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ABSTRACT

Multispectroscopic techniques were used to investigate the interaction of S-allyl cysteine
(SAC) from garlic with human serum albumin (HSA). UV—Vis absorption measurements
prove the formation of the HSA—SAC complex. An analysis of fluorescence spectra
revealed that in the presence of SAC, the quenching mechanism of HSA is considered
static. The quenching rate constant K;, Ksy, and the binding constant K, were estimated.
According to the Van’t Hoff equation, the thermodynamic parameters enthalpy change
(AH) and entropy change (AS) were calculated to be —1.00 x 10° J/mol and —255 J/mol/K,
respectively. These indicate that hydrogen bonds and van der Waals forces are the major
forces between SAC and HSA. The changes in the secondary structure of HSA, which was
induced by SAC, were determined by circular dichroism spectroscopy. Energy transfer was

confirmed and the distance between donor and acceptor was calculated to be 2.83 nm.
Copyright © 2016, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Serum albumin is the principal extracellular protein of the
circulatory system, and accounts for about 60% of the total
plasma proteins, which corresponds to a total concentration of
42 mg/mL. It provides about 80% of the colloid osmotic pres-
sure of blood [1,2]. Human serum albumin (HSA) is the most
studied serum albumin because its primary structure is well-
known and its tertiary structure has been determined by X-
ray crystallography. It is a single-chain, nonglycosylated
globular protein consisting of 585 amino acid residues and 17
disulfide bridges that assist in maintaining its familiar heart-
like shape [3]. Crystallographic data show that HSA contains
three homologous a-helical domains (I, II, and III): I (residues
1-195), I (196—383), and III (384—585), each of which includes

10 helices that are divided into six-helix and four-helix sub-
domains (A and B). A multitude of ligand-binding sites are
scattered over the entire protein. The principal regions of
ligand-binding sites in HSA are located in hydrophobic cavities
in subdomains IIA and IlIA, called site I and site II, respectively.

There are nine distinct fatty acid-binding sites, four
thyroxine-binding sites, several metal-binding sites including
albumin’s N terminus, and a site centered on residue Cys34 [4].
These multiple binding sites underline the exceptional ability
of HSA to act as a major depot and transport protein, capable of
binding, transporting, and delivering an extraordinarily diverse
range of endogenous and exogenous compounds in the
bloodstream to their target organs. Many studies to date have
reported on the interaction between drugs and HSA.

Garlic (Allium sativum) has been used historically for me-
dicinal purposes, particularly for treatment of diseases
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associated with aging [5]. Aged garlic extract (AGE) possess
potent antioxidant activity and is prepared from natural garlic
that is aged for 20 months, which reduces its harsh irritating
taste and odor. However, this aged garlic has a greater con-
centration of organosulfur compounds such as S-allyl
cysteine (SAC), which is a potent antioxidant and free radical
scavenger [6—10]. Although numerous studies have demon-
strated the antioxidant properties of AGE, only limited infor-
mation is available on how SAC behaves when it is absorbed
and transferred in blood [11-13].

Given that SAC is the most abundant compound in AGE,
this paper focuses on binding characteristics of SAC and its
binding with HSA. The binding of SAC with HSA at physio-
logical pH was evaluated using steady-state fluorescence and
circular dichroism (CD) spectroscopy measurements. Results
pertaining to the binding parameters, the identification of
binding sites, and the nature of forces in the interaction will be
beneficial for understanding the SAC metabolism.

2. Materials and methods
2.1. Materials

Fatty acid-free HSA and phosphate buffer powder were pro-
cured from Sigma (St. Louis, MO, USA). SAC (purity > 98%) was
obtained from Sinopharm Co. Ltd. (Beijing, China). HSA
(1 x 107°M) was dissolved in 0.2M phosphate buffer solution as
the stock solution. Double-distilled water was used in all our
experiments. All other chemicals used in this work were ob-
tained from Tianjin Damao Chemical Corporation (Tianjin,
China). Deionized water was used throughout the work.

2.2. Methods

All the fluorescence measurements were performed on Shi-
madzu (5301PC) spectrofluorophotometer equipped with a
constant temperature holder attached with Neslab RTE-110
water bath with an accuracy of 0.1 K. Intrinsic fluorescence
was measured by exciting HSA at 280 nm, and the emission
spectrum was measured between 290 nm and 410 nm. The
decrease in fluorescence intensity was analyzed according to
the Stern—Volmer equation

Fo/F = 1+ Kygm0[Q] = 1 + Ksy[Q] (1)

where Fy and F are the fluorescence intensities in the absence
and presence of quencher (SAC), respectively; Ksy is the
Stern—Volmer quenching constant; K, is the bimolecular rate
constant of the quenching reaction; and 7, is the average in-
tegral fluorescence lifetime of tryptophan (Trp), which is
5.7 x 10~ seconds. Binding constants (Ka) and binding sites (n)
were obtained using the following equation:

Fo

—F_ log K, + nlog[Q] )]

log F

where K, is the binding constant and n is the number of
binding sites.

The thermodynamic parameters were calculated to char-
acterize the forces involved in the binding process. Because
there is no significant change in temperature, enthalpy

change (AH) can be regarded as a constant. The values of AH
and entropy change (AS) can be calculated using Eq. (3) and the
value of free energy change (AG) can be obtained using Eq. (4).

AH AS
AG = AH — TAS = —RTInK @)

where K is the binding constant at corresponding temperature
and R is the gas constant (8.314 J/mol/K).

The Far—UV CD spectra were measured on a Jasco-720 CD
spectrophotometer (Tokyo, Japan). The CD spectra of HSA
were recorded in the absence and presence of SAC using a 1-
mm path length cuvette within the wavelength range of
190—240 nm. The CD results have been analyzed in terms of
mean residue ellipticity in deg cm?/dmol.

3. Results and discussion

3.1 Fluorescence quenching of HSA by SAC and binding
properties

The effect of SAC on fluorescence spectra of HSA is shown in
Figure 1. The excitation and emission wavelengths were
280 nm and 338 nm, respectively. The results show that the
fluorescence intensity of HSA decreased with the increasing
concentrations of SAC, respectively, indicating that SAC can
quench the intrinsic fluorescence of HSA. The quenching rate
constant of biomacromolecule (K;) was calculated using Eq.
(1). The K, values for SAC were 5.25 x 10" /M/s, 3.65 x 10 /M/
s, and 2.39 x 10 /M/s at 288 K, 298 K, and 308 K, respectively
(Table 1 and Figure 2). The K, values of HSA—SAC decreased
with increasing temperature, and these Ksy values of
HSA—SAC were all far greater than the maximal collisional
quenching rate constant (2 x 10%° /M/s) of all classes of the
biomolecule, which suggested that fluorescent quenching
between HSA and SAC was caused by static quenching rather
than by dynamic collisions [14,15].

A plot of log|(Fo/F)/F] versus log[Q] and its analysis will give us
the binding constant and the number of binding sites. The result
indicated a good linear relationship (Figure 3), suggesting that
HSA interacts with SAC in a one-to-one ratio. The binding
constant was calculated from the intercept as 1.58 x 10* /M at
298 K, which indicates an adequate binding of SAC to the pro-
tein. The calculated binding constants show a comparatively
weak ligand—protein interaction, compared with other strong
ligand—protein complexes [16—18]. It is important to note that
natural products showed binding constants, which are in the
order of magnitude smaller than 10° /M. Other natural products
such as folic acid binds with an affinity of 10* /M and colorant
binds with an affinity of 10° /M [19—21].

3.2.  Thermodynamic parameters and nature of binding
forces

The forces acting between a compound and a biomolecule
may include hydrogen bonds, van der Waals forces, hydro-
phobic, and electrostatic interactions. The values of thermo-
dynamic parameters of binding reaction are the major
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Figure 1 — (A) Molecular structure of SAC. White, yellow, red, blue, and gray represent H, S, O, N, and G, respectively. (B) Effect
of SAC on the fluorescence intensity of HSA. Conditions: T =298 K, pH 7.4; cysa = 1.0 x 107°M; csac: 0 x 107M, 3 x 10~°M,
5 x 10~°M, 8 x 10~°M, 10 x 10~°M, 12 x 10~°M, and 15 x 10~°M. HSA = human serum albumin; SAC = S-allyl cysteine.

Table 1 — Stern—Volmer quenching constants, binding parameters, and thermodynamic parameters of the HSA—SAC

system at different temperatures.

T (K) Stern—Volmer quenching constants Binding parameters Thermodynamic parameters

Kq (/M/s) Ksv (/M) R Ka (/M) n R AG (J/mol)  AS (J/mol/K)  AH (J/mol)
288 5.25 x 10*2 5.25 x 10* 0.9996 7.76 x 10* 1.04 0.9993 —2.70 x 10*
298 3.65 x 10*? 3.65 x 10* 0.9960 1.58 x 10*  0.928 0.9941 —2.40 x 10* —255 —1.00 x 10°
308 2.39 x 10*2 2.39 x 10* 0.9940 5.50 x 10*  0.867 0.9947 —2.20 x 10*

HSA = human serum albumin; SAC = S-allyl cysteine.

evidence for confirming the intermolecular forces. The tem-
peratures used are 288 K, 298 K, and 308 K. The data are
analyzed using Van’t Hoff plot (Figure 4) and are reported in
Table 1. According to the sign of AH and AS, the model of
interaction between the compound and HSA can be
concluded: (1) if AH> 0 and AS> 0, hydrophobic forces; (2) if
AH <0 and AS<0, van der Waals interactions and hydrogen
bonds; (3) if AH<0 and AS>0, electrostatic interactions
[22—24]. Therefore, the negative AH and AS values suggest that
SAC binds to HSA mainly through hydrogen bonds and van

2.0
o 288K /
o 298K
15. A 308K &
S
= 50
10 &

0O 2 4 6 8 10 12
Concentration (10°M)

14 16

Figure 2 — Stern—Volmer plots for HSA interacting with
SAC at 288 K, 298 K, and 308 K. HSA — human serum
albumin; SAC = S-allyl cysteine.

der Waals forces. The negative value of AG indicates that the
reaction is spontaneous.

3.3. Synchronous fluorescence spectra

The synchronous fluorescence spectroscopy technique was
introduced by Lloyd. Its spectra could provide much valuable
information about the microenvironment around fluo-
rophores in biomacromolecules. For protein molecules, when
the Ad= 15 nm is fixed, the spectrum characteristic of tyrosine
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Figure 3 — Hill plots for HSA interacting with SAC at 288 K,
298 K, and 308 K. HSA = human serum albumin; SAC = S-
allyl cysteine.
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Figure 4 — Van’t Hoff plot for HSA interacting with SAC at
288 K, 298 K, and 308 K. HSA = human serum albumin;
SAC = S-allyl cysteine.

(Tyr) residues can be observed, and when A1 =60 nm is fixed,
the spectrum characteristic of Trp residues can be obtained in
general [25—27]. In this study, the synchronous fluorescence
spectroscopy was used to estimate the binding site of SAC to
HSA molecules. From Figure 5, it can be seen that the fluo-
rescence intensities at both AA=15 nm and AA=60 nm
decreased gradually with the increase of SAC. A significant red
shift occurred for Az =60 nm with a maximum shift of 10 nm.
This proves that SAC can bind with the Trp residues much
stronger than the Tyr residues.

3.4. Secondary structural changes of HSA upon
interacting with SAC

CD is a sensitive and useful technique to detect the confor-
mational changes of protein induced by ligand binding. The
far-UV CD profile of native HSA (Figure 6) exhibits two
minima at approximately 208 nm and approximately 222 nm,
which are characteristic of the a-helix-rich secondary struc-
ture (Table 2). The CD signal of HSA is found to decrease at all
wavelengths with added bile salts, implying an induced
perturbation of the secondary structure of the protein. A
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Figure 6 — Circular dichroism spectra of HSA in the absence
and presence of SAC. The concentrations of HSA and SAC
were 2.0 x 10~’M and 1.0 x 10~°M, respectively.

CD = circular dichroism; HSA = human serum albumin;
SAC = S-allyl cysteine.

quantitative analysis of the far—UV CD spectra provides a
deeper understanding of the nature of the interaction with
SAC in the secondary structure of HSA. For native HSA, the a-
helicity was estimated to be approximately 60%, which is in
good agreement with literature reports. Addition of SAC in-
creases the band intensity at 202 nm along with a reduction in
the percentage of the a-helix from 59.4% to 52.6% and followed
by an increment in random coils from 19.5% to 27.7%. There-
fore, due to binding, the a-helical structure may get destroyed
and a significant change over from the o-helical structure to
the random structure occurs [28].

3.5. Energy transfer from HSA to SAC

Forster’s nonradiative energy transfer theory is a distance-
dependent radiation-less transfer of energy from an excited
donor fluorophore to a suitable acceptor fluorophore [29,30].
The overlap between the UV spectrum of SAC and the fluo-
rescence spectrum of HSA has been plotted in Figure 7.
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Figure 5 — Synchronous fluorescence spectra of SAC with HSA with A2 =15 nm or 60 nm at 298 K. Concentrations are
consistent with the steady-state fluorescence study. HSA = human serum albumin; SAC = S-allyl cysteine.
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Table 2 — Secondary structural content of HSA in the
absence and presence of SAC.

Sample Content (%)
a-Helix B-Sheet B-Turn Random
(+2%) (+1%) (£1%) coil (+2%)
HSA 59.4 10.3 10.8 19.5
HSA—-SAC 52.6 10.1 9.6 27.7

HSA = human serum albumin; SAC = S-allyl cysteine.

According to Forster’s nonradiative energy transfer theory,
energy transfer depends on the relative orientation of the
donor and acceptor dipoles, the overlapping between the ab-
sorption and fluorescence spectra of donor and acceptor,
respectively, and the distance (r) between the donor and the
acceptor. For an energy transfer to occur, r should be less than
8 nm. In this case, the efficiency of energy transfer (E) is given

by Eq. (5)

E=1-——— (5)

where r is the distance between acceptor (SAC) and donor
(HSA) and R is the critical distance when the transfer effi-
ciency is 50%. The value for Ry is calculated using Egs. (5) and

®)
RS = 8.8 x 10 “k’N @] ©6)

where N is the refractive index of the medium, k? is the
orientation factor, and & is the quantum yield of the donor.
The spectral overlap integral () between the donor emission
spectrum and the acceptor absorbance spectrum was
approximated by the following summation:

j— STF(A)e(A)A*Ax )
T S F()AA
2000 0.10
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Figure 7 — The spectral overlaps of UV—Vis absorption
spectra of SAC (dashed line) with the fluorescence
emission spectrum of HSA (solid line). cysa = 1.0 x 107°M,
Csac = 1.0 x 107°M, T =298 K. HSA = human serum
albumin; SAC = S-allyl cysteine.

where F(1) and ¢(2) represent the fluorescence intensity of the
donor and the molar extinction coefficient of the acceptor,
respectively. From these relationships J, E, and Ry can be
calculated. For the HSA—ligand interaction, k? = 2/3, N = 1.336,
and ® =0.15. According to Egs. (5)—(7), the values of the pa-
rameters were obtained as follows: ] =2.74 x 10~ *® cm?® L/M,
Rp=3.63 nm, E=0.142, and r=2.85 nm. The donor-to-
acceptor distance for the HSA—SAC system is less than
8 nm, and 0.5Ro <1 < 1.5Rq, which implies high probability of
energy transfer from HSA to SAC. Besides, the donor-to-
acceptor distance is less than 8 nm, indicating again that the
static quenching interaction occurred between HSA and
SAC [31].

3.6. Conclusions

This study focused on the interaction between SAC and
HSA. The stability of proteins and their interaction with
other molecules is a topic of special interest in biochem-
istry, because many cellular processes depend on ligand
binding. These interactions have immediate consequences
for protein stability, as shown by the varying thermody-
namic properties of the system. With a comprehensive
study, we have shown that SAC quenches the fluorophore of
HSA by forming ground-state complexes in solution, which,
however, may get destabilized at higher temperatures. The
fluorescence quenching data, analyzed by the Stern—Volmer
equation, permitted us to obtain the binding stoichiometry
and binding constants at different temperatures. The bind-
ing constants were calculated according to the modified
Stern—Volmer equation. In particular, the calculated ther-
modynamic parameters suggest that binding occurs spon-
taneously and involves hydrogen bond and van der Waals
forces, which play major roles in stabilizing the complex.
The binding distance was calculated to be 2.85 nm, ac-
cording to the fluorescence and UV—Vis spectral overlap.
Conformational investigation from far—UV CD and FTIR also
revealed that the conformation of HSA was changed in the
presence of SAC. The structural alteration due to SAC sup-
ports the idea that H bonding is associated with protein
structural deformation. Furthermore, the decrease of the o-
helix content, at least on the structure of HSA, may ascribe
to the distinct property of the water-soluble SAC. This work
provides a comprehensive and basic framework for the
binding mechanism of SAC with HSA and is helpful for
understanding its effect on compounds transported in the
biological system.
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