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Abstract

Following absorption, polychlorinated biphenyls (PCBs) bind to albumin and are transported via

blood into the target tissues. PCBs then accumulate in tissues and induce a variety of harmful

chronic and developmental effects. The aim of the present study is to determine binding

parameters, such as binding constant, quenching constant, and number of binding sites for three

PCB congeners (PCB118, PCB126 and PCB153) in complex with human serum albumin (HSA).

The binding parameters for the complexes of HSA-PCB118, HSA-PCB126, and HSA-PCB153

excited at 280 nm were compared with those excited at 295 nm. Quenching (static and dynamic)

of HSA fluorescence was analyzed based on the Stern-Volmer method. Binding (Ka) constants

were calculated according to the Scatchard method and analysis of non-linear regression was

based on a two-component model with the Lavenberg–Marquardt algorithm. For all analyzed

complexes, a single independent class of binding site for PCB congeners was found in HSA

subdomain IIA. Tyrosine residues appear to play the most prominent role in binding of PCB126 to

HSA, while tryptophan-214 played a dominant role in interactions of PCB153 with HSA. Among

studied PCB congeners, PCB118 formed the most stable complexes with HSA. These results

illustrate the importance of studies targeting the binding of PCBs to serum albumin as part of the

strategy to understand and protect against toxicity of these environmental toxicants.
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1. Introduction

Polychlorinated biphenyls (PCBs) are environmental toxicants known to induce several

acute and chronic effects contributing to the development of a variety of disorders and

developmental changes. PCBs were produced and used for a range of industrial applications,

such as insulators, engines, transformers, and other devices, which required resistance to

high temperatures. PCBs were also utilized as components of paint, glue, ink, and copy

papers. Although PCB production has been banned for over 30 years, disposal of these

products results in PCB leaking into the environment with the subsequent pollution of soil,

food, water sediments, and air. Due to their lipophilic properties and resistance to

biodegradation, PCBs are bioconcentrated at each level of the food chain. Thus, both

environmental and occupational sources contribute to the total body burden of PCBs in

humans [1, 2, 3].

Based on their chemical structure and affinity to specific cellular receptors, PCBs are

classified as coplanar or non-coplanar PCBs. PCB congeners belonging to these classes

differ in the number and position of chlorines around the biphenyl rings and have distinct

cellular properties. Coplanar PCBs, also called dioxin-like PCBs, are characterized by the

lack of any chlorine substitution at the ortho-positions. These PCBs adopt a coplanar

structure and interact with the aryl hydrocarbon receptor (AhR). Non-coplanar (or non

dioxin-like) PCBs have at least two chlorine substitutions at the ortho-positions and are non-

coplanar due to steric hindrance. They exert their toxic effects via mechanisms independent

on the AhR binding [4, 5]. Mono-ortho PCB congeners are a separate class of PCBs, which

have one chlorine substitution at the ortho-position and partially preserve both dioxin-like

and non-dioxin-like properties.

To establish a structure-function relationship of PCB-mediated binding to serum albumin,

representative coplanar and non-coplanar PCB congeners were used in the present study.

PCB126 was employed as a coplanar PCB due to the highest toxic equivalency factor (TEF)

amongst the PCBs [6]. PCB118 is a mono-ortho PCB congeners frequently found in the

environment [7] and PCB153 is as a major non-coplanar PCB, which is the most prevalent

PCB congener both in the environment and biological tissues [2, 4, 5]. PCBs can be

absorbed via skin, inhaled, and/or taken up with contaminated food. Following absorption,

they bind to serum albumin and are distributed via blood into tissues [8]. In fact,

approximately 44% of PCBs present in human blood plasma were shown to be distributed in

lipoprotein depleted fractions containing primarily albumin [9].

Human serum albumin (HSA) consists of 585 amino acids. It resembles an equilateral

triangle with the length of the sides of ~80 Å and a depth of 30 Å [10]. The amino acid

sequence contains 17 disulfide bridges, one tryptophanyl residue (Trp-214) and one thiol

group (Cys-34). HSA consists of three domains, called I, II, and III. Each of these domains

contains two smaller subdomains, A and B [11,12,13,14]. Albumins are in involved in

several critical functions as blood components. For example, they regulate constant osmotic

pressure in serum, are responsible for maintaining osmotic balance between the blood and

intercellular space, and maintain fluids in vessels. Importantly, albumins bind and carry a

variety of endogenous and exogenous compounds. Albumins transfer substances which do
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not have specific transport proteins or substances at the concentrations that exceed the

capacity of specific transporters. Sudlow et al. described two sites used by albumins to bind

substances: site I, where warfarin is bound, and site II utilized for benzodiazepine binding

[15]. In addition, Carter et al. described six sites of structurally different ligand binding: two

sites binding small heterocyclic or aromatic carboxylic acids, two sites binding long-chain

fatty acids and small amino compounds, and two sites binding metal ions. It was determined

that site I is localized in a hydrophobic packet in subdomain IIA, and site II is a packet in

subdomain IIIA. The binding sites of fatty acids were named sites III and IV, localized in

subdomains IB and IIIB [16]. Because interactions with albumins are a critical step which

determines the fate and distribution of xenobiotics in living organisms, the goal of the

present study was to characterize the binding of specific PCB congeners to HSA using

fluorescence spectroscopy.

2. Experimental

2.1. Materials and experimental conditions

Human serum albumin fraction V (HSA, Cat. no 823022, Lot no 8234H), was purchased

from MP Biomedicals (Solon, OH) and bovine albumin fraction V (BSA, Cat. no: A4503)

from Sigma-Aldrich (St. Louis, MO). PCB153 (2,2’4,4’5,5’-hexachlorobiphenyl), PCB118

(2,3’,4,4’,5-pentachlorobiphenyl), PCB126 (3,3’,4,4’,5-pentachlorobiphenyl), all > 99%

pure, were obtained from AccuStandard (New Haven, CT). 8-anilino-1-naphtalenesulfonic

acid (ANS, Lot 70K345) was from Sigma-Aldrich.

HSA solutions were prepared in TRIS-HCl, pH 7.42 and PCBs were dissolved by mixing

1.8 mg of individual PCBs with 1 ml DMSO. The final concentration of HSA was 2×10-5 M

and PCB congeners 5×10-3 M. To generate HSA-PCB complexes, individual PCB

congeners were added to HSA in 3 μl aliquots. Depending on the experiment, the molar ratio

of HSA to PCB was between 0.5 and 3.5. ANS solution (final concentration 100 mM) was

prepared by adding 3 mg ANS to 0.1 ml of 100 mM NaOH and 0.9 ml of TRIS-HCl, pH

7.42.

2.2. Fluorescence emission spectra

Fluorescence emission spectra were recorded on Hitachi Fluorescence Spectrophotometer

FL-2500 with 1 cm × 1 cm × 4 cm quartz cells 60 min after preparation of individual

solutions and displayed in terms of relative fluorescence (RF). Correcting error of apparatus

for wavelength (λ) was equal to ± 1 and for relative fluorescence (RF) ± 0.01. Two

excitation wavelengths (λex 280 nm and λex 295 nm) were used to excite fluorophores of

HSA. The highest absorbance values were ≤ 0.05; therefore, the spectra were not corrected

for the inner filter effects [17].

Quenching of HSA fluorescence was analyzed based on the Stern-Volmer equation (3),

which describes the ligand movement within the fluorophore microenvironment when

dynamic quenching occurs [18]:
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(equation 1)

where, RFo and RF are the fluorescence values in the absence and presence of the quencher,

respectively; KSV is the dynamic quenching constant; V is the static quenching constant; and

[Q] is the quencher (PCB) concentration in the binary systems of HSA-PCB.

Binding (association) constants (Ka) were calculated by using the Scatchard method

modified by Hiratsuka [19]:

(equation 2)

where, [Lb] is the bound PCB concentration, [Lf] is free PCB concentration, [HSA] is serum

albumin concentration, Ka is the binding constant, n is the number of binding sites for the

independent class of PCB binding sites in albumin molecule, which corresponds to the mean

number of PCB molecules bound to the independent class of PCB binding sites in albumin

molecule.

The Ka values were also calculated using non-linear regression based on a two-component

Scatchard model with the Lavenberg–Marquardt algorithm:

(equation 3)

where m = number of classes of independent binding sites, each class I having ni sites with

intrinsic binding constant Kai.

2.3. Visualization of the PCB binding site on HSA molecule

Complexes of PCB153 with HSA were visualized using Molegro Virtual Docker (MVD

Version 6.0.0. (June 12th, 2012)). The crystal structure of HSA was downloaded from the

Protein Data Bank (1AO6). Structure of PCB153 with the lowest energy was determined

using the ChemBio3D ultra.

3. Results and discussion

3.1. PCBs interact with HSA via Trp-214 and tyrosine residues

In order to evaluate the interactions of individual PCB congeners with HSA and to

determine their binding sites within the tertiary structure of albumin, fluorescence emission

spectra were analyzed for the complexes of HSA with PCB118, PCB126, and PCB153 (Fig.

1). Two excitation wavelengths were used, λex280 and λex295 nm. λex280 nm induces

excitation of tryptophanyl (Trp) and tyrosil (Tyr) residues, while λex295 nm excites with

high specificity Trp residues. Because HSA molecule contains only a single Trp residue

present at the position 214, this residue (namely, Trp-214) is responsible for fluorescence

emitted after excitation at λex295 nm.
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Fluorescence quenching of proteins occurs when a ligand (a quencher; i.e., a PCB congener

in our experimental setting) is present in a close proximity to HSA fluorophores, i.e. the Trp

and Tyr residues, allowing for energy transfer between a ligand and a fluorophore [20].

Thus, fluorescence quenching observed in Fig. 1 indicates the formation of complexes

between HSA and individual PCB congeners [21]. These effects were observed for the

HSA-PCB complexes excited both at λex280 nm (Fig. 1A) and λex295 nm (Fig. 1B). PCB-

mediated quenching of HSA fluorescence was dose-depended at the molar ratios of the

individual PCB congeners to HSA from 0.5 to 3.5.

For all studied PCB congeners, quenching of HSA fluorescence was stronger at λex280 nm

as compared to λex295 nm (Fig. 1A vs. Fig. 1B). For example, PCB118 at the 3.5:1 molar

ratio to HSA decreased HSA fluorescence by 51% at λex280 nm as compared to 40% at

λex295 nm. This effect was even more pronounced for PCB126, which (at the same molar

ratio PCB to HSA) decreased HSA fluorescence by 45.7% at λex280 nm but only by 24.5%

at λex295 nm. PCB153 appeared to interact with the HSA at a lower degree as compared to

PCB118 or PCB126. In fact, PCB153 decreased HSA fluorescence by 33% at λex280 nm

and by 27.5% at λex295 nm. The values of HSA fluorescence quenching also reflect the

relative strength of PCB association with albumin. Thus, among studied PCBs, PCB118

interacted with HSA at the highest strength, followed by PCB126 and PCB153.

Because HSA fluorescence quenching at λex280 nm is caused by interaction with both

Trp-214 and Tyr residues and quenching at λex295 nm is mediated only by interactions with

Trp-214, these results indicate that both types of amino acid residues are involved in binding

PCB congeners to the HSA molecule. The relative role of Tyr residues in binding to HSA

was then quantified by subtracting the fluorescent values at λex295 nm from those at λex280

nm. Using this approach, we determined that Tyr residues appear to play the most prominent

role in PCB126 binding to HSA (Δ λex280 - λex295 = 21.2%) but much lower in PCB118

or PCB153 binding (Δ = 11% and 5.66%, respectively). These differences correspond well

to the differences in structural properties of individual PCB congeners. PCB126 is a

coplanar PCB without ortho substitutes; PCB118 has one chlorine substitute in the ortho

position, while PCB153 has two ortho chlorine substitutes. Thus, it appears that coplanar

structure of PCBs favors interactions with Tyr residues, while ortho-substitutes target

binding of PCBs almost exclusively to Trp-214.

3.2. Subdomain IIIA is not involved in HSA-PCB interactions

Subdomain IIIA of the HSA molecule is characterized by hydrophobic properties and

contains several Tyr residues. Therefore, the interactions of PCB congeners with this

subdomain were evaluated in the next series of experiments by employing ANS (Fig. 1C,D),

which binds with high specificity to subdomain IIIA when used at the 1:1 molar ratio to

HSA. ANS has low fluorescent properties in water solutions; however, it emits strong

fluorescence in non-polar solutes or after binding with proteins.

When fluorescence of the HSA-ANS complex was induced at λex360 nm, adding increasing

concentrations of individual PCB congeners did not affect the fluorescence values (Fig 1C),

indicating that PCBs do not compete with ANS for its binding site. This finding is important

because it indicates that PCB congeners evaluated in the present study do not have affinity
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to the subdomains IIIA. Thus, binding to Tyr residues detected in experiments shown on Fig

1A,B occurs only in subdomain IIA.

Fluorescence of the ANS-HSA complex induced at λex295 nm results from energy transfer

from Trp-214 to ANS. When λex295 nm was employed, increasing concentrations of PCBs

diminished HSA fluorescence by ~20-25% (Fig. 1D), indicating that PCBs can compete

with ANS for Trp-214 binding site. These data further confirm the role of Trp-214 in

interactions of PCBs with the HSA molecule.

3.3. Dynamic and static quenching of HSA fluorescence by individual PCB congeners

We next analyzed PCB-mediated fluorescence quenching of HSA based on the Stern-

Volmer equation model. A linear Stern-Volmer curve indicates dynamic or static quenching,

while deviations from linearity point to coexistence of both the dynamic and passive

quenching [19]. The Stern-Volmer curves were linear for all studied PCB congeners when

used at the molar ratio of PCB-HSA ≤ 2:1 (Fig. 2). Because these analyses were performed

at λex295 nm, the results indicate that interference with the Trp-214 residue is involved in

PCB- mediated dynamic quenching of HSA fluorescence. At higher molar ratios to HSA,

PCBs appear to saturate this binding site, resulting in decreased ability to quench HSA

fluorescence, a phenomenon which is reflected by negative deviations.

The Stern-Volmer curves illustrated in Fig. 2 are characterized by different slopes, with the

lowest inclination for the complexes of HSA with PCB126. These results are consistent with

the more prominent role of the Tyr residues in PCB126 association with HSA as compared

to other PCB congeners

Based on the exponential equation (equation 1) and non-linear regression curves, we next

determined the dynamic (KSV) and static (V) quenching constants for the HSA-PCB118,

HSA-PCB126, and HSA-PCB153 complexes (Table 1). The obtained values were similar

for all studied PCB congeners and were in the range of 103 [M-1]. The only exception was

~2 fold higher KSV for the HSA-PCB153 complex at λex280 nm as compared to other PCB

congeners. These results are consistent with those illustrated in Fig. 1 further supporting the

finding that the Tyr residues play less important role in binding of PCB153 to HSA as

compared to coplanar PCB126.

3.4. Affinity assessment of PCB-HSA interactions

Analysis of the Scatchard equation (equation 2) was used for the assessment of the affinity

constant Ka of the binding of individual PCB congeners to HSA. The Scatchard curve

prepared for the HSA-PCB153 complex at λex280 nm (Fig. 3, insert) indicated a linear

relationship, which is typical for a ligand binding to one class of the binding sites. Similar

results were obtained for the complexes of HSA with PCB118 or PCB126 (data not shown).

This relationship was then confirmed by assessing the isotherms based on the analysis of

non-linear regression (equation 3) (Fig. 3).

The affinity constant for the individual HSA-PCB complexes are provided in Table 2. The

results indicate that PCB118, PCB126, and PCB153 can form weak bonds with HSA as

determined by the Ka values in the range of 104. Although the exact character of these
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associations remains unknown, one can suggest the involvement of the π-π interactions

between the biphenyl rings of PCBs with aromatic amino acids of the HSA molecule. Such

interactions are characteristic not only for PCBs but several other xenobiotics, including

prescribed drugs. While interactions between PCBs and HSA allow for PCBs distribution

via the bloodstream, their relatively weakness facilitates separation of PCBs from HSA,

followed by tissue and cellular uptake. The differences in binding to HSA may influence the

differences in tissue distribution and toxicity of individual PCB congeners. Based on the

Scatchard equation, we also determined the number of PCB molecules binding to the

independent class of binding sites present on the HSA molecule. These values were assessed

between 1.31-1.89 at λex280 nm and below 1 at λex295 nm.

3.5. Modeling of PCB153 interactions with HSA

Computer modeling using was employed to verify the major findings of the present study.

PCB153 was used as a model compounds in these analyses. Fig 4A confirms that binding

site of PCB153 in HSA molecule is located in subdomain IIA, close (the distance is from

3.33 to 4.59 A) to Trp-214. Fig 4B shows that PCB153 does not interact with HSA via H-

bond(s), favoring weak hydrophobic and/or steric interactions with amino acids located in

subdomain IIA, e.g. Trp-214.

4. Conclusions

Due to their hydrophobic properties, PCBs interact with HSA, which serves as a carrier to

distribute PCBs into tissues via the bloodstream. Within the HSA molecule, PCBs bind

preferentially to Trp-214 and the Tyr residues located in the IIA subdomain. Interactions

with Trp-214 were most prominent for ortho-substituted PCB153, while binding to the Tyr

residues appeared to play the most important role for coplanar PCB126. These findings

based on fluorescence spectroscopy analyses were confirmed using computer modeling for

binding of PCB153 with HSA. Interactions within the PCB-HSA complexes are weak,

suggesting that PCBs can easily separate from HSA and be taken up by cells, where they can

induce cellular and systemic toxicity. Overall, these results illustrate the importance of

studies targeting the binding of individual PCB congeners to HSA as part of the strategy to

protect against toxicity of these environmental toxicants.
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Figure 1.
The quenching curves of the HSA-PCB118 (□), HSA-PCB126 (◇) and HSAPCB153 (Δ)

complexes, excited at λex280 nm (A) and λex295 nm (B). The quenching curves of the

HSA-PCB118 (□), HSA-PCB126 (◇) and HSA-PCB153 (Δ) complexes in the presence of

ANS excited at λex360 nm (C) and λex295 (D).
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Figure 2.
The non-modified Stern-Volmer curves for HSA-PCB118 (◇), HSA-PCB126 (□), and

HSA-PCB153 (Δ) complexes. HSA concentration was 2 × 10-5 M, λex295 nm.
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Figure 3.
The binding isotherm for the HSA-PCB153 complex excited at λex 280 nm. The insert

reflects the Scatchard plot for the same complex. Abbreviations: Lf, ligand free; Lb, ligand

bound.

Równicka-Zubik et al. Page 11

Spectrochim Acta A Mol Biomol Spectrosc. Author manuscript; available in PMC 2015 April 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Równicka-Zubik et al. Page 12

Spectrochim Acta A Mol Biomol Spectrosc. Author manuscript; available in PMC 2015 April 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Computer visualization of the PCB153 binding site on the HSA molecule (A), Visualization

of PCB153 interactions with Trp-214 on the HSA molecule (B).
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Table 1

Dynamic (KSV) and static (V) quenching constants [M−1] determined for HSA-PCB118, HSA-PCB126, and

HSA-PCB153 complexes at λex 295 and λex 280 nm.

λ ex Complex KSV [M−1] V [M−1]

295 nm

HSA-PCB118 13.43 ×103 2.11×103

HSA-PCB126 11.66 ×103 2.93×103

HSA-PCB153 12.33×103 5.36×103

280 nm

HSA-PCB118 6.01×103 5.54×103

HSA-PCB126 6.37×103 3.70×103

HSA-PCB153 11.78×103 4.15×103
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Table 2

Binding constants Ka [M−1] and mean number of PCB molecules bound to the independent class of HSA

binding sites (n) determined for HSA-PCB complexes using the Scatchard method and non-linear regression

model, λex 295 and λex 280 nm.

λ ex Complex Ka (Scatchard) [M−1] n Ka (non-linear regression) [M−1] n

295 nm HSA-PCB118 2.150×104 1.89 2.182×104 0.70

HSA-PCB126 1.744 ×104 1.33 1.998×104 0.99

HSA-PCB153 1.511×104 1.47 1.652×104 0.88

280 nm

HSA-PCB118 4.730 ×104 1.52 4.922×104 0.72

HSA-PCB126 6.291 ×104 1.31 7.180×104 0.79

HSA-PCB153 2.627 ×104 1.77 2.749×104 0.86
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