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Abstract

The complete assignment of the 1H and 13C NMR spectra of bendaline (BNDL) was per-

formed by mono-dimensional and homo- and hetero-correlated two-dimensional NMR exper-

iments. The interaction between bendaline and albumin was also studied by the analysis of the

motional parameters spin–lattice relaxation times, allowing the motional state of the BNDL

free and bound with albumin to be defined. In absence of albumin the indazolacetic and ben-

zylic moieties are characterized by roughly the same mobility and by positive r (cross-relaxa-

tion rates) values. In the presence of the macromolecule, the indazolacetic and benzylic

moieties and the lysine change their motional behaviour to different extents, as indicated by

correlation times. Data obtained in absence and in presence of the protein show that the mo-

lecular moiety of the bendaline most involved in the binding with albumin is the fragment H-4

H-5. The binding constant was evaluated at 2.4� 103 M�1.
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1. Introduction

Bendaline (BNDL) (Scheme 1) is the lysine salt of the [[1-(phenylmethyl)-1H ind-

azol-3-yl]oxy]acetic acid (BDZC). The main properties of BDZC are its anti-denatur-

ant and mild immunomodulation effects on proteins, although the drug also exhibits
anti-inflammatory, anti-necrotic, choleretic, and anti-lipidaemic properties [1].

BNDL is largely absorbed orally as the lysine salt, and can be administered in order

to prevent cataract formation [2]. BDZC and BNDL seem to exert their anti-cataract

action by inhibiting the denaturation of lens proteins, although the exact mechanism

of action is not yet clear. BNDL has been shown to inhibit the in vitro denaturation

of various proteins, including albumin, by heat, UV radiation, free radicals, and var-

ious chemical denaturants [1,3,4]. This action is also present in vivo; in particular,

crystalline lens proteins are protected by BNDL against the changes induced by tem-
perature denaturation, as detected by electrophoretic experiments [5,6]. Moreover,

BNDL prevents the deposition and aggregation of lachrymal proteins on the contact

lens surfaces [7,8].

BNDL can be administered per os or by ocular instillation. In both cases, a study

of its interaction with albumin is extremely important, because the degree of protein-

binding is a critical parameter in the evaluation of the pharmacological and pharma-

cokinetic properties of drugs [9]. By oral administration, the binding of albumin to

drugs governs their transport and tissue distribution and is important in determining
their activity, toxicity, excretion, and metabolism in the body [10]. Albumin is also

ubiquitous in the eye, so that an understanding of the binding interactions between

it and BNDL is essential for predicting the drug�s distribution [11–13].

BNDL has aroused new interest because of its peroxy radical scavenging proper-

ties [14], most notably it prevents the inactivation of natural radical scavengers like

albumin. Moreover, anti-denaturant agents, such as BNDL, are considered to be

appropriate drugs for the treatment of ‘‘condensation disease,’’ a heterogeneous
Scheme 1.
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pathological condition in which the primary pathogenic step is loss of solubility of

specific substances, resulting in the formation of a condensed phase. This will man-

ifest itself in cataract, nephrolithiasis, and gallstone disease [15].

In this paper, the interactions between BNDL and albumin were studied by NMR

spectroscopy. The motional parameters, mono-selective and non-selective proton
spin–lattice relaxation rates were the primary means for the detection of the rela-

tively weak binding interactions [16–19].
2. Materials and methods

Bendaline was provided by Angelini Industries. The albumin was obtained from

ICN Biomedical Research Products (Costa Mesa CA USA). The molecular weight
was 65 kDa. The albumin was used without further purification.

2.1. NMR experiments

NMR experiments were carried out at 300K on Varian XL-300 (7.05T) spec-

trometer (i) operating at 299.99MHz for proton and 75.43MHz for 13C and on a

Bruker AM 500 (11.47T) spectrometer and (ii) operating at 500.13MHz for proton

and 125.37 for 13C. The chemical shift values are expressed in ppm relative to diox-
ane in deuterium oxide (external reference) and reported with respect to tetrameth-

ylsilane. BNDL solutions have been split into two different portions. In one, 20 ll of
dioxane were added and chemical shifts were first measured with respect to internal

dioxane. In order to avoid any interference of internal dioxane in the interaction

studies, the internal dioxane-free solutions were measured (using NMR spectros-

copy) by introducing the same amount of dioxane as the external reference in a cap-

illary tube. The chemical shifts reported in the Tables have been duly corrected.

Measurements conditions: (i) 1H pulse width 7.5 ls (30�), acquisition time 2.0 s, rep-
etition time 1.0 s, spectral width 4000Hz, number of data points 32K, numbers of

scans 64; 13C pulse width 6.0 ls (30�), acquisition time 0.9 s, repetition time 1.1 s,

spectral width 16,000Hz, number of data points 16K, numbers of scans 720; and

(ii) 1H pulse width 3.0 ls (30�), acquisition time 2.0 s, repetition time 1.0 s, spectral

width 8064Hz, number of data points 64K, numbers of scans 32.

Longitudinal relaxation times were measured on a Varian XL-300 spectrometer

and on a Bruker AM 500 spectrometer. Proton spin–lattice relaxation times were

measured with inversion-recovery pulse sequences (180�–s–90� ) and calculated
from three-parameters exponential regression analysis of the recovery curves of lon-

gitudinal magnetization components. Single selective proton spin–lattice relaxation

times were measured with inversion-recovery pulse sequence implemented with

DANTE sequence in order to obtain single inversion of the desired proton reso-

nances, as reported elsewhere [20,21]. Measurements conditions: Varian XL-300:

90� pulse length, 22.5 ls; 12 different s values from 1ms to 35 s; repetition rate,

35 s; Bruker AM 500 90� pulse length, 9.0 ls; 12 different s values from 1ms to

40 s; repetition rate, 40 s.
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2D-COSY spectra were obtained on a Varian XL-300 spectrometer by using the

pulse sequence available in the routine of the instrument. Measurements conditions:

spectral width 2350Hz in both dimensions; data matrix 2048� 2048 points. 512

FIDS were collected for each value of t1. HETCOR: F1 spectral width 2350Hz;

td1 256; F2 spectral width 16,500Hz; td2 1024. Data matrix 1024� 256.
BNDL samples were prepared in deuterium oxide (D2O) 99.95% phosphate buffer

0.13M, pH 7.24, solutions. No correction has been made for the isotope effect.

On the basis of the BNDL 1H chemical shifts variation as a function of concen-

tration, it has been determined that there is no significant self-association processes

occurring below concentrations of 6mM. The concentrations used in the interaction

studies were lower than this value. The study was performed on bendaline alone and

on bendaline and albumin at different molar ratios. Both were carried out in phos-

phate buffer.
3. Results and discussion

3.1. Peaks assignments

In Table 1 are reported the 1H NMR chemical shifts of BNDL and their assign-

ments. The latter were made on the basis of chemical shift values, comparison with
model compounds, spectral multiplicities, signal area values and experiments at dif-

ferent concentrations. The assignments of lysine signals were made on the basis of

literature data [22]. For both moieties the unequivocal assignments were performed

by 2D NMR COSY experiments. With regard to BDZC moiety, the doublet at

7.63 ppm was assigned to H-4 because it shifted the furthest downfield. The doublet

of doublets at 7.26 ppm, exhibiting different coupling constants, were assigned to

H-6; the doublet at 7.16 ppm was assigned to H-7. The assignment was confirmed
Table 1
1H chemical shifts and assignments of BNDL in phosphate buffer (0.13M, pH 7.24, T ¼ 300� 1K)

Position d (ppm)

4 7.63

6 7.26

7 7.16

14 7.14

12 a,b 7.11

5 6.99

13 a,b 6.96

10 5.20

15 4.59

21 3.70

17 2.95

20 1.92

18 1.55

19 1.40
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by 2D-NMR COSY experiments, showing a correlation between the two protons.

Correlations between H-13 and H-12 and between H-13 and H-14 allow peaks at

6.96 ppm (H-13), 7.11 ppm (H-12), and 7.14 ppm (H-14) to be unequivocally as-

signed, in agreement with the integration values. Correlations between H-5 and

H-6 and between H-5 and H-4 allow H-13 and H-5 to be unequivocally determined.
In Table 2 are reported the 13C chemical shifts assignments. The assignments of

the lysine signals have been obtained by the comparison with those in literature

[22]. The unequivocal assignments of 13C resonances and of proton peaks not un-

equivocally assigned from proton experiments were obtained by heterocorrelated
13C-1H 2D NMR experiments.

The short-range proton–carbon spectrum shows those carbons which are directly

attached to protons. In our case, H-6 absorbing at 7.26 ppm is one-bond coupled to

the carbon peak at 131.15 ppm, giving us C-6 directly. Similarly, we can assign C-12
a,b at 131.50 ppm, C-14 at 130.50 ppm, C-13 a,b at 129.75 ppm, C-4 at 123.01 ppm,

C-5 at 122.73 ppm, C-7 at 112.09 ppm, C-15 at 70.31 ppm, and C-10 at 54.05 ppm.

The long-range proton–carbon spectrum (optimized for two- and three-bond cou-

plings) shows correlations between protons and carbons that are separated by two or

three bonds. Correlations between the protons at 4.59 ppm with the carbon signal at

157.95 ppm and the carboxyl group allow assignments at the same time of protons

H-15, of carboxyl C-16 and C-3 by using the J coupling constants at two and three

bonds, respectively. The correlation between the protons at 5.20 ppm and quaternary
carbons at 140.04 and 144.35 ppm allows assignment of H-10 and C-11 and C-9, re-

spectively. Thus the signal of the quaternary carbon at 114.77 ppm can be assigned

to C-8.
Table 2
13C chemical shifts and assignments of BNDL in phosphate buffer (0.13M, pH 7.24, T ¼ 300� 1K)

Position d (ppm)

16 178.58

22 177.40

3 157.95

9 144.35

11 140.04

12 a,b 131.50

6 131.15

14 130.50

13 a,b 129.75

4 123.01

5 122.73

8 114.77

7 112.09

15 70.31

21 57.34

10 54.05

17 41.89

20 32.73

18 29.23

19 24.27
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3.2. Motional parameters

The study of the interaction of bendaline with human serum albumin in phos-

phate buffer was carried out by first considering the structural parameter chemical

shift. Ligand solutions at different concentrations and ligand–albumin solutions at
different molar ratios were studied.

By examining resonances ascribed to the indazolacetic and benzylic moieties of

BNDL in the absence and presence of albumin, very small chemical shift differences

were observed (Table 3). Such a behaviour is expected in ligand–macromolecules

diamagnetic complexes, where the effects on chemical shift are very small under fast

exchange conditions even in the presence of a high binding constant.

The data obtained by the motional parameters, such as the spin–lattice relaxation

rates (Rij ¼ 1=T1), give more information, with the relaxation mechanism for any
proton Hi being mainly provided by the dipole–dipole interactions with protons

nearby, such that
Table
1H ch

(0.13M

Prot

4

7

14

12 a

10
RNS
i ¼

X
j 6¼i

qij þ
X
j 6¼i

rij þ q�
i ;
where qij and rij are the direct- and cross-relaxation rates relative to the Hi–Hj

dipolar interaction and q�
i accounts for eventual contributions from other relaxation

mechanisms. Such a rate is labeled NS (non-selective) in order to emphasize that all

proton resonances are excited by the same irradiation field, so that all spin popu-
lations are perturbed from their equilibrium values. It is also possible to excite only

one proton resonance while leaving the rest of the spin system at the equilibrium. It

has been shown [20] that the spin–lattice relaxation rate measured upon these con-

ditions is given by (all rij�s are obviously zero) the equation
Rsel
i ¼

X
i6¼j

qij þ q�
i ;
where the sel label means selective. It has been, therefore, suggested that measuring
the ratio
F ¼ RNS
i

Rsel
i

for any proton Hi yields the following:
3

emical shift variations of BNDL protons in presence of different molar ratios BNDL/albumin

phosphate buffer, pH 7.24, T ¼ 300� 1K)

on position d (ppm) BNDL d (ppm) ratio 100/1 d (ppm) ratio 20/1

7.63 7.72 7.72

7.16 7.34 7.35

7.14 7.21 7.21

,b 7.11 7.09 7.09

5.20 5.35 5.36
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(i) whenever xsc � 1 and q�
i ¼ 0, F ¼ 1:5;

(ii) in the same region of molecular motions, F < 1:5 is determined by the occur-

rence of relaxation mechanisms other than the dipolar;

(iii) if and only if q�
i ¼ 0, F < 1:5 is determined by molecular motions having rela-

tively slow reorientational correlation times, sijc > 0:2=x.
The motional correlation time can be evaluated by the dipolar interaction energy

between protons at fixed distances, rij, as measured by double-selective relaxation

rates according to the equation [21]
rij ¼ Rij
1 � Rsel

i ¼ 1

10

c4�h2

r6ij

6sijc

1þ x2 sijc
� �2

(
� sijc

)
;

where Rij
1 (s�1) is the double-selective relaxation rate measured for Hi upon selective

excitation of Hi and Hj, Rsel
i is the selective relaxation rate measured for Hi, c is the

proton magnetogyric ratio (¼ 26,753 rad s�1 G�1), x is the proton Larmor fre-

quency, �h is the reduced Planck�s constant (� h=2p ¼ 1:0545887� 10�27 erg s rad�1),

and rij is the Hi–Hj vector.
In the fast exchange conditions the equation
robs
if ¼ pfrf

ij þ pbrb
ij
made it possible to evaluate rij in the bound state (rb
ij).

Even in the presence of the protein at low molar ratios, BNDL is expected to ex-

change between the free and the bound environments. Such exchange has been

shown to yield a certain enhancement of selective proton spin–lattice relaxation

rates, while leaving the non-selective ones almost unaffected, especially at high pro-

ton Larmor frequencies [23]. This occurs because Rsel
i , and not RNS

i , is contributed by

W0 (zero-quantum probability) which becomes progressively larger as the motion
slows down, as in the case of the bound environment. It is, therefore, evident that

the larger the enhancement of Rsel
i , the more the corresponding proton is involved

in intermolecular interactions with the protein.

The motional properties can be properly described by the correlation time mea-

sured on the basis of the F values, r values or alternatively by spin–lattice relaxation

times (T1) ratio at different magnetic fields [24], using the equation
TNS
1 x1ð Þ

TNS
1 x2ð Þ ¼

5þ 8x2
2s

2
c

� �
1þ 5x2

1s
2
c þ 4x4

1s
4
c

� �
5þ 8x2

1s
2
c

� �
1þ 5x2

2s
2
c þ 4x4

2s
4
c

� � ;

where c is the proton magnetogyric ratio, x1 and x2 are the proton Larmor fre-

quencies at certain magnetic fields and sc is the correlation time for molecular re-

orientation. Hence, sc for any proton can be evaluated when knowing the TNS
1 values

at two different frequencies.
The experimental spin–lattice relaxation ratios and sc values as evaluated using

this equation for bendaline alone and in interaction with albumin (albumin:benda-

line ratio 1:100), both in phosphate buffer, are reported in Table 4. The analysis

of relaxation rates allows the motional state of the bendaline free and bound with

albumin to be defined [16].



Table 4

Bendaline protons correlation times (sc) in absence (a) and in presence (p) of albumin (albumin:bendaline

ratio 1:100), measured on the basis of the equation in the texta

Position
TNS
1

ðx1Þ
TNS
1

ðx2Þ
(a) scb (a) (s)

TNS
1

ðx1Þ
TNS
1

ðx2Þ
(p) scb (p) (s)

H-4 1.83 2.2� 10�9 2.66 9.3� 10�9

H-5 2.13 3.1� 10�9 2.63 8.4� 10�9

H-10 2.31 4.3� 10�9 2.52 6.1� 10�9

H-15 2.44 5.1� 10�9 2.56 7.4� 10�9

H-17 2.44 5.1� 10�9 1.83 2.2� 10�9

H-18 2.52 6.1� 10�9 2.13 3.1� 10�9

a The bendaline concentration is 3� 10�3 M and the albumin concentration is 3� 10�5 M.
bErrors on sc values are less than 0.2� 10�9.
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The measured spin–lattice relaxation rates of BNDZ moiety in absence of albu-

min lead to consider that the indazolacetic moiety is characterized by roughly the

same mobility and the r values are positive.

Upon binding with the macromolecule, the indazolacetic and lysine moieties

change their motional behaviour to a different extent as shown by the sc values re-
ported in Table 4. The lysine moiety exhibits higher mobility and the indazolacetic

moiety shows different internal mobility, with the fragment H-4 H-5 being the most

affected.
The cross relaxation rate becomes strongly negative (r4;5

f ¼ 0:11s�1; r4;5
obs ¼

�0:49s�1), which indicates that the molecular motion is quite different in the absence

and presence of albumin. The negative value of r4;5 suggests a very low mobility of

the H-4 H-5 fragment with respect to the values obtained for the other groups. The

r4;5 becomes larger and negative as a consequence of the binding, which indicates

that the corresponding internuclear vector is modulated by relatively slow reorienta-

tional motions. Consequently the data demonstrate that fragment C4–H C5–H is the

molecular moiety most involved in the binding with albumin.
Measurements of the enhancement of selective relaxation rates, as BNDL concen-

trations vary in the presence of a fixed protein concentration, allowed the evaluation

of the interaction constant in the limit of 1:1 interaction (Table 5). As demonstrated,

at low [protein]/[ligand] ratios the following equation can be obtained [25]
Table 5

Selective relaxation rates of H-4 proton of BNDL in absence (a) and in presence (p) of albumin

[BNDL] (mM) Rsel
a (a) (s�1)

(free)

Rsel
a (p) (s�1)

(observed)

Robs
sel � Rf

sel (s
�1)

(DR)
1/DR (s)

1 0.29 7.43 7.14 0.14

2 0.32 4.02 3.70 0.27

3 0.25 2.95 2.70 0.37

4 0.27 2.37 2.10 0.48

5 0.29 2.04 1.75 0.57

a Errors on the relaxation rates are less than 3%.
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1

DRsel
i

¼ 1

Kint

�
þ ½L�

�
1

Rsel
ib P0

;

where [L] is the ligand concentration, P0 is the total concentration of the protein and

Rsel
ib is the selective rate in the bound environment. As a consequence, a plot of

1=DRsel
i vs the ligand concentration extrapolates at zero at ½L� ¼ �1=Kint. The plot

relative to the behaviour of 1=DRsel
i of H-4 proton of BNDL as a function of con-

centration is shown in Fig. 1 and leads to calculate Kint ¼ 2:4� 103 M�1. Such a

behaviour is independent of viscosity (as showed by measurements as a function of
concentration) and it only depends on the interaction between BNDL and albumin.

The protons of the lysine are not influenced by the presence of protein (Table 4).

Bendaline behaviour is quite similar to that exhibited by indolic compounds

[18,26]. In fact, selective spin–lattice relaxation rates indicate that the C4–H C5–H

fragment is the molecular moiety most involved in the binding to albumin. This is

in good agreement with similar findings obtained for the corresponding proton res-

onances of the aromatic moiety of indolic compounds such tryptophan and indo-

methacin interacting with human serum albumin (HSA) and bovine serum
albumin (BSA), respectively [18,26]. Moreover, as observed by NMR spin–lattice re-

laxation rates, the protons of the aromatic moiety of b-carbolines, these being pyr-

ido-indoles [19], are the most involved in the interaction with HSA, which is also

dependent on the type of substituents on the pyrrolic ring. It has also been observed

by NMR spectroscopy that b-carbolines interact at the same site of HSA, in agree-

ment with binding studies of radiolabeled ligands [27].
. Behaviour of 1/DRsel of BNDL H-4 proton as a function of concentration. The albumin concen-

is 3� 10�5 M.



M. Delfini et al. / Bioorganic Chemistry 31 (2003) 378–388 387
These observations implicate the same binding site in the subdomains IIA and

IIIA of the albumin where other aromatic carboxylic acid bind [28]. Those subdo-

mains are predominantly hydrophobic, but a polar contribution of the lysine of

the IIA subdomain interacting with carboxylate group cannot be excluded. This is

in agreement with the affinity exhibited by albumin with negatively charged small
molecules [29]. On the other hand, binding does not require a negative charge pro-

vided that the molecule has a strongly electronegative center. This is the case for di-

azepam, which mainly exists in the un-ionized form at neutral pH and binds to

human serum albumin with high affinity to site II. Short-chain fatty acids, 3-carbon

to 5-carbon, did not displace marker drugs or fluorescent probes from site I or II

when added at equimolar ratios with albumin. In addition, arylpropionic acid

non-steroidal anti-inflammatory drugs bind at site II, suggesting that bulkier aro-

matic molecules form more effective interactions at the binding site [30].
Structural binding studies on the complex between HSA and diflunisal have been

recently performed and provide support for these results. They indicate that the ar-

omatic rings of diflunisal are involved in specific interactions with hydrophobic res-

idues of HSA. In addition to structural studies, NMR-derived binding constants

were obtained for diflunisal and its analogues enabling the development of struc-

ture–affinity relationship for binding [31].

As a result of our study, we were able to evaluate the BNDL–albumin binding

constant and determine the BNDL moiety most involved in albumin binding. The
results are consistent with those observed for other indolic compounds as well as

spectrophotometry data indicating interactions [29]. These findings are significant

because absorbance measurements of albumin solutions in the presence of different

concentrations of BNDL have demonstrated that BNDL is able to prevent albumin

heat-induced aggregation [4].

Because the main action of bendaline may be the protection of the lens proteins,

the present study can be extended to account for the mechanism of action of the

bendaline with crystalline lens proteins to prevent cataract formation.
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