when the protein is

denatured and myristate is released. For this reason the

asymptotic value for r1 of free heme in the presence of

6.0 9 10-3 M myristate is different from the values mea-

sured in the presence of 3.0 9 10-3 M and in the absence

of myristate.

The peculiar relaxivity enhancement observed in Fig. 2

prompted us to characterize structural changes associated

with myristate binding and GnCl-induced denaturation by

CD. Figure 3 shows the CD spectra of heme–HSA in the

Soret region (350–450 nm), in the near-UV region (250–

310 nm), and in the far-UV region (190–250 nm). Simi-

larly to what was observed for classic heme–proteins (e.g.,

myoglobin) [40, 41], molar ellipticity measured in the

Soret region reaches its maximum value 24 h after heme

addition, showing a slow correct positioning of the pros-

thetic group [42]. The inspection of CD spectra obtained

under the same experimental condition indicates that the

secondary structure of HSA is quite unaffected by heme

binding and only minor rearrangements are observed in the

aromatic pattern (data not shown). As can be derived from

Fig. 3a, myristate binding dramatically increases the heme

ellipticity with an absolute 1.4–1.5-fold change without

changes in peak wavelength and spectrum shape. This

result may indicate a stabilization of the heme–protein

complex and/or an increased hydrophobicity of the heme

pocket. Remarkably, the addition of 1.0 M GnCl in the

presence of myristate only slightly reverses the effect

induced by myristate binding, keeping the ellipticity still

more negative than in the absence of both GnCl and

myristate. On the other hand, in the absence of myristate,

the addition of 1.0 M GnCl clearly destabilizes the heme–

protein complex (as indicated by the decrease of the neg-

ative ellipticity, see Fig. 3a) and 5.0 M GnCl leads to a

complete denaturation. Near-UV CD spectra of heme–HSA

(Fig. 3b) display a low ellipticity, mostly referable to Tyr

residues, due to the presence of only a single Trp residue in

HSA [2]. Separate addition of either 1.0 M GnCl or

6 equiv of myristate does not induce significant changes in

the features of the spectrum except (in the case of myris-

tate) for some broadening of Trp peaks and slight changes

in the Phe-Tyr zone (i.e., over the 255–275 nm range). On

the other hand, 6 equiv of myristate and 1.0 M GnCl

together have a greater effect on the negative ellipticity

decrease (Fig. 3b), indicating remarkable rearrangements

in the protein tertiary structure that are better observed in

the difference spectra reported in Fig. 3c. Addition of

5.0 M GnCl (in the presence or in the absence of 6 equiv of

myristate) results in a destructured aromatic pattern for

heme–HSA (Fig. 3b). In Fig. 3d the CD UV spectra of

heme–HSA are shown. In the case of heme–HSA, addition

of myristate only brings about a small decrease of ellip-

ticity at 208 nm, leaving the H value at 222 nm unaffected

(Fig. 3d, e), with a consequent decrease of the 208 to

222 nm ellipticity ratio. According to several authors [43,

44] changes of this ratio may reflect rearrangements of

aromatic residues, in particular the Trp residue, possibly

related to different tertiary constraints, as described above

for CD measurements in the near-UV region. The overall

secondary structure seems to be only slightly perturbed by

separate addition of 1.0 M GnCl or 6 equiv of myristate

and the same is observed when both are present. An almost

complete denaturation is instead observed upon addition of

5.0 M GnCl in the absence or in the presence of 6 equiv of

myristate, as suggested by the random-coil predominance

(Fig. 3d).

To better characterize the heme–HSA species endowed

with enhanced relaxivity, heme binding to HSA was mon-

itored by optical spectroscopy in the presence of 1.8 9

10-4 M myristate (corresponding to 6 equiv of myristate or

more in the whole HSA concentration range), and/or of

1.0 M GnCl. Titrations were performed both at fixed heme

concentration by changing the HSA concentration and at

fixed protein concentration by changing the heme concen-

tration. In this way it is possible to discriminate simple

binding equilibria from those involving multiple binding

sites.

Figure 4 shows difference spectra and binding isotherms

for heme binding to HSA as a function of the protein

concentration in the absence of third components (i.e.,

GnCl and myristate) and in the presence of 1.0 M GnCl,

1.8 9 10-4 M myristate, or of both 1.0 M GnCl and

1.8 9 10-4 M myristate, at pH 7.0 and 25 �C. Data anal-

ysis according to Eq. 2 allowed us to determine values of

Kd = 5.0 ± 0.02 9 10-7 M for heme binding to HSA in

the absence of third components (i.e., GnCl and myristate).

Heme binding to HSA in the presence of 1.8 9 10-4 M

myristate displays a more complicated behavior, as

expected on the basis of direct competition of myristate for

the heme binding site and for the progressive removal of

myristate when the HSA concentration increases [4, 5,

10, 20]. Similarly, heme binding to HSA in the presence

of 1.0 M GnCl cannot be analyzed using a simple

binding model, since the folded fraction, at high HSA
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concentration, could be enough to bind the heme. In the

presence of both 1.0 M GnCl and 1.8 9 10-4 M myristate,

the binding curve apparently assumes hyperbolic behavior,

although an accurate quantitative analysis cannot be

performed.

Figure 5 shows difference spectra and binding isotherms

for heme binding to HSA as a function of the heme con-

centration in the presence of 1.0 M GnCl, both in the

presence and in the absence of 6.0 9 10-5 M myristate.

When the heme concentration is increased at fixed HSA,

myristate, and GnCl concentration, a hyperbolic binding

curve is observed [Kd = (5.0 ± 0.7) 9 10-6 M]. In

contrast, when the heme concentration is increased at fixed

HSA and GnCl concentration, in the absence of myristate,

a smooth increase is observed, indicating a reduction of the

binding affinity [Kd = (7.1 ± 0.3) 9 10-5 M].

Discussion

Heme spectroscopic properties allow the investigation of

functional and structural aspects of heme-bound proteins

by optical absorption spectroscopy, CD, and 1H-NMR re-

laxometry [4, 35, 36, 45–47]. Relaxivity in heme–proteins

Fig. 3 Circular dichroism (CD) investigation of HSA and heme–

HSA unfolding. a CD spectra in the Soret region of 1.0 9 10-4 M

heme–HSA (i.e., 1.0 9 10-3 M HSA) in the absence of GnCl and

myristate (solid line) and in the presence of 1.0 M GnCl (dashed
line), 6.0 9 10-3 M myristate (dotted line), 1.0 M GnCl and

6.0 9 10-3 M myristate (broken line with single dot), and 5.0 M

GnCl and 6.0 9 10-3 M myristate (broken line with double dot). b
CD spectra in the near-UV region of 2.0 9 10-5 M heme–HSA (i.e.,

2.0 9 10-4 M HSA) in the absence of GnCl and myristate (solid line)

and in the presence of 1.0 M GnCl (broken line), 1.2 9 10-3 M

myristate (dotted line), 1.0 M GnCl and 1.2 9 10-3 M myristate

(broken line with single dot), and 5.0 M GnCl and 1.2 9 10-3 M

myristate (broken line with double dot). c Difference spectra of

2.0 9 10-5 M heme–HSA (i.e., 2.0 9 10-4 M HSA) in the presence

of 1.0 M GnCl (broken line), 1.2 9 10-3 M myristate (dotted line),

1.0 M GnCl and 1.2 9 10-3 M myristate (broken line with single
dot), and 5.0 M GnCl and 1.2 9 10-3 M myristate (broken line with
double dot) minus 2.0 9 10-5 M heme–HSA. d CD spectra in the

far-UV region of 5.0 9 10-7 M heme–HSA (i.e., 5.0 9 10-6 M

HSA) in the absence of GnCl and myristate (solid line) and in the

presence of 1.0 M GnCl (broken line), 3.0 9 10-5 M myristate

(dotted line), 1.0 M GnCl and 3.0 9 10-5 M myristate (broken line
with single dot), and 5.0 M GnCl and 3.0 9 10-5 M myristate

(broken line with double dot). e CD difference spectra of

5.0 9 10-7 M heme–HSA in the presence of 3.0 9 10-5 M myris-

tate minus 5.0 9 10-7 M heme–HSA. All the CD measurements

were performed in 0.1 M phosphate buffer pH 7.0, in a 1.0-mm cell at

25 �C. For details, see the text
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is usually due to second-sphere contributions, i.e., water

molecules bound to the protein in the close proximity of a

paramagnetic metal center and able to exchange with the

bulk water [35–37]. Heme–HSA shows a considerably high

r1 value (approximately 25 s-1 mM-1), compared with

other heme–proteins such as hemoglobin and myoglobin

[11, 19, 32, 48–51]. Nuclear magnetic relaxation dispersion

studies of heme–HSA revealed a strong paramagnetic

contribution due to a cluster of water molecules buried near

the heme that may be employed to follow a number of

events including conformational transitions [16]. Addition

of GnCl up to 5.0 M brings about a progressive decrease of

r1 (Fig. 2), reflecting a denaturation process accompanied

by the opening of the heme pocket and free exchange of

water molecules between the bulk solution and the prox-

imity of the paramagnetic center. The same pattern, though

shifted toward somewhat higher GnCl concentrations, is

observed in the presence of 3 equiv of myristate (Fig. 2),

suggesting that a partial occupancy of the FA binding sites

induces a modest stabilization of heme–HSA. Remarkably,

r1 is further increased in heme–HSA to approximately

33 s-1 mM-1 by increasing the GnCl concentration to

1.0 M in the presence of 6 equiv of myristate, corre-

sponding to the full saturation of the FA binding sites (with

the obvious exclusion of FA1, where heme is bound). The

high r1 value of the heme–HSA–myristate–GnCl complex

could be related to the increase of the solvation in the

proximity of the paramagnetic center, which occurs with-

out losing most of the globular structure. Therefore, the

formation of a partially relaxed structure could be envis-

aged as an intermediate along the heme–HSA–myristate

unfolding pathway, likely accompanied by the expansion

of the water-accessible internal volume of heme–HSA in

the close proximity of the paramagnetic center, allowing an

Fig. 4 Heme binding to HSA. a UV–vis difference spectra for a

solution of 1.0 9 10-5 M heme titrated with HSA (0–3.0 9 10-5 M)

in the absence of myristate and GnCl. b Titration of heme with HSA

in the absence of myristate and GnCl (squares) and in the presence of

1.0 M GnCl (triangles), of 1.8 9 10-4 M myristate (circles), and of

both 1.0 M GnCl and 1.8 9 10-4 M myristate (diamonds), pH 7.0

and 25 �C. The dotted line was obtained by the analysis of data

according to Eq. 2. For details, see the text

Fig. 5 Heme binding to HSA. a UV–vis difference spectra for a

solution of 1.0 9 10-5 M HSA titrated with heme (0–2.5 9 10-5 M)

in the absence of myristate and in the presence of 1.0 M GnCl. b
Titration of HSA with heme in the presence of 1.0 M GnCl (triangles)

and of both 1.0 GnCl and 6.0 9 10-5 M myristate (diamonds), pH

7.0 and 25 �C. The dotted lines were obtained by the analysis of data

according to Eq. 2. For details, see the text
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increase of the number of second-sphere water molecules

close to the heme [35–37]. At GnCl concentration higher

than 1.5 M, the tertiary structure of heme–HSA unfolds

and consequently the paramagnetic contribution is lost;

thus, the complete unfolding of the heme–protein structure

results in the release of the second-sphere water molecules

that become free to diffuse into the solvent [11, 35–37]. As

reported in Table 1, DG0 values for the denaturation of

heme–HSA are significantly dependent on the myristate

concentration; although DG0 values do not change after the

addition of up to 3 equiv of myristate, the presence of

6 equiv of myristate brings about a remarkable stabiliza-

tion of heme–HSA, as shown by the twofold DG0 increase.

Altogether, these data provide solid support for the

existence of a three-state unfolding pathway for HSA

through the formation of a folding intermediate, in agree-

ment with what was suggested by Santra et al. [28], who

reported the existence of a folding intermediate with

native-like secondary structure at GnCl concentrations

lower than 1.5 M. This hypothesis is further strengthened

by the analysis of the CD spectra in the Soret region, in the

near-UV region, and in the far-UV region. This investi-

gation indicates that myristate induces a dramatic

conformational change(s) of the heme cavity, which

becomes more compact upon addition of myristate, such

that further addition of 1.0 M GnCl barely affects it. This

structural transition of the heme pocket is essentially heme-

independent, as shown by matching HSA and heme–HSA

CD spectra, and it is accompanied only by minor rear-

rangement of Tyr residues (Fig. 3). On the other hand,

more evident perturbations on the Trp residue in heme–

HSA may suggest that myristate mainly affects structural

contacts between different domains and stabilizes a folding

intermediate state.

Independent proof of the occurrence of a folding inter-

mediate in the denaturation of HSA in the presence of

6 equiv of myristate has been obtained by looking at the

heme binding properties of HSA in the absence and in the

presence of 1.0 M GnCl, of 1.8 9 10-4 M myristate, and of

both 1.0 M GnCl and 1.8 9 10-4 M myristate, at pH 7.0

and 25 �C (Fig. 4b). In the presence of either GnCl or

myristate, the binding isotherms deviate from hyperbolic

behavior. In particular, in the presence of 1.0 M GnCl, the

curve assumes a sigmoidal shape; this behavior could be

accounted for by the fact that at high HSA concentration a

significant protein fraction may be present in the folded

state and consequently binds the heme with high affinity.

Although this experiment indicates the stabilizing effect of

1.8 9 10-4 M myristate on the HSA structure in the pres-

ence of 1.0 M GnCl, we cannot provide any quantitative

analysis of the binding curves, nor ascertain whether both

heme and myristate are essential for the stabilization of the

folding intermediate, or the folding intermediate is induced

by heme binding. For this reason, the heme binding to HSA

was measured as a function of the heme concentration at

fixed HSA concentration in the presence of 1.0 M GnCl, in

the presence and absence of 6.0 9 10-5 M myristate

(Fig. 5b). Interestingly, heme binds to HSA in the presence

of 1.0 M GnCl according to a simple association equilib-

rium, suggesting that the folding intermediate occurs even

in the absence of the heme. Moreover, the heme affinity is

increased by 1 order of magnitude in the presence of

6.0 9 10-5 M myristate, thus confirming that the folding

intermediate is stabilized by FAs.

Conclusions

Although the occurrence of a folding intermediate in the

unfolding of HSA upon extensive glycation or lowering of

pH was previously reported [52, 53], this is the first evi-

dence for a folding intermediate in heme–HSA stabilized

by myristate binding. Moreover, it appears that heme

binding is not crucial for the formation of the folding

intermediate. Remarkably, the NMR relaxometric tech-

nique used here allows detection of the events occurring in

the close proximity of the paramagnetic probe, i.e.,

involving domain I that binds the heme (Fig. 1).

Furthermore, the folding intermediate does not show any

relevant alteration of the secondary structure, whereas

significant tertiary structural changes can be detected,

being accompanied by a stabilization of the heme–protein

interactions. Altogether, these data indicate that domain I,

which undergoes a relevant structural change (leading to a

more compact heme–protein interaction), could represent

the main driving structural element for the conformational

changes which induce the formation of the HSA folding

intermediate.
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