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Effect of the Binding Sites of Human Serum Albumin on the Efficiency and
Photostationary State Isomer Ratios of the Photoisomerization of Bilirubin
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The quantum yields of the isomerization and photostationary state isomer ratios of the photoisomerization
of (4Z,152)-bilirubin IX«a (ZZ-BR) were determined in an aqueous buffered solution in the presence of human
serum albumin (HSA) at a molar ratio of [ZZ-BR]/[HSA] from 0.5 to 2. The BR isomer compositions in the
photostationary state were constant at [BR]/[HSA]=0.5—0.7. With increasing [ZZ-BR]/[HSA] from 0.8 to 2,
the ZZ-BR composition in the photostationary state increased from 58 to 75%, but the ZE-BR composition
decreased from 39 to 22%. The quantum yields in the isomerization of ZZ-BR to ZE-BR ($zz_,zg) and
a cyclized product, lumirubin (LR), (®zz_1r), remained unvaried up to [ZZ-BR]|/[HSA]=1, but $zz_.zg
decreased while &7z _,1r increased along with a further increase of [ZZ-BR]/[HSA]. These results are explained
by the existence of two binding sites, a first-class site and a second-class site, for bilirubin binding to HSA;
@7z, zE in the second-class site (=0.035) was as low as 1/3 of that in the first-class site (=0.11), but 7z _,1r
in the second-class site (=4.2x107%) was nearly two-times higher than that in the first-class site (=2.4x107%).
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We have already reported that the quantum yields
of the photoisomerization of (4Z,152)-bilirubin X«
(ZZ-BR) were greatly influenced by the properties
of both the solvent and the media.!'? As shown in
Scheme 1, ZZ-BR comprizes two pyrromethenone moi-
eties which form intramolecular hydrogen bonds with
a propionic acid side chain.'—'® Upon irradiation with
visible light, ZZ-BR underwent isomerization to F iso-
mers (ZE-, EZ, and FE-BR) and a cyclized product lu-
mirubin (LR) by breaking the intramolecular hydrogen
bonds.} 2% For example, the intramolecular hydrogen
bonds between the second pyrromethenone group (2-
PY in Scheme 1) and the propionic acid group at C-8
in the first pyrromethenone group (1-PY in Scheme 1)
were broken in the process of ZZ— ZFE isomerization.

In a series of previous results it had become clear that
the greater is the intramolecular hydrogen bonding of
ZZ-BR between the pyrrole or pyrromethenone NH and
the carboxyl group broken by the solvent, the greater is
the efficiency of the isomerization that takes place.!™®
Among the solvents and media used, an aqueous so-
lution containing human serum albumin was found to
accelerate the ZZ— ZF isomerization and formation of
a cyclized product, LR.

We have also reported on the effect of serum albu-
mins from different animals on the photoisomerization
of BR, showing that only human serum albumin (HSA)
exhibits a remarkable acceleration of the ZZ— ZF iso-
merization and ZZ—LR formation.»?

Two binding sites of HSA were usually assumed to
be available for bilirubin binding to HSA. A previ-
ous determination of the quantum yield of the iso-
merization was performed in the presence of equimolar
amounts of HSA and ZZ-BR; under this condition, al-
most all of the ZZ-BR is bound to the first-class site,
because of the big difference in the binding constants
between the two binding sites: the first-class site (Ki)
and the second-class site (K>), 1.0x10% and 3.0x10°

M1, respectively.?’:?» It was recently reported that
upon irradiation with a blue-white lamp emitting at
broad wavelengths the time development of the photo-
products was affected by the molar ratio between ZZ-
BR and HSA.'® However, since the light-absorption
properties of the production vary along with the irra-
diation wavelength, it would be desirable to work with
monochromatic light in order to reveal the effect of the
binding site of HSA on the photochemical behavior of
BR. In this respect, we determined the quantum yields
of the isomerization at varying molar ratios of ZZ-BR
and HSA upon 436 nm irradiation in order to reveal the
above-mentioned point.

Experimental

Reagents and Solutions. A typical procedure for
sample preparation was as follows. Fifty-eight milligrams of
ZZ-BR. (Sigma Chemical Co.)1'??®) were dissolved in 25 ml
of 0.1 M (1 M=1 moldm~3) NaOH; 2 ml of this solution was
immediately added to each of the 50 ml portions of a 0.05 M
phosphate buffer (pH 7.4) containing HSA (fatty acid free,
Sigma A3782) at nine different [ZZ-BR]/[HSA] ratios.

HPLC Analysis. A high-performance liquid-chro-
matograph (HPLC, Waters) was constructed using an M600
multisolvent delivery system and an M490 programable mul-
tiwavelength detector equipped with an M740 data mod-
ule. Before HPLC analysis, sample solutions were diluted 10
times with a mobile phase in order to precipitate and to re-
move HSA by filtration. The analysis was performed in trip-
licate using an isocratic reversed-phase ion-pair system with
0.1 M dioctylammonium acetate in methanol®?13—17:24:25)
as the eluent at a flow rate of 0.7 mlmin~" through a Cis
column (Chemcosorb 5-ODS-H, 4.6x250 mm). The ab-
sorbance was monitored at 450 nm to determine the con-
centration of BR isomers. The concentrations were deter-
mined by using the sensitivity ratios between the isomers
(2Z:ZE: EZ:LR=1.0:0.70:0.67:0.43).1%2%

Absorption Spectra. The absorption spectra of ZZ-
BR (1.50x107° M) in HSA solutions were measured in a
1 cm quartz cuvette in a spectrophotometer (JASCO 660).
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Scheme 1.

The absorbance of the solutions at 436 nm for photochemical
measurements was measured in a 1 mm quartz cuvette both
before and after irradiation.

Photoisomerization. = Photoisomerization of ZZ-BR
(1.00x10~* M) was carried out under a N2 atmosphere in an
aqueous phosphate buffer solution (pH 7.4) containing HSA
at nine different concentrations ([ZZ-BR]/[HSA]=0.50, 0.70,
0.80, 0.90, 1.00, 1.25, 1.50, 1.75, and 2.00). Photoisomeriza-
tion was performed in the presence of varying concentrations
of HSA (9.4x1075, 1.6x107*, and 3x10™* M) with a mo-
lar ratio of [ZZ-BR]/[HSA]=1 as well. The irradiation was
performed using a merry-go-round type apparatus with 436
nm light from a 400 W high-pressure mercury lamp through
a solution filter (44 gdm™3 CuSO4-5H204-2.7 M NH3+75
gdm™2 NaNO, in water).

The quantum yields of the isomerization were determined
at the early stage at which the concentration of the resulting
photoisomers increased linearly with the irradiation time.
The &z7_,1.r values were calculated by assuming that LR
was formed directly by the photoexcitation of ZZ-BR. In
this case, the fraction of light absorbed by ZZ-BR in so-
lution was calculated from the fraction of ZZ-BR in pho-
toequilibrating mixtures and the absorbance of the sample
solutions at 436 nm both before and after irradiation.b?%)
The light intensity was measured by using potassium tris-
(oxalato)ferrate(III) actinometry.

The photostationary state isomer compositions were mea-
sured in various molar ratios of the BR-HSA complex in

a buffered solution (pH 7.4) by irradiating ZZ-BR under
conditions similar to those employed in the quantum-yield
measurement.

Results and Discussion

Effects of [ZZ-BR]/[HSA] on the Absorption of
ZZ-BR. The absorption spectra of ZZ-BR (1.50x1075
M) were measured in a 0.05 M phosphate buffered solu-
tion (pH 7.4) containing HSA at [ZZ-BR]|/[HSA] from
0.5 to 2 (Fig. 1). With an increase in [ZZ-BR|/[HSA],
the maximum wavelength of the absorption spectrum
was slightly red shifted from 455 to 456.5 nm, accom-
panied by an increase in the molar-extinction coefficient
in the 400—550 nm region.

Effects of [ZZ-BR]/[HSA] on the Photochem-
istry of ZZ-BR. ' Figure 2 shows the time develop-
ment of BR isomers at varying [ZZ-BR]/[HSA] upon 436
nm irradiation. The photostationary state was reached
after ca. 20 min of irradiation.

The quantum yields of isomerization and the photo-
stationary state isomer compositions were independent
of the HSA concentration from 9.4x107° to 3x10™* M
at [ZZ-BR]/[HSA]=1, as well as the aging time after
sample preparation. However, they are dependent on
the molar ratio, [ZZ-BR]/[HSA]. Figure 3 summarizes
the effect of the molar ratio, [ZZ-BR]/[HSA], on the
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Fig. 1.  Absorption spectra of ZZ-BR in aqueous ‘F 1.0 —=—Z7E —eo—IR
buffered solution in the presence of HSA at varying 208l
[ZZ-BR]/[HSA]. -~
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The BR isomer compositions at the photostation-
ary state were constant at [ZZ-BR]/[HSA]=0.5—0.7. 0 { 2 ==
The ZZ-BR composition at the photostationary state 0 5 L. 10_ ,15 20
increased from 58 to 75% along with increasing [ZZ- Irradiation time / min
BR]/[HSA] from 0.8 to 2.0. On the other hand, the ZE- 1.2 , T ,
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from 39 to 22% along with increasing [ZZBR]/[HSA] F 1.0s ]
from 0.8 to 2, while the EZ-BR composition was very - ——ZE —e—IR
low and almost constant at any [ZZ-BR|/[HSA] ex- 2 08F
amined. _§ 0.6 -
The quantum yields of the isomerization were almost £
constant at [ZZ-BR]/[HSA]=0.5—1. However, along § 04} -
with an increase in [ZZ-BR]/[HSA] from 1.00 to 2.00, g - _—1
the quantum yield of the ZE-BR formation (®zz_, zx) © 02} - 3 ¢ n
decreased, but that of the LR formation (®zz_Lr) in- 0. // R
creased. The ®zz_, gz value was very low (<0.02), and 0 5 10 15 20
seemed to be almost constant. The EZ-BR composi- Irradiation time / min
tion at the photostationary state was as low as 3% at Fig. 2. The time development of the photoproducts

any [ZZ-BR|/[HSA] examined. It was therefore diffi-
cult to accurately determine the &7z _,gz values; the
highest limit of ¢z _,gz was estimated from the pho-
tostationary state isomer composition as being <0.02.
The change in the ZZ- and ZE-BR compositions seemed
to be qualitatively in accordance with the change in
®zz_,zg with [ZZ-BR]/[HSA], and to indicate that the
quantum yields of ZE— ZZ isomerization (9zg_, zz) are
less sensitive to [ZZ-BR]/[HSA]. However, we can not
discuss the relation between the quantum yields and
the isomer compositions in a quantitative manner, be-
cause of the difficulty to determine accurate values of
®zE_.zz, due to the instability of the ZF isomer in
the purification procedure. In any case, the quantum
yields of the isomerization, as well as the isomer com-
positions at the photostationary state, depend on [ZZ-

starting from ZZ-BR on 436 nm irradiation in aque-
ous buffered solution in the presence of HSA at
[ZZ-BR]/[HSA]=0.5 (a), 1.0 (b), and 2.0 (c).

BR]/[HSA]:

Effects of the Binding Site in HSA on the Pho-
tochemistry of ZZ-BR. No effect of the concentra-
tion of HSA on the quantum yields of the isomerization
and the photostationary state isomer compositions of
BR was observed at a molar ratio of [ZZ-BR]/[HSA]=1.
Therefore, the results in Fig. 3 indicate the change in
the photochemical behavior of BR, depending not on
the concentration of HSA, but on the molar ratio of [ZZ-
BR]/[HSA]. As described above, HSA has two binding
sites, first- and second-class binding sites. Since the
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Fig. 3.
ization of bilirubin.

pK, value of the carboxylic groups of ZZ-BR is 4.4,
in an aqueous buffered solution at pH 7.4 most of the
Z7-BR exist as dianions.?® Thus, two molecules of ZZ
BR dianion can be bound to one molecule of HSA in
an aqueous buffered solution (pH 7.4). Because of the
large difference in K; and K, 1.0x10% and 3.0x108
M™!, respectively, ZZ-BR dianion is bound to albumin
exclusively in the first-class site at [ZZ-BR]/[HSA] up to
nearly 1. When [ZZ-BR|/[HSA] increases to more than
1, the ZZ-BR dianion comes to bind to the second-class
binding sites.

Therefore, the observed effects of the BR/HSA molar
ratio on the photochemistry of ZZ-BR can be attributed
to the effects of binding sites with different properties.
The quantum yields for the isomerization of ZZ-BR ob-
tained at various molar ratios of [ZZBR]/[HSA] are
expressed in the form of a linear combination of the
quantum yields of the isomerization bound to the first-
and second-class sites.

One can estimate the quantum yields for the isomer-
ization as well as the molar extinction coefficient of ZZ-
BR bound to the first- and second-class sites at the exci-
tation wavelength (436 nm) from the observed values in
varying molar ratios of [ZZ-BR]/[HSA]. In this case, it
is assumed that no cooperative effect between the first-
and second-class binding sites exists which can affect
the behavior of ZZ-BR. On the basis of the above as-
sumptions, the observed absorbance at 436 nm (Aops)
and the quantum yields (@obs) of the isomerization of
ZZ-BR are described by

Aobs = €15tCl1st + €20dCand

(1)
and
(2)

where ¢ is the molar extinction coefficient, C the con-
centration of ZZ-BR and & the quantum yield of isomer-
ization; the subscripts (1st and 2nd) correspond to the

Pobs = a1st P1st + A2nd ¢2ndy
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Effect of [ZZ-BR]/[HSA] on the photostationary state isomer composition and the quantum yields of isomer-

first- and second-class binding sites, respectively, and
s and angg are the fractions of the light intensity ab-
sorbed by ZZ-BR bound to the first- and second-class
sites of HSA. In this argument, BR is assumed to be
bound to the first-class site up to [ZZ-BR|/[HSA]=1.
The molar extinction coefficients and quantum yields
for isomerization at [BR]/[HSA]=0.5 are used to esti-
mate €15 (4.34x10* M~'cm™!) and @1 (Pzz—zE=
0.11 and ®zz_1r=2.4x1073), because BR should be
bound exclusively to a first-class site at [BR]/[HSA|=
0.5, as described above.

A plot of Agps-€1st C1st against Capg gives a slope of
4.70x10* M~1cm™! as eapq. The molar extinction co-
efficient at 436 nm for ZZ-BR bound to the second-
class site on HSA is larger than that to the first-class
site. Plots of Pops-a1st P15y against aong for zz . zE
and ®zz_rr give slopes of 0.035 and 4.2x1073, re-
spectively, which are regarded as being ®%% ,p and
o28d | -, respectively. Thus, &7z in a second-class
site (=0.035) is as low as 1/3 of that in a first-class
site (=0.11), but @zz_1r in a second-class site (=
4.2x1073) is nearly two-times higher than that in a
first-class site (=2.4x1073).

Conclusions

The @zz_. zr at a first-class site is higher than that at
a second-class site, while the inverse holds for the value
of &z7z_1r. Thus, the environment of the bilirubin
binding site of HSA should be different between the
first- and the second-class sites; the intramolecular hy-
drogen bonding as well as the conformation of bilirubin
incorporated into HSA might be different in the first-
and second-class binding sites.

The quantum yields of ZZ— ZF and ZZ—LR forma-
tion of ZZ-BR, both in the first- and second-class sites of
HSA were higher than that in the other serum albumins
or in an organic solvent.!?



2762

The authors thank the Ministry of Education, Science
and Culture for supporting this work by a Grant-in-Aid
for Specially Promoted Research No. 03101004 (K.T.
and T.A.).

References

1) Y. Kanna, T. Arai, H. Sakuragi, and K. Tokumaru,
Chem. Lett., 1990, 631; Y. Kanna, T. Arai, and K.
Tokumaru, Bull. Chem. Soc. Jpn., 66, 1482 (1993).

2) Y. Kanna, T. Arai, and K. Tokumaru, Bull. Chem.
Soc. Jpn., 66, 1586 (1993).

3) A. F. McDonagh, J. Chem. Soc., Chem. Commun.,
1979, 110; B. M. Sailofsky and G. R. Brown, Can. J. Chem.,
65, 1908 (1987).

4) D. A. Lightner and A. F. McDonagh, Acc. Chem.
Res., 17, 417 (1984); G. Agati and F. Fusi, J. Photochem.
Photobiol., B: Biol., 7, 1 (1990).

5) D. Kaplan and G. Navon, J. Chem. Soc., Perkin
Trans. 2, 1981, 1374; D. Kaplan and G. Navon, Isr. J.
Chem., 23, 177 (1983); G. Navon, S. Frank, and D. Kaplan,
J. Chem. Soc., Perkin Trans. 2, 1984, 1145.

6) R. Bonnett, J. E. Davies, M. B. Hursthouse, and G.
M. Sheldrick, Proc. R. Soc. London, Ser. B, 202, 249 (1978);
W. Becker and W. S. Sheldric, Acta Crystallogr., Sect. B,
34, 1298 (1978).

7) S. Onishi, K. Isobe, S. Itoh, N. Kawade, and S.
Sugiyama, Biochem. J., 190, 533 (1980); S. Onishi, I.
Miura, K. Isobe, S. Itoh, T. Ogino, T. Yokoyama, and T.
Yamakawa, Biochem. J., 218, 667 (1984).

8) S. Itoh and S. Onishi, Biochem. J., 226, 251 (1985).

9) S. Onishi, S. Itoh, and K. Isobe, Biochem. J., 236, 23
(1986).

Yoko KANNA, Tatsuo ARAI, and Katsumi TOKUMARU

[Vol. 67, No. 10

10) S. Onishi, S. Itoh, K. Isobe, M. Ochi, T. Kunikata,
and T. Imai, Biochem. J., 257, 711 (1989).

11) A. A. Lamola, J. Flores, and F. H. Doleiden, Pho-
tochem. Photobiol., 35, 649 (1982).

12) R. W. Sloper and T. G. Truscott, Photochem. Photo-
biol., 35, 743 (1982).

13) J. M. Greenberg, V. Malhotra, and J. F. Ennever,
Photochem. Photobiol., 46, 453 (1987).

14) A. F. McDonagh, G. Agati, F. Fusi, and R. Pratesi,
Photochem. Photobiol., 50, 305 (1989).

15) J. F. Ennever and T. J. Dresing, Photochem. Photo-
biol., 53, 25 (1991).

16) G. Agati, F. Fusi, R. Pratesi, and A. F. McDonagh,
Photochem. Photobiol., 55, 185 (1992).

17) A. F. McDonagh, L. A. Palma, and D. A. Lightner,
J. Am. Chem. Soc., 104, 6865 (1982).

18) A. F. McDonagh and L. A. Palma, J. Am. Chem.
Soc., 104, 6867 (1982).

19) M. S. Stoll, N. Vicker, and C. H. Gray, Biochem. J.,
201, 179 (1982).

20) M. S. Stoll, E. A. Zenone, J. D. Ostrow, and J. E.
Zarembo, Biochem. J., 183, 139 (1979).

21) R. L. Levine, Clin. Chem. (Winston-Salem, N. C.),
23, 2292 (1977).

22) R. Brodersen, CRC Crit. Rev. Clin. Lab. Sci., 11,
305 (1980); P. C. Frandsen and R. Brodersen, Acta Chem.
Scand., Ser. B, 40, 55 (1986).

23) A.F.McDonagh and F. Assisi, Biochem. J., 129, 797
(1972).

24) V. Malhotra and J. F Ennever, J. Chromatogr., 383,
153 (1986).

25) M. G. Migliorini, P. Galvan, G. Sbrana, G. P.
Donzelli, and C. Vecchi, Biochem. J., 256, 841 (1988).




