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The interactions between naphthol and bovine serum albumin (BSA) were investigated by spectroscopy. Our
results prove the formation of complex between naphthol and BSA. Hydrophobic interaction dominates in the
association reaction. The isomers stack with the aromatic residues in their binding sites with different geometries.
Effects of BSA on the excited-state proton transfer and fluorescence spectra of the isomers indicate the different
characters of their binding sites. 1-Naphthol inserts deeply into a hydrophobic cavity whereas 2-naphthol is in a
basic environment on the surface of BSA. Naphthol statically quenches the fluorescence of BSA in a concentration-
dependent manner positively deviating from the linear Stern-Volmer equation. Naphthol binds near Trp-134 in
the subdomain IA of the native BSA and is accessible to Trp-212 when BSA is unfolded by naphthol. The folding
pattern of the main chain is altered at high naphthol concentration as revealed by the change in the secondary
structure. The binding of 1-naphthol is more cooperative than that of 2-naphthol. The extent of cooperativity was
estimated by the Hill equation.

Introduction Bovine serum albumin (BSA) contains 19 tyrosine and 2
tryptophan residues. The optical properties of them are particular
sensitive to the alteration in the tertiary structure. Thus, the
“absorption and fluorescence spectra can serve to detect the
conformational change induced by naphthol binding. Naphthol
exists almost completely in its neutral form in the ground state.
In the excited state, it becomes more acidic and can deprotonate
to produce the anion form in the aqueous solutivfihe time-
resolved fluorescence of the neutral form presents a decay while
that of the anion form displays a rise followed by a detay.
The rate of excited-state proton transfer (ESPT) and emission
properties of naphthol are very sensitive to its local environ-
ments!® However, to the best of our knowledge, there is no
previous study using naphthol as a probe to proteins. In this
report, we provide investigations on the effect of naphthol on
€the structural and optical properties of BSA, the thermodynamic
aspects in the binding process, and characters of the binding
sites. The results may cast some light on the future study of the
interaction between naphthol and other proteins such as
enzymes.

Naphthalene and its derivatives are industrial materials used
in the manufacture of chemical products such as dyes, phar
maceuticals, and synthetics fibér&laphthol is an important
synthetic precursor or degradation product of insectictdes.
Naphthalene and its derivatives are known to be carcinogenic
or cocarcinogenié.Naphthalene induces oxidative stress that
causes lipid peroxidation and DNA damage in cells and tissues.
Toxicity to mononuclear leucocytes and depletion of glutathione
were also observetiNaphthalene is metabolized to 1-naphthol
and 2-naphthol by P450 isoforms in hepatic microsomes.
1-Naphthol is more cytotoxic than naphthalérEhe cytotox-
icity and genotoxicity of naphthalene depend on the bioactiva-
tion of 1-naphthof Moreover, 1-naphthol and 2-naphthol can
cause depolymerization of spindle microtubules and decreas
of protein phosphorylation, which disturb mitotic processing of
cells® As a major metabolite of naphthalene, naphthol is an
important biomarker for detecting the exposure of humans to
polycyclic aromatic hydrocarborisFluorescence techniques
have been applied to monitor the concentration of naphthol in
the urine?

Serum albumin, the most abundant protein in plasma, Materials and Methods
functions in the binding and transportation of various ligands

such as fatty acids, hormones, and drifgShe distribution, Materials. 1-Naphthol and 2-naphthol were purchased from Huagi

free concentration. and metabolism of these ligands stronal Chemicals Co., Ltd. Bovine serum albumin was purchased from Sino-
’ 9 9 Y American Biotechnology Company (without further purification). For

depend on their binding constants with serum albuthin. NMR experiments, samples were prepared in 50 mM deuterated

Previous studies suggest that the presentation of ligands ofypoqonate buffer (pH= 7.0). For other experiments, samples were
albumins to various cells is mediated by the direct interactions yissolved by Tris-HCI buffer (pH= 7.4).

between albumirligand complex and cell surface, and that such v —visible Spectroscopy.Absorption measurements were per-
process may involve cell surface recept8is this sense, both  formed at room temperature on a U-3010 spectrophotometer (Hitachi).
the thermodynamic parameters and the structural information A fixed concentration of BSA (k 105 M) with various concentrations
involved in albumin-naphthol interaction are valuable. of naphthol was added to the sample cell. An equal concentration of
naphthol was added to the reference cell simultaneously.

* Corresponding authors. Phone: 86-20-87114377. Fax: 86-20-87114377. ) - :
E-mail: qwu@scut.edu.cn and tuogiwu@163.com. Circular Dichroism (CD) Spectroscopy.CD spectra were recorded

T Peking University. at 25°C on a Jasco 810 spectropolarimeter (Jasco) with 0.2 cm path
*South China University of Technology. length cylinder cuvettes. The concentration of BSA was fixed at 5
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Figure 1. Effect of naphthol on the UV absorption of BSA. The

2-naphthol] (10~°M
!

Figure 2. Change in maximum absorbency (AA) of BSA versus
naphthol concentration. The curves were fitted to the data with the
Hill equation. (A) BSA mixed with 1-naphthol. (B) BSA mixed with
2-naphthol.

concentration of BSA was fixed at 10 uM. The thick line (gray) is the
spectrum of native BSA (10 4M). Thin lines (black) correspond to
the spectra of unfolded BSA induced by (A) various concentrations
of 1-naphthol and (B) various concentrations of 2-naphthol.

Steady-State Fluorescence Measurementbhe fluorescence pro- )
files were corrected for the wavelength dependence of the sensitivity (AA = A — Ao, A is absorbance at the wavelength where the

of the apparatus. Fluorescence spectra were measured on an F-4508bsorption of unfolded BSA is maximum and, is the
FL Spectrophotometer (Hitachi). Experiments investigating the effect @bsorbance at the wavelength where the absorption of native
of naphthol on BSA fluorescence were carried out at 25 andG7 BSA is maximum) versus naphthol concentration are shown in
An excitation wavelength of 295 nm was applied to selectively excite Figure 2. The data were fitted into the Hill equation. The
tryptophan residues. To detect the change in naphthol emission inducedrespective parameters ang = 1.8 + 0.2,Ky, = 38 £ 2 uM
by BSA, the excitation wavelength was shifted to 320 nm. for 1-naphthol andy = 0.71+ 0.05,Ky, = 96 £ 2 uM for
Time-Resolved Fluorescence Measurement§ime-resolved fluo- 2-naphthol. The Hill coefficient of 1-naphthol indicates positive
rescence experiments were performed at@bn a FLS920 Combined  cooperativity, while that of 2-naphthol indicates negative
Fluorescence Lifetime and Steady State Spectrometer (Edinburghcooperativity. The coefficient can be interpreted as the minimum
Instruments) with 40 kHz lamp frequency. Excitation and emission nymber of interacting binding sites for naphthol. Thus, the
wavelengths were 295 and 315 nm, respectively, in experiments nymper of sites involved in the cooperative binding of 1-naph-
investigating the fluorescence lifetime of BSA. To determine the | is at least two.
fluorescence lifetime of naphthol, the excitation wavelength was shifted  ~p Spectroscopy.The effect of naphthol on BSA stability
to 320 nm and emission wavelength was set at 460 nm for 1-naphtho|Was investigated by far-UV CD spectra (Figure 3). A high
or 410 nm for 2-naphthol, ) ) content ofa-helices in BSA is revealed by the two minima
NMR Measurements. NMR experiments were carried out on an around 208 and 222 n#.The feature of two minima disap-
Avanczoa AV 4_100 MHz spectrome_ter (Bruker). The spectra were collected peared when the [naphthol]:[BSA] ratio reached 50 for 1-naph-
at 25. C with 32000 datta points, 1200 Hz _spectral V‘.”dth.’ 34 s thol or 40 for 2-naphthol (Figure 3). To quantify the content of
acquisition, ad 3 s relaxation delay. The spiifattice relaxation times different types of secondary structures, far-UV CD spectra have
(T1) were measured with an inversion recovery pulse sequence. been analyzed by the aigorithm SéLCOMSThe tertiary
structure class was determined by the CLUSTER progdram.
The values of secondary structures for native and unfolded BSA
are shown in Table 1. The tertiary structure class of native BSA
was estimated as “all alphas”, which is consistent with the crystal

Results and Discussion

UV Absorption Studies. The UV absorption spectrum of

BSA shows a weak band in the near-UV region with a maximum
at 278 nm and a strong band in the far-UV region with a
maximum at 221.5 nm (Figure 1). Binding of naphthol resulted
in the decrease of the absorption of BSA in the far-UV region,
which is attributed to the exposure of aromatic residues to
waterl4 The plots of change in peak value of absorption band

structure of its homology, HSA The protein retained most
(>80%) of its helicity until [naphthol]:[BSA] reached 50 for
1-naphthol or 40 for 2-naphthol. A decrease of thdéelices
content and an increase ffstrands content were estimated at
high naphthol concentration (Table 1). Such tendency was more
significant when 2-naphthol was added. The tertiary Struc&fﬁ/
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Figure 3. Far-UV CD spectra of BSA (fixed at 5 uM) in the absence
and presence of naphthol. (A) CD spectra of (i) native BSA (5 uM)
and BSA mixed with 1-naphthol at the molar ratio ([naphthol]:[BSA])
of (j) 40:1, (k) 50:1, (m) 60:1. (B) CD spectra of (i) native BSA (5 uM)
and BSA mixed with 2-naphthol at the molar ratio ([naphthol]:[BSA])
of (j) 30:1, (k) 40:1, and (m) 60:1. Insets are the plots of ellipticity at
208 nm (@) and 222 nm (O) versus the molar ratio of naphthol to
BSA.

Table 1. Fractions of Different Secondary Structures Determined
by SELCON32

molar H(@r) H(@) S(r) S(d) Trn Unrd
substances ratio (%) (%) (%) (%) (%) (%)
native BSA 40.1 20.0 27 29 124 219

40:1 395 187 28 30 127 233
1-naphthol:BSA 50:1 242 195 9.0 6.3 140 27.0
60:1 252 191 63 56 154 284

30:1 372 200 25 32 138 234
2-naphthol:BSA 40:1 26.2 158 85 7.1 16.7 25.7
60:1 203 100 116 93 204 284

aH(r): regular a-helix; H(d): distorted a-helix; S(r): regular -strand;
S(d): distorted S-strand; Trn: turns; Unrd: unordered structure.

class of BSA changed from “all alpha” in the native state to

“alpha/beta” or “alphat beta” in the unfolded state.
Quenching of Intrinsic Fluorescence of BSA by Naphthol.

BSA contains two tryptophan residues, Trp-134 and Trp-212, the total fluorescence and the othan & 3.2 + 0.2 ns)
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Figure 4. Fluorescence spectra of BSA mixed with various concen-
trations of naphthol (Aexcitation = 295 hm) at 25 °C. The concentration
of BSA was fixed at 10 uM. Thick line (gray) is the spectrum of native
BSA (10 uM). Thin lines (black) correspond to the spectra of the
mixture of naphthol and BSA. (A) The spectra of BSA mixed with
1-naphthol. The short dashed line is the spectra of 1-naphthol (10
uM). (B) The spectra of BSA mixed with 2-naphthol. The short dashed
line is the spectra of 2-naphthol (10 xM). (C) A concentration-
dependent decrease of tryptophan fluorescence was observed on
addition of 2-naphthol in the region where the emission of 2-naphthol
is negligible.

located in subdomains IA and lIA, respectivéyThe fluores-
cence spectrum of BSA presents strong emission with maximum
at 344 nm (Figure 4). To exclude the fluorescence of naphthol,
the fluorescence signal was monitored as a function of naphthol
concentration at 315 nm, where the emission of naphthol is
negligible. A concentration-dependent decrease of tryptophan
fluorescence was observed (Figure 4).

Time-resolved fluorescence study was applied to investigate
the quenching mechanism. There are two lifetime components
in native BSA, one®; = 5.9+ 0.1 ns) contributing 75.7% of

Ccbv
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Table 2. Fluorescence Lifetimes (r) of BSA almost completely lost in the second phase. Because the two
molar T - fraction@ tryptophans in BSA are located in two different subdomains,
sample ratio (ns) (ns) (%) Lhedresults may indicgte the presence of ::1; Ieas';1 twc;l 1d-naphhi[hol
- inding sites. Trp-134 is more exposed to the hydrophilic
native BSA 29+£01 32401 5.6 environment while Trp-212 lies in the hydrophobic céte.
1-naphthol:BSA 11 59402 31402 67.07 Because of its higher exposure, Trp-134 is more likely to be
21 61£02 31+£02 5861 quenched in the native state, already proved by the time-resolved
2-naphthol:BSA 11 614+02 31402 64.54 fluorescence experiments. The first phase of quenching possibly
2:1 6.6+03 32401 48.15 reveals this state. As the concentration of 1-naphthol increased,

BSA was unfolded as a result of the hydrophobicity of

2The fraction of fluorescence contributed by the longer lifetime 1-naphth0l The structure of proteins loosened forming pores

component or pathways for naphthol to reach the buried tryptophan. Thus,
2] Q) Trp-212 was exposed to quenchers. As a result, the remaining
1ol . fluorescence of the first phase was largely quenched. The slope
of the Sterr-Volmer plots in the second phase is much higher
81 than that in the first phase (Figure 5A). A higher quenching
=6y efficiency suggests a larger average exposure of tryptophans to
I guenchers, which confirms the denaturation of BSAs shown
;] e in CD experiments, the secondary structures of protein were
largely unaltered in the same range of molar ratio. Flexible
Y e tertiary structure with maintenance of compact main chain
s implies a molten globule stafé.
[1-naphthol] (10°M) The quenching by 2-naphthol also shows a positive deviation
409 (B) of Stern—Volmer plots from linearity, which indicates the
35 . denaturation of BSA and the exposure of buried tryptophan
20 (Figure 5B). However, the biphasic quenching pattern and
transition point of 2-naphthol are not as clear as those of
I, 28 " 1-naphthol, suggesting that the denaturation process is less
= 207 cooperative. Considerable fluorescence remained even at high
1 5] . 2-naphthol concentration, which indicates that 2-naphthol
o] quenches the fluorescence of BSA with less effectiveness than
g - ; , : , . 1-naphthol.
o8 e 3 From the slopes of Sterf\olmer plots of the two quenching
[2-nanhtholl (10°M) phases of naphthol, the corresponding quenching const&ts (
Figure 5. Stern—Volmer plots of tryptophan fluorescence (at 25 °C) Kq2) were calculated and listed in Table 3. The quenching
quenched by (A) 1-naphthol and (B) 2-naphthol. Lines were fitted to constant of 2-naphthol is lower than that of 1-naphthol. A
the plots with linear equation. positive dependence &, on temperature was observed in the

o . first phase of quenching by naphthol isomers. Assuming the
contributing the rest of the fluorescence (Table 2). The one with ,achanism of quenching is dynamic, the quenching rate constant
a longer lifetime was assigned to Trp-134 and the other was .o pe obtained by = Ks/to (Kev = Kq under such
assigned to Trp-212 Addition of naphthol caused a decrease 555 mption§2 However, the calculated quenching rate constants
in the fraction of fluorescence contributed by Trp-134 against ¢, the two naphthol isomers are at a magnitude df 201

the total fluorescence of BSA, suggesting that Trp-134 IS g1 o exceeding the maximum values expected for dynamic
preferred to be quenched by naphthol (Table 2). Itis possible g,enching of residues in proteins & 10° M~ s7%).20 Thus,

that the binding site of naphthol is near Trp-134. No significant q resylt proves the static mechanism. The association constants
change irr is observed in the presence of naphthol. Thus, static .51 pe obtained by fitting data into the equatfon

guenching mechanism is responsible for the observed quenching

of tryptophan fluorescence, indicating the existence of a ground Q...[Q]
state complex between naphthol and BSA. Fo— F= :L 2)
Fluorescence quenching can be described by the Stern K, +[Q]

Volmer equation,
whereQmaxis the maximum fluorescence that can be quenched
Fo andK, is the association constant for the binding of quencher
E 1+ KJQl @) to BSA. K, also increased with increasing temperature (Table
3). Thus, the positive dependencelgfon temperature is due
whereFy andF are the fluorescence intensities in the absence to the increasing affinity of naphthol to BSA. Compared to
and in the presence of quenchefsjs the quenching constant,  1-naphthol, 2-naphthol exhibits less affinity to BSA, which may

and [Q] is the molar concentration of quenché?sStern— be responsible for its lower quenching effectiveness. The
Volmer plots for the quenching of tryptophan fluorescence at association constant of 2-naphthol is more influenced by
315 nm by naphthol are shown in Figure 5. temperature compared to 1-naphthol. Assuming the enthalpy

1-Naphthol yields a biphasic quenching pattern (Figure 5A). change AH®) does not vary over the temperature rangel’
Both phases present a linear dependence on the molar concerand entropy changeA§’) can be obtained by
tration of 1-naphthol. A clear transition was obtained when the
molar ratio of 1-naphthol to BSA reached 12. The tryptophan nNK = — AH® | A8 3)
fluorescence decreased by about 70% in the first phase and was a RT R

Ccbv
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Table 3. Quenching Constants and Thermodynamic Parameters

Biomacromolecules, Vol. 8, No. 6, 2007 1903

Ko K Ka AH AS®

quencher (x10*M~1) (x10*M~1) (x10*M1) (kJ mol—1) (J mol~t K1)

1-naphthol 25°C 1.6+0.1 8.0+0.8 1.0+0.2 6.7 99
37°C 2.15+ 0.09 7.8+04 1.11 +£ 0.05

2-naphthol 25°C 0.67 £ 0.03 1.8+0.2 0.23 £ 0.06 61 270
37°C 1.12 + 0.04 2+1 0.6 £0.1

whereR is the gas constant. As shown in Table 3, botH®
andAS’ of the association reaction between naphthol and BSA
are positive, which is frequently attributed to hydrophobic
interactior?*

Effect of BSA on the Emission and ESPT Process of
Naphthol. An excitation wavelength of 320 nm where the
emission of BSA is negligible was chosen to selectively record
the spectra of naphthol (Figure 6). The results of time-resolved
experiments are shown in Table 4.

In aqueous solution, 1-naphthol undergoes extremely fast
deprotonation, causing a 35 ps lifetime of the neutral emission
(~360 nm) and a 35 ps rise time of the anion emissioAq0
nm)1325The neutral emission of 1-naphthol in water is too low
to be observed due to the extremely short lifetime. On addition
of BSA, the peak of neutral emission emerged with a maximum
at 354 nm ([naphthol]:[BSA]= 20) and moved to lower
wavelength when the concentration of BSA increased(=
349.6 nm for [naphthol]:[BSAE 1). The emission of anion
form underwent a more significant blue shift in the presence of

20004 (%) l-naphtholBSA=1:1
i 1-naphtholBSA=2:1
I-naphthol BSA&=5:1
15004 1-naphtholLBSA=10:1
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Figure 6. Fluorescence spectra of naphthols with various concentra-
tions of BSA (Aexcitaton = 320 nm, T = 25 °C). The concentration of
naphthol was fixed at 1 x 10=4 M. Thick lines (gray) are the spectra
of naphthols (1 x 10=* M). Thin lines (black) are the spectra of
naphthol in the presence of different concentrations of BSA. (A) The
spectra of 1-naphthol. (B) The spectra of 2-naphthol. (The peak at
shorter wavelength is attributed to neutral emission and the peak at
longer wavelength is attributed to anion emission.)

Table 4. Time-Resolved Fluorescence Experiments on Naphthol?

molar T 7 fraction®?
sample ratio (ns) (ns) (%)
1-naphthol 6.11 + 0.02
20:1 6.1+0.1 13.8 £ 0.8 24.96
10:1 57+0.1 11.8 £ 0.3 43.02
1-naphthol:BSA 5:1 57+0.2 11.4+0.3 48.34
2:1 6.0 +£0.2 11.7 £ 0.4 45.67
1:1 57+0.2 115+ 0.3 53.07
2-naphthol 45+0.2 9.30 + 0.08
20:1 3.8+0.2 9.11 + 0.07
10:1 3.2+02 9.41 + 0.06
2-naphthol:BSA 5:1 3.3+0.2 9.52 + 0.05
2:1 3.0+0.2 9.52 + 0.05
11 3.0+0.2 9.44 £+ 0.05

aFor 1-naphthol: 71 and 7, are the shorter lifetime and the longer
lifetime of the anion emission, respectively. As the precision of our time-
resolved experiment is on the nanosecond scale, the rise time of
1-naphthol (on the pecosecond scale) is difficult to detect. For 2-naphthol:
7, and 7, are the rise time and the lifetime of the anion emission,
respectively. b The fraction of fluorescence contributed by the new lifetime
component of 1-naphthol.

BSA (Almax =15 nm for [naphthol]:[BSA}= 1). The emission

of the neutral form was intensified by nearly 50-fold ([naphthol]:
[BSA] = 1) and that of the anion form was also enhanced. The
increase of neutral emission is due to the retardation of
deprotonatiord® About four water molecules in the neighbor-
hood are needed to solvate the dissociated proton of the excited
neutral form2® The reduction of the deprotonation rate should
be ascribed to the lower polarity of the binding site and lower
accessibility of bound naphthol to water molecules. Thus,
1-naphthol is supposed to insert deeply into its hydrophobic
cavity on BSA. The blue shift of the anion emission also proves
such hydrophobic binding site. Because it is in such an
environment, the charged oxygen in the excited state cannot
form a hydrogen bond with water molecule to stabilize the
excited state as in bulk water. Thus, the emission energy is
higher.

The lifetime of the anion emission of 1-naphthol is 641
0.02 ns. On addition of BSA, a new component can be observed
with a lifetime of 11.5+ 0.3 ns ([naphthol]:[BSAE 1:1). The
long lifetime is due to reduction of nonradiative rate, indicating
a new environment shielded from the polar soh&nSuch
conclusion is consistent with the observation in the steady-state
experiments. The enhancement of emission near 460 nm is due
to the increase in lifetime when naphthol moved from water to
the binding site on BSA. The lifetime of the new component
did not change significantly at molar ratios below 10 ([naphthol]:
[BSA]) and rose to 13.8: 0.8 ns at the molar ratio of 20. As
discussed above, 1-naphthol bound to the hydrophobic core of
BSA at this ratio. The more nonpolar environment leads to
further increase in the lifetime of the bound naphthol.

The deprotonation process of 2-naphthol is much slower than
that of 1-naphthol. The rise time of the anion emission of
2-naphthol is 4.5 0.2 ns. The neutral form (355.6 nm) exhibits
a stronger emission than the anion form (411.2 nm). On addition
of BSA, the emission of the neutral form red-shifted (2.4 E{BV
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Figure 7. 'H NMR spectra of naphthol at different molar ratios of BSA to naphthol. The binding to BSA induced an upfield shift of proton
naphthol (fixed at 2.0 x 1073 M) to BSA. Assignments are presented signals in (A) 1-naphthol and (B) 2-naphthol.

in the topmost spectra. (A) NMR spectra of 1-naphthol and 1-naphthol

mixed with BSA. (B) NMR spectra of 2-naphthol and 2-naphthol mixed samples. It can be concluded that naphthol undergoes first-order
with BSA. - . . -
reversible fast exchange between its site on protein and bulk

for [naphthol]:[BSA] = 1) while that of the anion form blue-  water. All theH signals shifted upfield when adding BSA,
shifted (2.8 nm for [naphthol]:[BSAF 1). The rise time of the  which indicatest—x stacking between naphthol and aromatic
anion emission decreased when BSA was added, indicating anresidues of BSA? Because the average distance between
accelerated deprotonation process. The acceleration of deprostacked molecules is 0.35 nm and upfield shift falls rapidly with
tonation is due to low proton concentration and high hydroxyl increasing distance of the stacking rirfgg2 the aromatic
ion concentration in the vicinity of the bound 2-naphthol. residues in the binding site must be very close to the bound
Hydroxyl ion, as a hydrogen bond acceptor, favors the conjuga- naphthol. The upfield shiftAo) is governed by intermolecular
tion of lone electron pair of hydroxyl oxygen with the aromatic proximity of protons to the aromatic ring and can serve to detect
ring,28 resulting in the red shift of neutral emission. When the different environment of protons of the bound naphthol. As
naphthol loses a proton to form an anion, it cannot establish ashown in Figure 8, protons far from the hydroxyl group upfield-
hydrogen bond with hydroxyl ion anymore. Repulsion between shifted significantly, indicating that they are close to the aromatic
the two anions raises the energy of the excited state and causesng in the binding site. In contrast, protons near the functional
the anion emission to blue shift. The acceleration of deproto- group underwent limited upfield shift. The result suggests that
nation suggests the availability of bound 2-naphthol to bulk aromatic residue tends to stack with the portion of naphthol far
water. Thus, the binding site of 2-naphthol should be located from the OH group, which may be due to the repulsion between
on the surface of BSA. As indicated from a previous study on the electronegative oxygen and theloud of the aromatic ring.
the binding of 1-aminopyrene t6-cyclodextrin?® the bound According to Ao of protons, the bound aromatic residue is
2-naphthol may lie in the proteirwater interface containing  supposed to bind the edge of 1-naphthol opposite the OH group
extensive polar groups of BSA, which increase the basicity of (center-to-edge or face-to-edge orientation) or the unsubstituted
surrounding water through hydrogen bonds and facilitate proton phenyl ring of 2-naphthol (face-to-face orientation). Stacking
dissociation. interaction itself is often too weak to bring two rings togetfer.

The emissions of the two forms decreased in the presence ofin fact, bis-naphthyl does not stack in aqueous solutfdrhus,
BSA. The change in lifetime is not comparable to the change the unique environment of binding sites is essential to stacking.
in emission intensity. Thus, the loss in emission is more likely ~ On addition of BSA, the proton signals were broadened and
due to static quenching. Some quencher of 2-naphthol may lie the split peaks arising from spitspin coupling overlapped into
near the binding site. No new lifetime component of the anion one (Figure 7). Broadening of the signal indicates the decrease
form emerged on addition of BSA. So the polarity of 2-naphthol of T2 (spin—spin relaxation time) and increasewmf(correlation
binding site should be close to that in bulk water. time). To get more insight into the dynamic aspect of binding,

NMR Spectroscopy.From NMR spectra (Figure 7), it was  quantitative study on T1 was conducted. The correlation time
observed that the chemical shifts and line widths of naphthol of a small molecule in nonviscous liquid is on the order of 0
changed monotonically with the molar fraction of BSA in the s according to the extreme narrowing conditiop<€ 1/wo).3° CDV
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Table 5. Spin—Lattice Relaxation Time (T1) of Naphthol (Fixed at
2.0 x 1072 M) in the Absence and Presence of BSA?

H2 H3 H4,6,7 H5 H8
1-naphthol:BSA T1(s) T1(s) T1(s) T1(s) T1(s)
50:1 1435 1.529 1.315 1951 1.543
200:1 2,168  2.059 1.930 2070 1971
1-naphthol 6.418  4.483 4772 4505 5.617
H1 H3 H4 H58 H6 H7
2-naphthol:BSA T1(s) T1(s) T1(s) T1(s) T1(s) T1(s)
50:1 1243 1292 1.309 1.230 1.298
200:1 2122 2200 2.064 2.022 2.008 2.040
2-naphthol 5715 5992 4.344 4187 4962 4.647

a Spin—lattice relaxation times of different protons of naphthol were
measured through inversion recovery pulse sequence.

Thus, for naphthol, T1 approaches T2 and decreases wit
increase incc. As shown in Table 5, T1 of naphthol decreased

when BSA was added. For fast exchange, the observed T1 is
the weight average of the bound and free naphthol. So T1 of

bound naphthol is expected to be much lower. This is due to
the fact that when associated with BSA, naphthol exhibited a
much largerr. proximal to ther. of BSA (. ~ 41 ns). Thus,
the result confirms that naphthol does indeed complex with
BSA.

Effect of Naphthol Binding on BSA Structure. As dis-
cussed above, the molten globule state of BSA existed with

moderate concentration of naphthol. This state is characterized
by the exposure of aromatic side chains and mainly unaltered

secondary structure. At higher naphthol concentration, the
distribution of different secondary structures of BSA changed,
indicating alteration in the folding pattern of the main chain.

1-Naphthol caused a higher cooperative unfolding transition
compared to 2-naphthol. This should be attributed to the
difference in the position of their binding sites. 1-Naphthol binds
deeply in the cavity of BSA, strongly disturbing the hydrophobic

core. As a result, nonpolar residues buried in native state are
exposed and new hydrophobic sites for 1-naphthol are formed.

Such disruption in protein conformation is an all-or-nothing
transition36 2-Naphthol, in contrast, binds to the surface of BSA
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from water. Thus, its excited-state proton transfer is retarded
and the emission of the neutral form is greatly enhanced. The
binding site of 2-naphthol is on the surface of the protein. The
microenvironment of bound 2-naphthol is rich in polar amino
acid side chains which raise the basicity of the sounding water.
Thus, the excited-state proton transfer of 2-naphhthol is ac-
celerated. Moreover, there are quenchers lying near the bound
2-naphthol, which reduce the emission of 2-naphthol. Naphthol
interacts with the aromatic residue, in the binding site through
m—m stacking. The geometries of stacking are different for the
two isomers. At moderate naphthol concentration, BSA is
unfolded. Trp-212 is accessible to naphthol in this state, due to
the exposure of aromatic side chains. The unfolding transition
induced by 1-naphthol is more cooperative than that induced
by 2-naphthol, as a result of their different binding sites. The
Hill coefficient indicates that there are at least two binding sites

nof 1-naphthol on BSA. It is possible that another binding site

near Trp-212 is formed in molten globule BSA.
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