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a b s t r a c t

Human serum albumin (HSA), a major plasma protein and plasma-derived therapeutic,

interacts with a wide variety of drugs and native plasma metabolites. In this study the

interactions between HSA and small lipophilic molecules all-trans retinoic acid (RA), all-trans

retinaldehyde (retinal, RAL) and all-trans retinyl acetate (RAC) were investigated by UV–vis

absorption spectroscopy, fluorescence spectroscopy and circular dichroism (CD). This paper

focuses on investigation of the interactions between HSA and RA by the visible CD. RAL and

RAC were used in this study due to their structural identity to RA to elucidate the importance

of the end functional group for the complex formation. Our data demonstrate that RA

specifically binds to HSA in a stable non-covalent complex at least at two internal binding

sites with close but distinct affinities. Upon titration of HSA with RA, visible CD spectra

clearly demonstrate the appearance of a well-defined induced positive Cotton Effect (CE)

around 350 nm. Beyond ligand-to-protein ratio of 0.8 and up to saturation (2.0), CD exhibits

two major bands of opposite signs, suggesting exciton coupling between the chromophore

molecules in the protein interior. The fluorescence quenching data suggest proximity of the

primary RA binding site to tryptophan (W214). RAC shows a weak association with HSA with

stoichiometry close to that of RA, while interactions of RAL with HSA proceed non-speci-

fically at multiple sites. Contrary to RA, the adducts of HSA with RAC and RAL do not show

any induced chirality, thus indicating that despite their high structural similarity to RA, both

compounds do not appear to occupy the internal binding sites, but associate with the

protein exterior.
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1. Introduction

HSA is one of the best studied plasma proteins that functions

primarily to maintain colloid osmotic pressure [1–3]. Due to

multiple binding sites, HSA serves as a major plasma carrier

for wide variety of endogeneous and exogeneous compounds
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[3,4]. A great deal of research effort focuses on investigation of

the interactions of HSA with various compounds and the

nature and the characterization of these binding sites [5–7].

Abundance of HSA in the circulatory system and its

extraordinary acceptor capabilities make it an important tool

in the prognosis of pharmacokinetic behavior of many drugs.
thor and are not to be construed as policy of the United States Food

serum albumin; FA, fatty acid; L/P, ligand-to-protein (molar) ratio;
retinyl acetate; RAL, all-trans retinaldehyde; UV–vis, absorbance

mailto:elena.karnaukhova@fda.hhs.gov
http://dx.doi.org/10.1016/j.bcp.2006.11.023


b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 9 0 1 – 9 1 0902
Often, more than 90% of the drugs are bound to the protein,

which significantly influences the drug efficacy, the rate of

drug delivery and elimination [2,4,8].

Retinoids, or vitamin A derivatives, are small lipophylic

molecules comprised of b-ionone cycle and conjugated

polyene chain of four double bonds (Fig. 1). Natural and

synthetic retinoids possess a wide spectrum of physiological

functions. Besides vision transduction, retinoids play a pivotal

role in many biological processes including apoptosis and cell

differentiation, control of proliferation, reproduction and

morphogenesis [9]. Recent work revealed a key role of RA as

a signaling molecule in adult brain [10,11].

In vivo, multiple physiological functions of retinoids are

facilitated by specialized retinoid receptors and retinoid-

binding proteins [12,13]. Retinoids are known for their

extremely low aqueous solubility, instability towards oxygen,

light and temperature, and for their toxic effects [14–17]. Due

to their broad spectrum of physiological activities, natural

and synthetic retinoids are widely used, as well as utilized

for developing new treatment strategies for various diseases

[18–20].

RA, tretinoin (MW 300.4), is a US FDA-approved orphan

drug (Vesanoid1) recommended for the treatment of acute

promyelocytic leukemia [21,22]. RA has been tested experi-

mentally for its utility as a chemopreventive and an

antineoplastic agent for the treatment of solid tumors, and

for various dermatologic uses (e.g., [23,24]). RAL, known as

retinal (MW 284.4) and RAC (MW 328.5) are metabolically

related to RA [25]. RAC is the commercial form of vitamin A

used as a vitamin supplement, and RAL is being developed as a

topical preparation [26]. However, according to the available

literature, the binding properties of these retinoids towards

plasma proteins are not fully investigated. Even though these

vitamin A derivatives are available as commercial therapeu-

tics, the protein binding properties and the pharmacokinetic

data are likely proprietary industry information.
Fig. 1 – All-trans retinoids used in the present study.
In order to gain a better understanding of the interactions

between HSA with vitamin A derivatives, a complexation of

HSA with RA, RAC, and RAL was investigated in this work with

the main emphasis on evaluation of these interactions by the

visible CD. RAC and RAL were chosen due to their structural

identity with RA except for the end functional group, in order

to evaluate the impact of substitution of carboxylic group of

RA for more reactive carbonyl group or neutral ester on

complexation with HSA. This paper presents our results as

studied by electronic absorption spectroscopy, fluorescence

spectroscopy and CD.

Vitamin A derivatives are excellent optical probes

sensitive to conformational distortion that can be detected

in 300–600 nm range of CD (often referred as visible CD). The

main focus of this study was to examine interactions of

chromophoric ligands with protein binding sites by visible

CD. While a conventional protein CD in the far-UV range

does not reveal any significant changes upon complexation

of HSA with RA [27], here we demonstrate that the visible CD

reflects dramatic conformational changes of the ligand

(chromophore) due to protein-induced chirality and suggests

exciton coupling between the RA molecules within the

protein.
2. Material and methods

2.1. Materials

Human serum albumin essentially fatty acid free, all-trans

retinoic acid, all-trans retinal and all-trans retinyl acetate were

purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Ethyl alcohol, anhydrous, USP grade was obtained from the

Warner-Graham (Cockeysville, MD, USA). Phosphate buf-

fered saline (PBS) pH 7.4 was from Quality Biological Inc.

(Gaithersburg, MD, USA). Other chemicals were analytical

grade from Fisher Scientific (Fair Lawn, NJ, USA). Greiner 96-

well black flat bottom plates (T-3021-12) for fluorescence

measurements were from ISC BioExpress (Kaysville, UT,

USA).

2.2. Preparation of HSA solutions

The lyophilized protein was reconstituted in water to a

concentration of 200 mM, and further dilution to a concentra-

tion of 45 mM was performed by adding PBS. This stock

solution was aliquoted and stored frozen at �70 8C until use.

Concentration of albumin was determined spectrophotome-

trically using extinction coefficient (A0:1%
280 0.531) [2].

2.3. Preparation of ligand solutions

1.1 mM and 3.3 mM stock solutions of RA, RAL and RAC were

prepared in absolute ethanol, degassed under vacuum, purged

with argon and stored protected from light at �20 8C. The

concentrations of the retinoids in stock solutions were

determined spectrophotometrically in ethanol using their

extinction coefficients at lmax: 49,700 M�1 cm�1 for RA,

42,400 M�1 cm�1 for RAL [14], and 51,180 M�1 cm�1 for RAC

[28].



Fig. 2 – UV–vis spectra of RA (lmax 346 nm), RAL

(lmax 380 nm), and RAC (lmax 327 nm) in ethanol. Grey

traces at the bottom reflect solubility of RA, RAL and RAC

in PBS, pH 7.4, respectively.
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2.4. Titration of HSA with ligands

For titration of HSA with RA, RAL, and RAC the following

protocol was used. For all samples a 45 mM stock solution of

HSA in PBS, pH 7.4 was used to provide an equal concentration

of 43.2 mM upon adding the ligand(s) in ethanolic solution (or

ethanol only for the control protein samples). Adding aliquots

of RA (or RAL/RAC) solutions was performed using 1.1 mM and

3.3 mM stock solutions in ethanol to create the set(s) with

samples that differ by �0.1 equiv. of putative ligand, with

ligand-to-protein (molar) ratio (L/P) increasing from 0 to 2.0.

The volumes, the protein concentration (43.2 mM) and the

content of ethanol (<4%, v/v) for all samples were kept the

same, thus only the ligand concentration was varied. The

titration samples were prepared in 2 mL plastic tubes and

incubated in dark, at 25 8C with slow rotation for not less than

4 h. HSA sample containing the same aliquot (78 mL) of ethanol

was used as a control; the corresponding spectra were

subtracted from the CD and UV–vis spectra of the titration

samples. 78 mL of RA (RAL and RAC) stock solutions in ethanol

added to 1880 mL of PBS buffer were used as control

chromophore samples to monitor spectral changes of each

of these retinoids without protein in order to exclude a false

interpretation and to confirm that the observed spectral

behavior of these compounds differs from that in the presence

of HSA.

All titration samples have been monitored by UV–vis and

assayed for the induced optical activity and fluorescence

quenching.

2.5. UV–vis measurements

UV–vis spectroscopy was performed on Agilent HP8453 UV-

visible spectrophotometer (Agilent Technologies Deutschland

GmbH, Germany) at 25 8C in the range 200–700 nm using a

quartz cuvette with 1 cm pathlength.

2.6. Fluorescence measurements

The fluorescence measurements were carried out using

SPECTRAmax GEMINI XS Microplate Spectrofluorometer

(Molecular Devices, CA, USA) at 25 8C. Each titration set has

been loaded onto the Greiner 96-well black flat bottom plate

using 200 mL of each sample in triplicate. The excitation

wavelength was 295 nm, and the emission spectra were

recorded between 300 nm and 500 nm with maximum

observed at 340 nm. The bandwidth for measuring emission

was 1 nm. Fluorescence of free RA (saturated solution) in PBS,

pH 7.4, was equal to the blank (buffer solution). The data

analysis was performed using 4.7.1 SOFTmax PRO software.

2.7. CD measurements

CD spectra were recorded between 300 nm and 600 nm on a

Jasco J-810 Spectropolarimeter (JASCO Co., Japan) at 25 � 0.2 8C

in a rectangular quartz cuvette with 1 cm pathlength. All

spectra were accumulated in triplicate with a bandwidth of

1.0 nm and a resolution of 0.2 nm at a scan speed of 100 nm/

min. Induced CD was determined as the CD of the HSA–RA

complex sample after subtraction of CD of the protein alone.
For measuring CD spectra in the far-UV region, the samples

were diluted 10-fold with PBS, and the spectra were recorded

between 200 nm and 260 nm in the fore-mentioned conditions

using quartz cuvette with 2 mm pathlength. An ellipticity of

CD spectra is expressed in millidegrees.
3. Results

3.1. UV–vis absorption spectroscopy

Solubility of retinoid and complex formation. Fig. 2 shows

absorption spectra of RA, RAL, and RAC in ethanol. Each of

these spectra features a single intense absorption band of

relatively broad and vibrationally unresolved shape typical for

these retinoids [29,30]. Grey traces reflect solubility of RA, RAL

and RAC, respectively in PBS, as measured for their saturated

solutions in buffer. Therefore, due to extremely low aqueous

solubility of retinoids they were added to the protein

preparation in PBS as small aliquots of the concentrated

ethanolic stock solutions.

3.1.1. RA
Adding of the RA aliquots to PBS above RA aqueous solubility

results in immediate bathochromic shift to 420–440 nm in the

absorption spectra (most likely reflecting a micelle formation),

followed by a timely shift to 330 nm, with a significant drop of

the absorption intensity [12,14]. Upon adding to buffer, RA

aggregates and precipitates rapidly (the amount of precipi-

tated RA was estimated from the UV–vis spectra of the

ethanolic washes of the vials and/or quartz cuvette).

In contrast, when added to the PBS containing HSA

(43.2 mM), RA demonstrates apparent solubility up to 87 mM

that is far beyond its aqueous solubility. Titration of HSA with

increasing amounts of the RA (from 0.4 mM to 87 mM) results in

a proportional increase in the absorption intensities of almost

symmetrical electronic spectra at 346 nm (Fig. 3a), the first

manifestation of the ligand complexation with protein. An

excellent signal-to-noise ratio, the absence of RA precipitation

on the vial/cuvette walls and apparent visual clarity of the



Fig. 3 – UV–vis data of titration of HSA with RA: UV–vis spectra of the has samples containing increasing amounts of RA

(spectrum of 43.2 mM HSA is subtracted) (a); double reciprocal plot of the absorption change vs. RA concentration (b); A/Amax

as a function of L/P (c). The spectra were recorded 8 h later after adding RA.
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samples up to the ratio 2 mol of RA per 1 mol of HSA (L/P 2.0),

clearly define a stoichiometry of binding (2:1). The increasing

RA content in the titration experiments above L/P of 2.0 results

in opalescent samples with corresponding changes in UV–vis

spectra, which indicates that saturation was achieved.

The absorption intensities at lmax for the HSA–RA samples

have been performed as a double reciprocal plot (Fig. 3b) and as

a function of RA per HSA (mol/mol) (Fig. 3c), both plots show

excellent linearities with r2 of 1.0 and 0.99, respectively.

The complexes of HSA with RA are highly stable, as

demonstrated by the same (100%) intensity and shape of UV–

vis spectra after 3 months storage in original solution at 4 8C.

3.1.2. RAC
UV–vis spectra of titration of HSA with RAC reveal an

association of RAC (lmax 327 nm) with HSA as observed by a

strong absorption at lmax 335 nm upon adding of retinyl

acetate (see Section 3.4). The apparent solubility of RAC (up to

85 mM) in the protein solution indicates a stoichiometry close

to that of RA (�2 mol per 1 mol of HSA), but UV–vis monitoring

shows rapid decrease of the intensity of chromophore band.

To exclude the possibility of a false interpretation of UV–vis

spectra due to a better solubility of RAC in ethanol–PBS (4% v/

v), the samples of RAC in PBS with and without HSA have been

monitored in parallel within 20 h under the same conditions.

The results revealed that the spectral behavior of RAC

associated with HSA and spectral changes of the control

RAC sample in PBS proceed quite differently.

3.1.3. RAL
Titration of HSA with RAL has been performed in the same

conditions and concentration range as for RA and RAC. Upon

reaction with HSA, the absorption maximum of RAL (380 nm)

shifts to 375 nm. This hypsochromic shift �5–6 nm was

reproducibly shown for the complexes of L/P 1.0 and 2.0.
Complex formation was monitored for all samples of L/P from

0.1 to 2.0 (data not shown), and saturation was not observed.

Titration of HSA with RAL above L/P of 2.0 up to 6.0 revealed

that a binding capacity is still far from saturation point. To

accurately approach the saturation level, the protein stock

solution has been diluted 5-fold and 10-fold to provide

concentrations of 8.6 mM and 4.3 mM, and a titration with

RAL was performed with the steps by 5 molar equivalent

excess of the ligand using 3.3 mM and 6.8 mM RAL stock

solutions. Our results therefore, suggest that titration of HSA

with retinal is concentration dependent. Comparing the

titration of HSA by RAL with that of RA and RAC at the same

protein concentration (43.2 mM) lead us to conclude that RAL

binds to HSA non-specifically at multiple (as observed, a

minimum of six) binding sites.

To further test the possibility that RAL complexation with

HSA occurs via Schiff’’s base formation, equimolar complex

HSA–RAL was acidified with 1 M HCl (�20 equiv.). This results

in a bathochromic (25 nm) shift in the absorption spectrum

and a better spectral stability, typical for protonated Schiff’s

bases.

3.2. CD measurements

3.2.1. Far-UV CD (200–260 nm)
The samples of the titration sets for each of the ligands (RA,

RAL and RAC) have been subjected to far-UV CD measure-

ments. Fig. 4 shows CD spectra in 200–260 nm range for the

control HSA sample and the same protein preparation

complexed with 0.1, 0.8, and 2.0 molar equivalents of RA.

3.2.2. Visible CD (300–600 nm)
While a conventional protein CD in 200–260 nm range (Fig. 4)

does not show any significant conformational changes upon

complexation of HSA with RA, the visible CDrange (300–600 nm)



Fig. 4 – Far-UV CD spectra of HSA in PBS (control, curve 0),

and of HSA–RA complexes of L/P ratio 0.1, 0.8 (overlapped)

and 2.0, respectively. (Concentration of HSA in these

samples was 4.3 mM; pathlength 2 mm.)

Fig. 5 – Dynamics of the RA binding to HSA as monitored by

UV–vis absorption and visible CD: 1 min (trace 1), 14 min

(trace 2), 40 min (trace 3), and 4 h (trace 4).
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reveals the dramatic conformational changes of the ligand due

to a protein-induced chirality (Figs. 5 and 6).

3.2.2.1. Dynamics of the HSA–RA complex formation. Fig. 5

illustrates the dynamics of the early stages of the complex

formation between RA and HSA (L/P of 1.0 is shown). Both the

absorption and CD spectra reflect an instant association of the

ligand with protein, however, CD provides more details on

dynamics of the interaction. Upon adding of RA, the absorp-

tion spectra instantly reflects a bathochromic shift to 365 nm

with a broad shoulder at �420–430 nm that corresponds to RA

aggregation. That is followed rapidly (�14 min) by a major

band shift back to�353 nm while retaining some absorption at

420 nm. By 40 min, the absorption shoulder at 420 nm

completely disappeared, while the absorption maximum at

353 nm has reached its maximal intensity.

As an optically inactive molecule, RA itself does not exhibit

any CD, either in ethanol and in buffer. HSA also does not show

any CD in the visible range. An optical activity in the visible

range is observed only when RA is added to HSA solution.

CD spectra measured for earlier steps of binding, clearly

illustrate that although RA has a high affinity to HSA and
Fig. 6 – (a) CD of HSA complexes with RA of L/P 0.1 (curve 1), 0.8

350 nm and 314 nm for titration of HSA with RA as a function o
rapidly associates with it, a full accommodation of the

ligand inside the protein binding site(s) takes several

hours. A fine structure of the CD spectra during monitoring

of the binding reflects the chromophore conformational

alterations due to ongoing dynamic changes. All CD spectra

recorded for the first 2 h of binding exhibit only a major

positive band of fine structure around 350 nm. Four hours

later, the reaction results in a relatively smooth biphasic

CD spectrum that is comprised of two bands: a major

positive CD at �350–355 nm (positive 1st CE), followed by a

small negative CD around 314 nm (negative 2nd CE).

These spectra are reproducible and do not change over

weeks.
(curve 2) and 1.95 (curve 3); (b) plot of the CD intensities at

f L/P. (CD spectrum of 43.2 mM HSA was subtracted.)



Fig. 7 – Quenching of the intrinsic HSA fluorescence due to titration with RA (a) and RAL (b). Percent of the observed

fluorescence intensity at 340 nm (F/F0) is plotted as a function of L/P.

2 Scatchard plot analyses based on fluorescence titration data,
UV–vis absorption titration, and CD titration data, are not shown
here to be considered in a separate manuscript.
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3.2.2.2. CD spectra of the HSA–RA samples of various L/P ratio
(titration). While the UV–vis spectra of HSA with increasing

amounts of RA demonstrate a gradual increase in the

absorption intensities (Fig. 3a and c), a concentration

dependent CD response in the visible range is more informa-

tive.

Fig. 6a shows the selected CD spectra to demonstrate the

major RA conformational changes depending on amount of RA

added per mole of HSA.

For clarity we plotted the intensities of positive and

negative Cotton Effects taken at 350 nm and 314 nm for all

samples as a function of L/P (Fig. 6b). These CD data are

complementary to UV–vis spectra shown in Fig. 3a. From the

low L/P (0.1) and up to 0.8 the CD spectra show the only one

arising positive CD band (positive CE) which intensities

correlate with RA concentrations and the corresponding

absorption spectra. It suggests that up to a L/P of 0.8 RA

binding proceeds as if there is only a single binding site.

However, starting L/P of 0.9, a negative band at �314 nm is

arising, and the spectrum of the equimolar RA–HSA complex

already shows a small negative CE as well. The intensity of the

negative CE is increasing with increase of RA content in the

system (from L/P of 0.9 to 2.0). The intensities of the

corresponding positive lobes of the titration CD spectra are

increasing and gradually shift from lmax 350 nm to 358 nm.

Thus, titration results in an almost conservative biphasic CD

spectrum of the fully saturated complex.

3.2.2.3. CD of the complexes of RAL and RAC with HSA. CD

measurements for the titration sets of HSA with RAL and RAC

did not show any CD in the visible (chromophore) range, thus,

indicating that an association of HSA with these chromo-

phores does not induce any CE, and the ligands remain

optically inactive.

3.3. Fluorescence study

The only tryptophan in HSA (W214), located in the physiolo-

gically important subdomain 2A, is predominantly responsible

for HSA intrinsic fluorescence.

We have performed fluorescence study for the titration sets

with each ligand. Fig. 7a shows a plot of the fluorescence
intensities for the HSA–RA titration samples. The adding of

increasing amounts of RA results in a gradual reduction of the

emission intensity.

Upon saturation of HSA with RA (at L/P close to 2.0), the

remaining unquenched fluorescence is �22–23% of initial

intrinsic protein fluorescence. The fluorescence intensity

profile for the HSA–RA titration set shows that 76% of

quenching of the intrinsic fluorescence corresponds to adding

of the first RA equivalent (L/P of 0.8–1.0), while further

saturation of protein with RA (L/P ratio from 1.2 to 2.0) has

much lower influence on fluorescence. Thus, this suggests

proximity of the RA primary binding site to the W214 residue.

The affinity constant for the primary binding site for RA was

determined using traditional Skatchard plots2 [31,32], with the

resulting value close to that recently published by Maiti et al.

from their fluorescence study [27].

Despite lower stability of the complexes with RAL and RAC,

we have performed an evaluation of the fluorescence

quenching by these ligands. Fig. 7b shows the fluorescence

quenching profile for HSA–RAL samples of the L/P ratio up to

6.0. It suggests that RAL, while apparently associated on the

protein exterior, may influence the protein intrinsic fluores-

cence. At a L/P of 6.0, HSA intrinsic fluorescence is almost

completely suppressed by non-specifically bound RAL. How-

ever, in comparison with the influence of RA on the intrinsic

fluorescence of albumin (Fig. 7a), the influence of RAL for the

samples of the same L/P is significantly lower.

3.4. UV–vis time course measurements

Fig. 8a shows percent of the initial absorbance of the

equimolar mixtures of HSA with RA, RAL and RAC as

measured over a period of 10 days at their lmax. A superior

reproducibility of HSA–RA absorption intensity additionally

confirms a strong highly specific binding of RA. Moreover,

Fig. 8b overlays the spectra measured for HSA–RA equimolar

sample on 20 h after adding RA and 3 months later, thus

reflecting a stability of the complex. It is worthwhile to study



Fig. 8 – UV–vis data for equimolar mixtures of HSA with RA, RAL and RAC: (a) monitoring of the absorbance intensities

shown as a percent of the remaining initial absorbance at lmax (RA: bold circles, RAL: bold triangles, and RAC: rhombic

dashed trace); UV–vis spectra of equimolar mixtures of HSA with (b) RA: 1 h after mixing (1) overlaid with its spectrum taken

3 months later (2); (c) RAL: 1 h after mixing (1) overlaid with its spectrum taken 6 days later (2); (d) RAC: 1 h after mixing (1)

overlaid with its spectrum taken 20 h later (2). The samples were stored in PBS at 4 8C. (Initial spectrum of HSA is subtracted

from all spectra.)
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whether RA, in its turn, does stabilize the protein, similar to

fatty acids [33,34].

RAL and RAC both show rapid clearance from HSA-

containing solutions, but at different rates (Fig. 8a). Within 6

days of storage in the original solution, RAL still displays�30%

of initial absorbance intensity and UV–vis spectrum of regular

shape, but blue-shifted (Fig. 8c), while RAC precipitates from

the solution much faster (Fig. 8c).
4. Discussion

Three retinoids, RA, RAC, and RAL, were studied in terms of

their affinity to HSA. Our data show that all three retinoids

exhibit an affinity to HSA and non-covalently associate with

the protein, but the nature of this association significantly

differs. Despite their exclusive structural similarity, RA is

the only ligand that forms true complexes with HSA by

specifically occupying the internal binding sites. The

differences between RA, RAL and RAC in terms of specific

binding to HSA must be attributed to their functional groups.

As a polyunsaturated fatty acid, RA is expected to interact

with HSA at the fatty acid (FA) binding sites. Interactions of

RA with bovine serum albumin have been well character-

ized. Earlier work on bovine serum albumin reported three

binding sites for RA [35,36], and two of these sites may be FA

binding sites [12]. Later, Nerli and Pico reported on two types

of binding sites for bovine serum albumin with affinity

constants of 105 M�1 and 104 M�1, respectively [31]. They also

showed that RA binds to the FA binding sites, producing a
perturbation in both principal drug binding sites of the

protein.

However, the interactions of RA with HSA, the major

human plasma protein and a widely used therapeutic, have

not been thoroughly investigated. In 2006, Maiti et al. [27]

reported that RA binds to HSA to one class of sites on the

protein with an average n value of 0.97 (the binding

stoichiometry per class of binding site), as well as provided

data to suggest the docking of one RA molecule per HSA.

However, according to our results, RA binds to HSA with

maximal stoichiometry of 2 mol of RA per 1 mol of HSA, and

our data confirm the existence of at least two binding sites.

It is of note that the observed stoichiometry does not

exclude an existence of more than two RA-binding sites

that, e.g., are not achievable because of steric hindrance,

cooperative conformational changes, or require a higher

concentration level of free RA. Although the affinities of the

binding sites may vary significantly, the filling of the

primary binding site does not proceed without a certain

random scrambling of the ligand to other sites. Crystal

structure may ultimately confirm which FA binding sites are

more preferable for RA and whether it can bind to HSA at

more than two sites (e.g., similar to myristic or arachidonic

acid [5,37]).

The main focus of this study was to examine interactions of

the chromophoric ligands with protein binding sites by visible

CD. While CD in the far-UV range does not show any

significant protein conformational alterations upon adding

retinoids, visible CD reveals dramatic spectral changes in case

of RA.
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Retinoids are optically inactive molecules and thus, they

exhibit zero CD in the visible range both in ethanolic and

aqueous solutions. The protein also shows zero CD in the

visible range, while exhibiting its optical activity in far- and

near-UV. Therefore, an optical activity observed upon titration

of HSA with RA in the visible range reflects a well-known

phenomenon of protein-induced chirality [38–41], suggesting

acquisition of optical activity by RA due to interactions with

the asymmetric protein binding site(s).

The induced CD spectra observed upon titration of HSA

with RA, indicate that RA accommodates in an asymmetric

protein binding site (or sites), thus adopting a chirality of the

helical host via steric interactions with amino acid residues of

the binding site. As a result, being bound to the protein, RA

behaves as a chiral molecule and exhibits an optical activity in

the region of its absorption maximum.

The induced optical activity observed for RA upon binding

HSA provides an insight into the dynamics of its interaction

with HSA and gives valuable information on RA interactions

with protein binding sites, as well as suggests a chromophore–

chromophore exciton coupling between the RA molecules

within the protein.

CD study of the early stages of interaction showed that

binding of RA to a specific binding site requires several (�4)

hours. The interaction of RA with protein during initial steps of

the complexation is reflected by the immediately arising band

of the positive CE around 350 nm. For equimolar HSA–RA

sample, the visible CD visualizes that it first proceeds at a

single binding site showing a single arising positive CE, then

followed by delayed appearing of the second (negative) CE

when more RA timely gets into the system.

CD study of HSA titration with RA is an additional

manifestation of highly specific binding with HSA (Fig. 6).

From ligand-to-protein ratio 0.1 to 0.8, an increasing single

broad positive CE is the only one trend observed upon

increasing amount of RA, which very likely points out the

predominant occupying of the first binding site.

Moreover, a significant finding of this work is that a higher

saturation of HSA with RA gradually leads to a strong bisignate

CD, a hallmark of an exciton coupling between the dipole

transition moments of the chromophores [38,39,42]. Starting

L/P of 0.9 and up to 2.0, CD spectra show arising negative

Cotton Effect, thus reporting on a strong influence of the

appearing of the second molecule of RA in the system. It

suggests that two RA molecules within the protein are chirally

disposed in regard to each other and may efficiently interact

through the space.

The intramolecular distances between the principal bind-

ing sites inside HSA (�20–35 Å) do allow chromophore–

chromophore interactions within the protein [39,42,43]). The

presence of a third distinct chromophore, tryptophan at the

position 214, also should be taken into account [30,44],

generally regarding the first CE. However, its energetic level

differs from that of RA, which enables us to postulate that the

appearance of the bisignate CD is caused mainly by the exciton

coupling between two RA molecules in the protein interior

bound at different binding sites.

Although RAL and RAC also showed an association with

HSA, they remain optically inactive, indicating the absence of

conformational distortion by the protein, thus implicating
surface type of association with HSA. In view of completely

neutral nature of retinyl acetate, in which the functional group

is esterified, its association with HSA can be explained

exclusively via hydrophobic interactions, probably at the

protein surface clefts.

RAL complexed with HSA does not exhibit an optical

activity either, thus also indicating a surface type of

complexation. However, interactions of RAL with protein

are more intriguing. In view of reactivity of retinal aldehyde

group and multiple non-specific binding observed, a mechan-

ism of interaction of RAL with protein can be either (a) via

hydrogen bond network, or (b) formation of the reversible

Schiff’s base between the aldehyde and the e-amino groups of

the accessible lysine residues (e.g., [45,46]). We favor the latter

hypothesis, since acidifying of HSA–RAL complexes results in

more stable adducts with red-shifted (�25 nm) absorption

spectra, typical for protonated Schiff’s bases. However, in case

of RAL, besides multiple non-specific binding with e-amino

groups of the accessible lysine residues, we did not exclude a

possibility to observe the signs of binding at the same internal

sites that worked for RA molecules, due to Schiff’s base

formation with e-amino group of lysine inside of binding site

[2]. The absence of any induced CE in the protein titration with

RAL clearly indicates that, despite its exclusive structural

similarity to RA and higher reactivity of its functional group,

RAL does not get into the same binding sites that RA does.

In summary, our study clearly demonstrates that RA

specifically binds to HSA with stoichiometry up to 2 mol of

RA per 1 mol of protein, and that there are at least two RA

binding sites of close but distinct affinities. The observed

protein-induced chirality, revealed by visible CD, together

with fluorescence quenching data indicate that RA occupies

two (or more) internal binding sites, and the primary binding

site is close to W214. Moreover, biphasic CD spectra observed

for the complexes of L/P ratios of 0.9–2.0, suggest intramole-

cular exciton coupling between two RA molecules while

occupying their binding sites in the protein interior. A highly

specific binding of RA with albumin is additionally confirmed

by exclusive stability of these complexes.

RAC shows an association with HSA with a stoichiometry

close to that of RA, but zero CD indicates the absence of

conformational distortions of chromophore, which together

with its clearance profile, implicate a weak hydrophobic

interaction with the protein presumably at the surface.

RAL displays a non-specific interaction with HSA at

multiple binding sites, most likely via formation of reversible

Schiff’s bases with e-amino groups of the accessible lysine

residues. The absence of any sign of the induced CD indicates

an exterior type of binding exclusively, confirming that,

although RAL is capable of interacting with lysine residues,

but not with those which are strategically located inside the

internal binding sites. The latter suggests that contrary to RA,

the RAL does not get into the RA binding sites.

Thus, our study confirms that the presence of the carboxyl

group in RA is a stringent requirement for a highly specific

binding of retinoid with HSA. Although the RA carboxyl group

is not as reactive as the carbonyl group of RAL, in its ionized

form it can enhance initial hydrophobic interactions with

protein microenvironment inside the binding site via electro-

static interactions. In comparison with more reactive RAL, the
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carboxyl group of RA seems to be indispensable in the

navigation of the retinoid agent into the binding channel,

which is observed for RA, but nor for RAL.

The in vitro binding capacity of HSA for RA allows to consider

this therapeutic protein as an efficient carrier for RA for those

cases in which a requirement for high doses of RA is hard to be

fulfilled because of its low solubility in physiological fluids.

Methodologically, this study can serve as an additional

illustration of the use of the visible CD for examining various

interactions between native plasma proteins, protein ther-

apeutics, and small chemical drugs and/or native plasma

metabolites.
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