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Abstract  

The thermal ring-opening reaction of a negative photochromic npirohenzopyran wa~, in~e~,tigated in the presence and ab.scnce of albumins. 
in the presence of the proteins, the fi~rmation of the merocyanine fi~rm from the spiro fi~rm is enhanced markedly by two orders t)f magnitude. 
The results for live different albumins indicale the enzyme-like activity of the proteins. The inlluence of pH. temperature and various ligaad,,, 
was examined in detail for Imvine serum albumin ( BSA ) and human sen.n albumin ! HSA ). In particular, it was deduced that warfarin sl~)v,'.~, 
reversible purely competitive inhibition fi~r BSA with an inhibitor con.,,tant K, o|" 1.6 × I0 ~ M. The results suggest thai the catalytic centre 
for the reaction with the spirobcnzopyran is different for BSA and HSA. Albumin c:m control the ',ehx:ity of the therm:,-! reaction of the 
photochnmfic system. :q) 1997 Elsevier Science S.A. 

Kcvwm'd~u Albumin: ErJzymc-likc activity: Inhibitor~,; Spirobcn,,op)ral~: "['hcrmal ring opc,~ing 

i .  I n t r o d u c t i o n  

Photochrolnic systems have been inrcestigatcd extensively, 
because of  their relevance to the photoregulation of  various 
physical and chemical properties of polymers and, in partic- 
ular, biological systems I I-3 I. The light-stimulated control 
of biocatalytic reactions has been documented in the litera- 
fur,:, e.g. the reversible activation or deactivation of enzyme.,, 
14-- I 0 I. For the photoregulation of  bioaffinity reactions, only 
a few examples are known: the photocontrolled uptake and 
release of a photochromic haptcn by monoclonal antibodies 
! I I I, the photoregulated binding of monosaccharides to con- 
canavalin A modilied with a thiophene derivative I 121 or a 
spirobenzopyran i 13 i. and the photocontrolled binding and 
dissociation of agonist molecules to the acetylcholine 
receptor I 14 I. 

For the photocontrol of  proteins, the possibility of  th: ther- 
mal reaction of  photochromic molecules must be considered 
in addition to photochemical switching. Moreover. there may 
be an influence on the photochemical and /or  thermal reaction 
of the photochromic molecule by the protein to be controlled 
or by other proteins pre.,ent in the reaction medium. This 
knowledge is indispensable in order to achieve an effectively 
photocontrolled system and to regulate both the photochem- 
ica~ and thermal reaction. Recently, we have reported prelim- 
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inary results which indicate that serum albumin exhibits 
enzyme-like activity towards a photochromic spirobenzo- 
pyran 115l. Willner et al. !161 have briefly demonstrated a 
similar activity of  an antibcMy against dinitrophcnol. How- 
ever. until now. systematic studies of the influence of proteins 
on the properties of photochromic molecules have not been 
pcrfi~rmed. 

In this paper, a tir~t attempt is made to examine the influ- 
ence of an important group of proteins, the albumins, on the 
thermal reaction of  a spirobenzopyran, and the possible con- 
trol of the fi~rmation of the mero form is discussed. Albumins 
were chosen as proteins because of their ability to interact 
with molecules representing a spectrum of  chemically diverse 
substances. For a deeper understanding of  the binding exper- 
iments, it is necessary to provide a brief summary of the 
present knowledge of  the binding regions, as di.~ussed by 
Kragh-Hansen 117] extensively for human serum albumin 
(HSA) and by Carter and coworke~ [ 18, lO ! fi~r HSA and 
horse serum albumin (ESA).  Recently, the threc-dhncn- 
sional structures of  HSA [ 191 and ESA [ 181 were deter- 
mined by X-ray crystallographic methods revealing a 
three-domain structure. Each domain consists of  two sub- 
domains possessing common structural motifs. 

The binding sites and binding regions of  albumins, mainly 
HSA. have been studied previously [17,20,211. Most 
research has been performed using competitive binding 
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experiments. Kragh-Hansen [ 171 deduces six plus one bind- 
ing regions: ( 1 ) long fatty acids; (2) indole and benzodiaz- 
epine, medium fatty acids, L-tryptophan; (3) bilirubin; (4) 
Cu -'+ and Ni-'+; (5) haemin: (6) salicylate and various 
drugs: (7) warfarin. However, it has also been reported that 
only four regions ( long fatty acids, Cu ions. two additional 
regions) may exist [ ! 7 ]. Region (7) and (2) were confirmed 
to be domains IIA and IliA by X-ray [ 191. 

Many iigands have one high affinity binding site, the so- 
called primary binding site, and may possess various other 
binding sites with low affinity. This must be considered when 
carrying out inhibitory experiments with ligand to albumin 
ratios higher than unity. Until now, a specific examination of 
the influence of all the binding regions using all the model 
ligands discussed by Kragh-Hansen 1171 has not been 
performed. 

The influence of the enzyme-like activity of five albumins 
on the thermal ring-opening reaction of 6,8-dinitro-i'.3',3'- 
trimethylspiro[ 2H- l-benzopyran-2,2'-indoline I ( 6,8-dini- 
tro-BIPS) was investigated. Because of the possibility that 
several binding sites may be involved in the catalytic process, 
albumin was used in excess relative to the spirobenzopyran: 
the mathematical equations lor catalysis as well as lbr revers- 
ible competitive inhibition are described. The results show 
that the thermal ring-opening reaction of 6,8-dinitro-BIPS is 
accelerated in the presence of albumins. For HSA, bovine 
serum albumin (BSA), ESA, dog serum albumin (CSA) and 
pig serum albumin (PSA), the kinetic constants of the 
enzyme-like process were determined. For BSA and HSA, 
tire influence of the temperature, pH and various iigands was 
examined in detail. In particular, experiments using different 
iigands bound to the protein :;how that several binding regions 
are involved in the cataiytic reaction. For the iigand warfarin 
and BSA, the inhibition pattern was deduced: for warfarin 
and HSA, it was suggested. 

Albun'ins are important Ibr drug transport in serum, mak- 
ing them interesting candidates lbr the photoregulation of 
drug release by modification with spirobenzopyrans. How- 
ever, for an optimized modification ofa bioaffinity molecule, 
it is absolutely necessary to investigate the influence of 
proteins on the thermal reaction. 

2. Experimental details 

2. !. Materials  and  apparatus  

6,8-Dinitro-BIPS was synthesized according to the pro- 
cedure of Koelsch and Workman 1221. The product and its 
solubility were verified as describeu previously !151. All 
albumins were obtained from Sigma; BSA, HSA and PSA 
were essentially fatty acid free and essentially globulin free; 
CSA and ESA were essentially fatty acid free. CuSO4- 5H:O 
(Aldrich) was 99.999% pure. Palmitic acid sodium salt 
(Sigma), warfarin (Sigma), salicylic acid sodium salt 
(Aldrich), bilirubin (Sigma), haemin (Sigma), L -thyroxin 

( Aldrich ) and L -tryptophan ( Sigma ) were used as obtained, 
Phosphate-buffered saline solution (pH 7.4) (PBS buffer) 
was obtained from Sigma and contained 0.01 M phosphate, 
0.0027 M KCI and O. 137 M NaCi, Acetonitrile ( LAB-Scan ) 
was of high performance liquid chromatography (FIPLC) 
grade. All other solutions were prepared using reagents of 
analytical grade. 

The UV-visible spectra and the change in absorhance with 
time were measured using a UV-visible spectrometer (Per- 
kin-Elmer Lambda 2). ln adiation to achieve ring closure of 
6.8-dinitro-BIPS was performed with a Wacom superhigh 
pressure Hg lamp (500 W) or with an ordinary 500 W light 
bulb ( Osram ) giving the same results. To select the excitation 
wavelengths above 500 ran, GIF (Nikon) and Y50 
(Toshiba) liiters were used. 

2.2. Samp/e  preparat ion and  measurements  

Samples for the measurement of the parameters describing 
the catalytic reaction and |or the pH- and temperature- 
dependent experiments were prepared as follows, A solution 
of the mero form of 6,8-dinitro-BIPS in acetonitriic was irra- 
diated with A > 500 nm to obtain the spiro form. This solution 
was added to buffer solution in the presepce or absence of 
the protein, finally containing 2.9% (v/v)  of acetonitrile. 
When measuring the influence of ligands, ligand and albumin 
were preincubated overnight at 4 °C and lbr 2 h at room 
temperature to obtain equilibrated conditions: the spiro fonn 
in acetonitrile was then added as described above. 

Albumin was used in excess to avoid complications due to 
multiple reactive sites [23]. The buffer solution was O.Oi M 
PBS buffer ( pH 7.4) ( 2.9% ( v/v ) acetonitrile ) for the deter- 
mination of k~,,, the temperature-dependent experiments and 
most ligand experiments. A 0.01 M tris(hydroxy- 
methyl ) aminomethane buffer solution ( pH 7.4) was used lot 
copper ions as ligand to avoid Ihe formation of a precipitate 
with phosphate. Due to the low solubility at pH 7.4, 0.OI M 
phosphate buffer ( pH 8 ) was used in the case of bilirubin, 
haemin and warfarin as ligands. Solutions of different pH 
were prepared using KH_,PO4 and Na_,HPO.~-2H_,O as 
described in Ref. [ 24 ]. 

All measurements were performed in quartz cells having 
a path length of 5 cm. The cells were kept at a constant 
temperature of 32 °C for the rate constant measurements, 25 
°C lbr the measurement of ihe pH dependence and the inllu- 
ence of the ligands and 10-35 °C for the measurement of the 
temperature dependence. The thermal ring-opening reaction 
was followed directly by monitoring the appearance of the 
merocyanine form ;it 480 nm using the time-drive mode of 
the spectrophotometer. The light of the spectrophotometer 
was sufficiently weak such that itdid not influence the amount 
of merocyanine. The reactions were observed during the first 
15 min to obtain the initial reaction velocities; pseudo-first- 
order plots were assumed for all reactions of this study. All 
results are the mean values of at least three measurements. 
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2.3. Calculation ol'kinetic and thennodymmffc parameters 

According to Scheme l, the spiro form undergoes a slow 
ring-opening reaction in the absence of albumin. An apparent 
first-order rate constant k.p can be expressed as 

-d[ Spl /dt=k,o[ Spl (I) 

where l Sp] is the concentration of the spiro form. The rate 
constant k _ ~, of the thermal reaction of the mero form to the 
spiro form is negligibly small within the applied time range. 

in the pre.~nce of albumin, the conversion of the spiro 
form to the mero form proceeds through the following two 
pathways: ( 1 ) the spontaneous thermal ring-opening reac- 
tion; (2) the enzyme-like reaction with albumin where the 
spirt) l'ornl is combined, in a first approximation, only to one 
binding site with high affinity ( Scheme 2(a) ). 

In Scheme 2(a). k, is the rate constant of the reaction step 
i; in particular, k+, and k . ,  represent the rate constants of 
the formation and dissociation of the complex between the 
spiro form (Sp) and albumin and k+_, is the rate constant of 
the formation of the merocyanine-albumin complex ( Me- 
albumin). Sp--albumin is the spirobenzopyran-albumin com- 
plex. Sp is the free spiro form and Me is the free mero lbrm. 

Because the initial velocity measurements at the early stage 
of the reaction (less than 15% change in the substrate con- 
centration) are used. the product concentration is negligible 
and therefore the formation of any enzyme complex with the 
product can be ignored 125.261. As considered in Refs. 
i 26.27 I. enzymatic reactions for a single substrate reaction 
show an identical type of equation no matter how many inter- 
mediates are involved; only the physical significance of the 
constants K,,, and k~,, will change. Hence the reaction scheme 
can be simplified as shown i:1 Scheme 2(b). 

The following equations can then bc derived 

O ~ N O : ,  

~ -  ~ " 

Splro form Mero form 

Scheme I. 

Sp ~ Me 

k.~ k,;. k.3 
Sp + albumin ~ (Sp-albumln) ~ (Me-albumin) ~ Me + albumin 

k., k.z % (a) 

~ ~_~.. Me 

%, 
Sp ÷ I lbumln ~ (Sp-albumin) ~ Me + albumin 
(b) k., 

Scheme 2. 

- d l S p l / d t - - - k  ~lSp-aibuminl 

+ k ,  ,[Spl lalbumin I + k.ol Spl 
(2) 

- d[ S p -  albumin ]/dt = k , ,  [ Spl [ albumin ! (3) 

- (k_ ,+k  ..,) [ S p -  albuminl 

The total concentration of ihe spiro form at a time t in the 
presence of albumin decreases due to the ring-opening reac- 
tion and the reaction with albumin. In terms of the proposed 
mechanism, the rate is expressed by 

-dlSpl._./dt= - d (  [Spl + [Sp-album(hi  )/dt (4) 

=.L,,i Spl ~ k ,  hi S p -  alt, uminl 

The observed apparent first-order rate constant k,,b. is given 
a s  

-diSpl.../dt=k,,~,.lSpl~=k,,~.( [Spl + [ S p -  aibuminl ) 

<5) 

For all albumin concentrations, a linear relationship 
between the albumin concentration and the initial velocity 
was found. Hence the steady state assumption that the 
concentration of the enzyme-substrate complex is constant 
under the applied conditions can be made 127.281. and the 
Michaelis constant K,, can be expressed as follows 

K , , ,= ik  ,+k ,  , ) lk. ,  =[Spl[a lbuminl / [Sp-albuminl  

(6) 

k.  h is the catalytic constant k,.~,. The following equation 
can be derived using Eqs. (4)-16) 

(k,,h.-k..)-'=K,,,(k~.,-k.p)-tlalhuminh;l +( k ..... ( 7 )  
- k , p )  ' 

a.,,suming that [albumin ] = [ albumin 1,,. where [albumin h, is 
the total concentration of albumin, which is justified for 
albumin in excess. 

in the presence of a 'igand that acts as a reversible com- 
petitive inhibitor, the reaction between albumin and the ligand 
must be considered as presented in Scheme 3. Here Lig is the 
ligand and Lig-albumin is the ligand-albumin complex 
which is a dead end complex. The inhibitor constant K, is 
defined ax 

K, = [ albumin [ [ Lig ] / [ Lig - albumin ] ( 8 ) 

Now the total albumin concenlration can be calculated as 

[albumin h,--- [albumin I + [ S p -  albumin I (9) 
+ [ Lig - albumin I 

s , ,  ~ - % . -  M e  

k., k . ~  
Sp + albt~dn ~ (S,'~loumin) ----- I ~  + ai l~mln 

k., 

K, 
Lig ÷ aib~ln~n ~ ( ~ )  

Scheme 3. 
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However. since albumin is used in excess compared with the 
spiro tbrm. the concentration of the Sp-albumin complex will 
be negligible 

! albumin ]o = [ albumin J + 1 Lig - albumin J ( I0 }  

On combining Eq. (8) and Eq. ( I0 ) .  the following equation 
i:~ obtained 

l a l bumin l  = la lbuminJ,,(  i + [ L i g l / K , )  i ( I1 ) 

Eq. ( 7 ) must be modified, because the assumption that the 
free albumin concentration is equal to the total albumin con- 
centration is no longer valid. ,.,iving the following 

(k ' , , i , , -k , i , )  t=K, , , (  I + [ L i g J / K , )  I ( k , . , , , - k ,o )  i ( 12~ 

× [albumin I,;- E + (k , . , , -k .p)  - 

where k',,l,, is the observed apparent lirst-order rate constant 
in the presence of albumin and ligand. Eq. ( 12 ) now includes 
the added total albumin concentration and the free ligand 
concentration, which car, be considered to be equal to the 
total ligand concentration when using a sufficiently high 
iigand concentration with respect to added albumin. Hence 
Eq. ( 12 ) is a Lineweaver-Burk-type equation similar to Eq. 
(7) with the intercept unchanged and the slope increased by 
a factor ( I + ! Lig I/K, ) i, as observed for reversible com- 
petitive inhibition in so-called "'conventional kinetics" using 
the substrate in excess. 

A plot of the slope tt of the primary plot. the Lineweaver- 
Burk-type plot. against the ligand concentration should be 
linear with the intercept of the x axis giving the value of - K, 

a=K., ,+K, . .K,  ' [L ig i .  (13) 

Eq. (12) can also be rearranged to give a Dixon-type plot 
which is linear for (k',,h.-- k.~,) " ~ vs. I Ligl,, 

( k ' , a , . - k . v ) - I = K , , , K i  I(k,-,,-k.p) tialbuminJ,, a (14) 

X ILigl , ,+ ( k ~ , - k .  o) IlK,,lalbuminl,,  i+  I} 

All the Dixon-type plots for different albumin concentrations 
should intersect at one lxfint with an .~ value of - K,. 

Hence. when the followin L. charact.eristics are obtained 
• linear Lineweaver-Burk plots w~th no change in the inter- 

cept of the v axis 
• linear secondary plot 
• linear Dixon plots intersecting at one point with a negative 

x value and positive y value 
an inhibitor can be classified as a reversible purely competi- 
tive inhibitor (for nomenclature on enzyme kinetics with 
excess substrate, see Refs. ! 25-271 ). 

k,p can be obtain:;,:l expefimeptally in the absence of albu- 
min, k,,b, in the presence of album(r, and k',,h, in the presence 
of albumin and ligand by following the change in absorbance 
at A .... of the mero form. k, o, t<,,,, and k'.b, were determined 
as first-order rate constants k from absorbance measurements 

according to Eq. ( 15 ) 

In[(A., - A , ) / ( A . ,  - A o ) J = - k t  (15) 

where Ao. A, and A.. are the absorbances at time zero 
( obtained by extrapolation ), time t and at the completion of 
the reaction. The value of A, was obtained from solutions 
containing the mero form instead of the spiro form. This 
procedure was checked by keeping solutions of the spiro form 
until a negligibly small absorbance change was detected, k 
was then calculated by the linear least-squares method from 
the slope using at least 61) sets of points. 

K,, and k~.,, can be calculated from the plots resulting from 
Eq. (7).  K, can be obtained from the secondary plot (Eq. 
( ! 3 ) ) or the intersection of the Dixon plots. 

The temperature dependences ofk. r, and k,.,, were analysed 
using the Arrhenius equation. The activation energy E, was 
obtained from the slope. AH a, ~S ~ and 'AG ~ were calculated 
in the usual way 126 I. 

According to the literature, the molecular weights of the 
albumins were 69 ()IX) for HSA 129 I. 66 200 for BSA 129 J. 
65 7(XI ( calculated ) for ESA [ 18 I, 65 0(X) (calculated) t'or 
CSA 1201 and 65 (XX) (estimated) for PSA 130J. The 
concentrations of HSA and BSA were checked using the 
cxtinciion coefficients E_,7,~ 'j i,; =~).531 (HSA) 1231 and 
E-s." '  =6.53 (BSA) 131 I. 

3. Results and discussion 

3. I. Determimttion o]'the kim'tic parumeters  

Unlike most other spirobenzopyrans. 6.8-dinitro-BIPS is 
stable in its merocyanine form in which it crystallizes. Hence. 
when dissolviqg crystals in an organic solveni, such ;is ace- 
tonitrile, a solution of the mero form is obtained. When irra- 
diated slightly above the absorption maximum of the mero 
form ( A > 500 nm ). a solution of the colourlcss spiro form is 
produced. The ring-opening reaction yielding the mero form 
proceeds on UV irradiation or thermally ( see Scheme 1 ). The 
spectra of the mere and spiro forms in PBS buffer solution 
( pH 7.4) ( 2.9e,~ acelo,fitrile ( v/v} ) are shown in Fig. I. The 
absorption maximum ( A ..... = 480 nm) can be used to follow 
the formation of the mere form. 

In most organic solvents. 6.8-dinitro-BIPS is reported to 
be poorly soluble 1321. In addition, the crystals arc poorly 
soluble in aqu,:ous solutions. However. solutions in the region 
of 9 x  10 ~ M in acetonitrile and in the range (0.5- 
3.5) X 10 "M in PBS buffer containing 2.9ch • (v /v)  aceto- 
nitrile could be obtained without aggregate lbrmation as 
confirmed by absorption measurements. 

When adding albumin to a solution t,f the spiro form of 
6.8-dinitro-BIPS. the thermal ring-opening reaction is 
enhanced. Fig. 2 shows the initial tempt~ral behaviour of 6.8- 
dinitro-BIPS in the presence and absence of the protein. With- 
out albumin, the formation of the mero form is slow; in the 
presence of albumin, the thermal back reaction is enhanced 
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Fig. I. Spectra of the mcrocyanine ( - )  and .~pirobenzopyran ( - - -) 
hmns of 6.8-dinttm-BIPS in O.I)l M PBS buffer (pH 7.4) ( 2.9~ (v/v 
acetonitrile): path length, 5 cm. 
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BIPS with alhumins in 0.01 M PBS buffer ( pH 7.4) ( 2.9r.¢ ( v/v ) acetoni- 
trile): ©. BSA: e. HSA: '-7. ESA: O. PSA- 0 .  CSA. 
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Fig. 2. Initial temp~ral behaviour of the thcmml ring-opening reaction of 
6.8-dinila~-BlPS in the absence and pre.,¢nce of pmtein~, in 0.01 M PBS 
buffer (pH 7.4l (2.9~/t (V/Vl acctonitrile): ~ .  without pa~tein; o. ~=th 
HSA: 0 ,  with avidin: 6.8-dinitm-BIPS. 2.7 x i(1 " M; HSA. 3.0× IO =" M: 
avidin, 1.6 × I0- "M: monitored at 480 nm: path length. 5 ¢m: T= 31) ~C. 

markedly, in contrast, proteins such as bovine-'v-globulin 
[ 15 ] or avidin show only a negligible influence. This is an 
indication that the reaction with albumin is specific and not 
due to a non-specific general process. 

An enzyme-like mechanism is postulated. Albumin was 
used in excess to avoid interactions of the spiro form with 
low affinity binding sites. 

Fig. 3 presents the results lbr the live albumins as plots 
according to Eq. (7). k,t~ was obtained from the thermal ring- 
opening reaction in the absence of proteins to be 
k,o= (3.0+0.1) × I0 -~ s-]  (n = 12) at T=32 +0.5 °C. k~, 
and K,, are listed in Table 1 (calculated from the slope and 
intercept). All albumins show an enzymatic behaviour. The 
values of Kin are all of the same order of magnitude. However. 
kca t differs by a factor of six. For CSA. the highest values of 
k,.,/ k, o and k~,,/ K,, are obtained. 

it should be noted that, in all cases, the thermal ring-open- 
ing reaction is enhanced by two orders of magnitude in the 
presence of albumins. When comparing these results with 
ti'.ase previously published [ 15 i. it should be noted that the 
latter experiments were performed at 23 °C wi,'.h different lots 
of alb,:mins. 

Tabte I 
Rate constants and K,,, value.,, for the thermal ring-olx'ning reaction of 
6.8-dinitro-BIPS in the prc,,ence and absence of albumin.'., 

Albumin k,, K,,, k,;, k,~lk,~ 
(11) ~,, tp I l l l  ~M) i l l )  ~s I I  

BSA 5.65 5.2,~ 3.(M. i 85 
HSA 2.37 1.36 3.1~') ,~) 
ESA 4.81 4.23 3.47 135 
PSA 5.69 3.69 2.92 195 
CSA 12.58 4.51 3.1~4 J. 15 

T=32 °C: O.OI M PBS buffer (pH 7.4) 12.9r; Iv /v l  acetonitrile): T= 
?,..I. "C for ESA. 

Scram albumins are mainly considered as transport pro- 
teins with a unique ability to bind numerous endogenous and 
exogenous compounds [ 17 2 ! I. However. in a few cases, the 
enzymatic or enzyme-like activity of albumin has been 
reported (for BSA, see Refs. [33-381: for HSA. see Ref. 
1391 ). Unfortunately. for these examples, no values ['or k~.,,t 
or K,, were reported. 

6.8-Dinitro-BIPS as a substrate for an anti-dinitrophenol- 
antibody yielded k¢,,/k,p= 104 and K,, =2.3 × 10-* M [ 161; 
this higher/,-,,,, to k. 0 ratio may be due to the better interaction 
of the mero form with the antigen binding site of the antibody. 

For p-nitrophenylacetate ( pNPA ) and various derivatives. 
an estemse-like behaviour of BSA and. in particular. HSA 
has been reported [23.29,'40---421. The results are comparable 
with those presented here with regard to the experimental 
conditions and the magnitude of k~,,, and Kin. However. ESA 
showed enzymatic activity towards 6.8-dinitro-BIPS. but did 
not show esterase-like activity towards pNPA 143 !. This 
indicates that the catalytic site for 6.8-dinitro-BIPS is not the 
same as the catalytic site for pNPA: this is expected because. 
in the case of pNPA. albumin is acetylated in an initial step 
[231. 

3.2. ;,H dependence of k v, and k,,,, 

The pH dependence of the ring-openix,g reaction of the 
spiro form of 6.S-dinitro-BIPS was determined in the aE~ence 
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and presence of albumin. The pH range in the presence of the 
protein ~,as chosen to be pH 5-8. because below pH 4.3 or 
above pH 8 albumin ex;sts in different isomeric forms with 
different helical degrees I211. The re:~ults are not directly 
comparable. For each pH value, data yielding a plot according 
to Eq. (7) were obtained, and k,,, and K,. were calculated. 
Fig. 4 presents k, 0 vs. pH: Fig. 5(a) and Fig. 5(b) show k~.:, 
and K,,, vs. pH for HSA and BSA respectively. 

k, o increases .,,lightly with pH between pH 5 and 8; for a 
pH higher than pH 8. it increases rapidly. Until now. no such 
data for 6,8-dinitro-BIPS have been reported- The cleavage 
of the C--O bond results in the transient existence of a cis 
isomer, which is expected to rearrange itself to the more stable 
trans isomers 1441. The trans isomer.~ may exist in equilib- 
rium depending on the nature of the particular solvating envi- 
ronment. However. as reported for 6-nitro-BIPS 1441. the 
energy differences between the stable isomers are snmll, a ,d  
the absorption spectra are very ,,imilar. The apparent spec- 
trum of the mero form is the sum of the spectra of the different 
isomers. The mero form should not be protonated in the 
applied pH range, as deduced (tom the literature on spiroben- 
zopyrans [44-471. No significant change in the absorption 
spectrum of the men) form in phosphate buffer ( 2.9% ( v/v ) 
acetonitrile) of different pH could be observed. 

Fig. 51 a) and Fig. 5(b) show the pH profiles of k~,,, and 
K= for the reaction of 6.8-dinitro-BIPS with HSA and BSA 
respectively. For both proteins, a bell-shaped curve for k~.,,, 
was obtained, which may rise again at pH < 5. As mentioned 
above, below pH 4.5, a different isomeric form of albumin 
exists: therefore only the pH ~"ange of the so-called N form 
was examined. From a plot of Iog,,(k,,,,) vs. pH. 
pK~(HSA) =6.4 and pK, , (BSA)=6 .9  were obtained. A 
second pK~ value may occur between 7.5 and 8. These pro- 
liles suggest the involvement of at least two amino acids in 
the catalytic process. Gne may be an imidazole group having 
a different microenvironment in the two different proteins. 
The profile of K,.. which indicates that amino acids are mainly 
involved in the binding process ! 26]. also shows a depend- 
ence on pH. In particular, amino acids with pK. > 7.5 for 
HSA and pK, > 8 for BSA may be responsible. 

In the literature, only a few data are available on the pH 
profiles of the reaction of albumins with substrate,~ (pl.c~ly- 
lester derivatives) ! 23.42.48-52 I- In all ca.~es, a single cat- 
alytic amino acid group was proposed, similar or different 
from the group involved in the binding of the substrate, ltow- 
ever. t.he catalytic mechanism of these substrates involves the 
acetylation of albumin 123 !. 

The results presented here show that. for b,8-dinitro-BlPS. 
a different catalytic centre exists for different albumins. It 
may involve at least two amino acids. Because albumin was 
used in excess, the pH profiles reflect the catalytic site with 
the highest affinity, if other low affinity sites exist, different 
amino acids may be involved in the binding and catalytic 
process. 
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l i)r clarity only. 

3. 3. Tempenm,re dependence 

The temperature dependence of the ri:lg-opening reaction 
of 6,8-dinitro-B!PS was examined between !0 and 35 °C in 
the absence and presence of HSA and BSA. The correspond- 
ing Arrhenius plots are shown in Fig. 6 and the calculated 
thennodynamie parameters are listed in Table 2. The Arrhe- 
nius plots show that the activation energy E~ for the thermal 
ring-opening reaction in the absence of proteins is higher than 
that in their presence. E,, for 6,8-dinitro-BIPS in the absence 
of albumin is about 73 kJ mol - ~, which is in good agreement 
with the data for other spirobenzopyrans [ 53 ], but less than 
the reported value of 96 kJ tool- J for an aqueous solution 
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Table 2 
Therntodvnanfi¢ panmlelers ¢)1" activali(m for Ihe thermal ring-opening 
reaction of 6.8-dinifro-BIPS in the absence and pre~ence of alhumin~ 

E, 3H ~ 3G" _Vi" 
(kJmol ') ( k J m o l - ' )  ( k J m o l " )  ( J K  ') 

6.8-Dinitro-BIPS 72.8 70.3 11)5.7 - 119 
6.~-Dinitro-BlPS+ BSA 33.6 31.6 89.8 -- 195 
6.8-Dinitro-BIPS + HSA 72.1 69.6 90.5 - 7(I 

0.0l M PBS buffer (pH 7.4) (2.9;~ (v/v) acctonitrile~. 

( pH 5 ) o f  BIPS-6-sulphonic acid, which also shows negative 

photochromism in polar solvents ! 461. 
In the presence of  albumin, E~, decreases strongly ;n the 

~.ase o f  BSA and only slightly in the case of  HSA. However ,  

the calculated ,AG" values are quite similar in the presence 

o f  HSA and BSA, but distinctly lower than in the absence o f  

albumin. In the case of  HSA,  the decrease in entropy 

(AAS # = A S # (  without a lbumin)  - 3S#(  with a lbumin)  < 0 )  
can be cons=dered to be lhe main force for the catalytic 
process,  whereas,  for BSA, the decrease in enthalpy 
(A,AH # = AH #(wi thout  a lbumin)  - ,~H ~( with a lbumin)  

< 0 )  is partly compensated  by the increase in entropy 

( A A S ~ >  0) .  If  the spiro form is compared  with the mero 

form in terms o f  polarity, it is clear that the mero tbrm is more 
polar. Hence the transition state complex  should also be more 
polar than the reactant, ~.iving a negative entropy in polar 
solutions [ 54 j, as shown by the negative AS # values for the 
ring-opening reaction o f  6,8-dinitre-BIPS t:'t the absence or  

presence o f  albumin. The even more n~gative AS # value in 

the presence of  BSA suggests that the environment  of  the 
transition state complex is more oriented than in pure buffer  
solution causing a restriction o f  freedom for the ring-opening 
reaction For HSA,  an opposi te  effect  with regard to entropy 
is observed;  however ,  a large change in en:halpy occurs.  The 

results suggest  that the catalytic process and,"or the catalytic 

centre may be different for the two albumins. 

3.4. h~fluenc, of  ligand bhlding 

To obtain information about  the location o f  the catalytic 

centre, ligand binding experiments were performed,  and the 
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change in the catalytic activity towards 6,8-dinitro-BIPS was 
determined. The results obtained are presented in Figs. ( 7 ) -  
(9 )  and summarized in Table  3. In the figures, the ratio o f  
k',,b, in the presence o f  ligand to k,,h, in the absence o f  ligand 

is shown as the ordinate, and the ratio o f  the initial coacen-  
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Table 3 
Influence of iigand.~ ",~n the Ihermal rin,.s-opening reaction of 6.8-dinilm-BIPS in the presence of albumins 

C{ide " Ligand Albumin pK., h ( lig. 1,,/( alb. ),, ( lig. -alb. J / ( ~,lb. =,,' Reduction of k,.h, ( r,~, ) 

I I - (k',,t,,Ik,,t,,) x IO0l 

i Palmitate 

i l  L -  T,"p 

I t  L-, hyroxin 

lit Bilirubin " 

IV Cu: " 

V Haemin " 
Vl Salic.vlat¢ 

( VII I Warfarin " 

BSA 8.2 + 0.5 [ 581 3 I + 0.7 + 30 
I0 I + I -60 

HSA 7.8 [ 21 I 3.5 I + 65 
I11 I - 50 

BSA 7 0 
HSA 4.8 121 f 7 0.83 0 
BSA I O 

3 - I0" 
HSA 6.21211 2 I -15 d 
BSA I -55 

2.5 - 65 
HSA 7.7+5.7 [211 I 1).9 - 10 

2.5 1 -50 
BSA I1.1 I591+4 1211 I I -45 

5 I - 7(1 

F I S A  16.2+4121] I I -20 
5 I -- 35 

ESA 5 - 3 0  

('SA 5 - 2O 
PSA 5 - 15 
HSA 8.(1 I ? I I 1.5 O.t)O 1) 
BSA I + I0 

21) -- 15 d 
lISA 5.2 + 4.2 1581 I 0.55 0 

21) I ~- 0.9 - 25 a 
BSA 5 - 25 

3 0  - 5(1 

HSA 5.2 +4.7 1541 5 I).9 - 25 
31) 1 + 0.95 - 55 

J Binding regions according to RcI'. I 17  I. 

h pK. ,'alues according to tire reference,, indicated. 
• E,,timated saluratiun of the lir,.t ( + ,,¢ctmd ) binding ,,ite by the ligand before adding 6.8-dinitro-BIPS w, ing the applied c{~ncenlralioll~.. 
J Same decrL;ase by applying ligand without albumin. 
" Buffet: pH 8: othcr~: pH 7.4. 
lig.. ligand, ulb.. albumin: lig.-alb., ligand-albumin ctmlplcx. 

tration of  ligand to the protein as the abscissa. A total inhi- 

bition of  the enzymatic  reaction would result in the 

ob~rva t ion  of  a ratio k',,h, :k,,,, = k,,, : k,,h, = 1).(}4--0.05 for 

the applied conditions, provided :hat the free ligand has no 

influence on the thermal ring-opening reaction of  6.8-dinitro- 

BIPS. 

In this work. eight model ligands were examined, covering 

all o f  the binding regions discussed in the review of  Kragh- 

H a n ~ n  [171. Table 3 shows clearly that some binding 

regions are involved in the catalytic process, while others are 

not, even high ligand concentrations giving no effect. In par- 

ticular, tryptophan and thyroxin, both considered to share the 

same binding region [ 171. as well as haemin and salicylate 

interact with albumin without interfering with the catalytic 

ring-opening reaction of  6,8-dinitro-BIPS. Although thyroxin 

and salicylate seem to reduce k',,h, at high ligand concentra- 
tions, this is due to the interaction of  the free ligand with 6,8- 

dinitro-BIPS as confirmed by experiments without the 

protein. Haemin was not checked with BSA• because only 

primates possess a binding ability of  high affinity for this 

substance 117,21 1. Ligands which influence the catalytic 

activity of  albumins towards 6•8-dinitro-BIPS are discussed 

in more detail below. 

3.4. !. Cu""  ions 

C u : "  ions reduce the ring-opening reaction of  the spiro 

form of  6,8-dinitro-BIPS markedly when bound to BSA, 

HSA or ESA. Only a moderate reduction is observed for PSA 

and CSA ( Fig. 7). Cu" + ions themselves• even at high con- 
centrations, have no effect on 6,8-dinitro-BIPS in tile absence 
of  protein. 

The primary binding of  Cu -~ ~ or Ni: ' occurs at a special 

and well-defined site [ 17,211 composed of  the first three 

amino acids of  the N-terminal end of  the albumins. The amino 
acids o f  the first two positions can be exchanged; however,  a 
histidine residue at the third position is essential for binding. 
CSA and PSA lack histidine at this position and therefore 

cannot bind copper ions with high affinity. In addition, it has 
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been reported that Cu 2' may bind tt~ the single sulfydryl 
group and 4-9 Cu ions can be loosely bound { pK~, = 4) by 
;dbun|ins ! 21 J. However, these low aliinity binding sites ale 
not further specified in the literature. This aiso means that. 
ahhough CSA and PSA lack the high aff.,nity binding site. 
they can bind Cu ions with low affinity to some extent This 
is exactly reflected in Table 3. 

BS,~ and I-|SA show a strong reduction of the c~ltalytic 
activity towards 6,8-dinitro-BIPS when a I : !  complex 
between Ca" ' and albumin is proposed, as calculated by the 
pK,, value and the applied concemrations. The activity is 
reduced fu.a.her by about 5c,~ - ( HSA ~ or 25c~ ( BSA ) when 
the ii~.and to )rotein ratio reaches five. A i 5c/~ ( PSA ) or 20% 
(CSA) reduction is obtained for the same ratio of Cu to 
albumin ( 5 : I ). The amount of reduction in activity remains 
constant up to a ratio of Cu to albumin of 40 : I. Hence, for 
CSA and PSA. the secondary binding site influences the cat- 
alytic activity, whereas, in HSA and BSA. the primary bind- 
ing :;ite mainly contributes. Therefore it can be deduced that 
one catalytic centre is the N-terminal end. in particular, the 
histidine residue of the third position. ThSs obse~wation is in 
good agreement with the experiments on the pH dependence 
of k~:,,, which were carried out with albumin in excess and 
therefore reflect the binding site with highest affinity. Allo- 
steric effects may be excluded, because the N-terminal end 
is '~ery flexible and moves independently of the main mole- 
cule 153 I. The secondau' and lot higher low affinity binding 
sites are also moderately involved in the catalytic process 
directly or may give a negative allosteric effect when Cu-" 
is used in excess or albumin lacks the primary copper binding 
site. 

3.4.2. Bilirubht 
The results for bilirubin as ligand differ for HSA and BSA. 

For low concentration, giving a iigand to protein ratio below 
or equal to unity, bilirubin has no effect on the catalytic 
activity of HSA. but decreases the acceleration of the ring- 
opening reaction of 6,8-dinitro-BlPS by about 60~- in the 
presence of BSA. In the absence of albumin, bilirubin itself 
has a slight accelerating effect on the reaction. For a ratio of 
bilirubin to albumin of about 2 : i, the catalytic activity is 
reduced by 60c~ fbr BSA and 55S~ tbr HSA. 

Bilirubin has one high affinity binding site ( pK,, = 7.9 for 
FISA ) and two secondary sites ( pK:, = 5.7 ;'or HSA ) [ ! 7.2 ! ]. 
The inhibition experiments suggest that. tot HSA. the primary 
binding site is not involved in the catalytic process. However. 
binding of bilirubin to the secondary sites shows an influence. 
For BSA. even the high affinity binding site for bilirubin 
contributes to the catalytic activity. It should be no~.,',] that 
the experiments examining the influence of bilirubin were 
performed at pH 8 ( different f'rom the experiments discussed 
above) to avoid the fbrm~:tion of colloids. 

3.4.3. Warfarin 
The inhibitory effect of warfarin at pH 8 on the thermal 

ring-opening reaction of 6,8-dinitro-BIPS catalysed by albu- 

rain is similar in the Fesence of HSA and BSA. A 91F;~: 
satu,~-4ion of albumin with ligand at the primary binding site 
reduces the catalytic activity by about 25c,'~ -. A ratio of war- 
farin to albumin of 30 : i ( saturation of the primary binding 
site: secondary bindin~ site approximately 9(V;~: saturak.xt) 
reduces the catalytic activity by about 50% lbr BSA and 55c,~ 
for HSA. 

For warfarin, two binding constants f(rr HSA are reported 
in phosphate buffer: pKg, = 5.2-5.7: pK~ = 3.6---4.7 ( ,see ref- 
erences and table il in Ref. 1551 and Ref. [561). in this 
paper, pK,,---5.2 and pK~,_, =4.7 1561 were used. indicating 
a rather moderate affinity compared with Ca-"" ion.s or hae- 
min. This means that an initial ratio of iigand to albumin of 
I : 1 will saturate the first binding site only by about 50% as 
calculated using the applied concentrations. A ratio of 5" ! 
is necessary to achieve about (~)% saturation of albumin for 
the primary binding site. This is reflected in the plots shown 
in Fig. 8. it can also be suggested that the primary binding 
site is involved in the catalytit" reaction: the secondary site 
may be involved depending on the "'actual" pK,,,_ value. 

3.4.4. Pahnh¢ae 
Fig. 9 shows the influence of the long fatty acid palmitate 

on the calalytic activity .~f BSA or HSA towards 6.8-dinitro- 
BIPS. For both albumins, an acceleration of the thermal ring- 
opetling reaction is obsetwed up to a ratio of paimitate to 
albumin of 4 : 1 fi~r BSA and 5 : I lbr HSA. increasing the 
initial rate constant up to 30% for BSA and 70% for HSA. 
l,,hibition then occurs, redtlcing the initial rate constant k',,~, 
by 60c~ for BSA and 50% for HSA compared with the rate 
constant k,,,, in the absence of palmitate. 

BSA is capable of binding as much as seven molecules of 
palmitate 1571. Peters 1211 reports a binding of about six 
molecules per molecule of albumin. The binding has been 
characterized as heterogeneous, involving numerous binding 
sites of varying affinity. The association cons(ants vary from 
pK,, = 8 to pK., = 5 15(; I. The first two fatty acids are consid 
ered to bind side by side in an antiparailel arrangement [ 171. 
They induce a change in the physical properties of albumin 
due to con fornmtionai changes [ 2 ! i, which may be the reason 
for an increase in the catalytic activity. These findings are in 
agreement with preliminary results [ 151 obtained with com- 
mercially available BSA-palmitic acid ( 4.6 molecules ofpal- 
mitate per molecule of BSA). it was shown that palmitate 
has a positive ctx)peration tbr the catalytic reaction. This may 
be the result of conformational changes of the protein, 
because it is unlikely that fatty acids and 6,8-dinitro-BIPS 
will share the same binding site due to their large structural 
differences. 

When more than tour or live palmitate molecules per mol- 
ecule ,~f BSA or HSA are bound, further addition of these 
fatty acid molecules will result in the occupation of weaker 
binding sites or binding regions. This causes an inhibitory 
effect of the thermal ring-opening reaction of 6.8.-dinitm- 
BIPS. This may be due to further con!.ormational changes or 
tt) interaction with the same binding region to which the 
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spirobenzopyran interacts. It should be kept in mind that a 
binding region itself may consist of  different binding sitc~ 
which may overlap ~,ith each other i 17 I. 

3.5. Detennination of  the inltibition patterlz for warfiJrin as 
ligand 

After determining which ligands act as inhibitors, it is 
desirable to establish the type of inhibition and the inhibitor 
constant K=. Since Eqs. ( 12) - (14)  are derived for reversible 
inhibition, tightly bound ligands were not checked. Hence 
the moderately binding warfarin was the only candidate. 

The concentrations of warfarin and albumin (HSA or 
BSA) were chosen in such a way that the warfarin concen- 
tration was not substantially altered and the first binding site 
was mainly involved. !i" two binding sites are involved, non- 
linear plots should be obtained i 271. 

Fig. !0 shows a representative selection of the Linew- 
eaver-Burk-typc plots obtained for BSA as albumin. As pre- 
dicted for reversible competitive inhibition, the slope fi)r 
increasing warfarin concentration increases while the inter- 
cept remains constant at 609 _+ 18 s; the variation coefficient 
Vk = 3% ( n = 4 ) is therefore within experimental error. For 
HSA, the intercept is 440 4- 130 s. giving Vj, = 29.5c/~ • ( n = 4 ). 
in all cases, linear primary plots were obtained. 

The secondary plots according to Eq. (13) for BSA and 
HSA are shown in Fig. !1. For BSA. the plot is linear, but 
for HSA the plot is curved slightly upwards. Hence the inhib- 
itor constant was calculated only for BSA to be 
K,= 1.66>,: I 0  -~ M .  

The Dixon-type plots for BSA according to Eq. (14) are 
presented in Fig. ! 2. All plots are linear and the intersection 
of  the plots is at x = ( - ! . 6 3 4 - 0 . 1 5 ) × 1 0  5 M and 
v = 530 4- 30 s. in both cases, V~, is below 10% and therefore 
within experimental error. K, is 1.63 × I0- ~ M and is in good 
agreement with the result obtained from the secondary plot. 

As a result, warfarin can be considered to be a reversible 
purely competitive inhibitor for BSA, using 6,8-dinitro- BIPS 
as substrate, involving a single binding site of warfarin. The 
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calculated inhibitor constant K, = 1.6 × I 0  ~ f,A ~ugge::,s th.'_~t 
the primary binding site of  warfarin is involved in the catalytic 
proccss. In the case of HSA, reversible competitive binding 
is probable, but the secondary binding site may be involved 
to some extent as suggested by the secondary plot. 

4. Conclusions 

The thermal ring-opening reaction of 6,8-dinitro-BIPS is 
enhanced markedly by two orders of  magnitude in the pres- 
ence of albumins. The five albumins examined can be con- 
sidercd to show enzyme-like activity. HSA and BSA were 
checked in more detail, showing differences in the pH and 
temperature dependence, as well as in the inhibitory effect of 
the applied ;nodel ligands. This suggests that the catalytic 
centre may be different for the two proteins. It can be deduced 
that at least two amino acids are involved in the catalytic 
process. One may be an imidazole group. For BSA and HSA, 
the Cu-" + binding site is one of  the catalytic centres. This is 
consistent with the findings of the pH-dependent experiments 
which indicate that the imidazole group of histidine is 
involved in the catalysis. The results of the other iigand bind- 
ing experiments suggest that the binding regions of warfarin 
(HSA, BSA) and bilirubin (BSA)  may also be catalytic 
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centres, or the binding of ,hese ligands gives a negative allo- 
steric effect. For palmita:e, a positive allosteric effect is 
obtained for up to 4-5 mo!ecules of  fatty acid per molecule 
of  albumin. 

For warfarin and BSA, us -g 6,8-dinitro-BIPS as substrate, 
the inhibition pattern was determined to be, reversible and 
purely competitive, indicatiJ~g that it is highly probable that 
warfarin is competing for the ~ame binding site as 6,8-dinitro- 
BIPS. The value of the inhihitor constant suggests that the 
primary site is involved. The HSA and warfarin system also 
shows reversible competitive inhibition to a great extent, but 
because of the slightly curved secondary plct other effects 
may be involved. 

The results show clearly that proteins may influence the 
velocity of  the thermal ring-opening reaction of spirobenzo- 
pyrans. This may cause aa unexpectedly larger amount of 
one form, and should be considered when preparing systems 
which are thought to be only switchable by light, in particular 
when these systems are tesicd in natural matrices, such as 
serum, etc., for biomedical purposes. Controlled thermal 
switching may open up a new field of application of photo- 
chromic molecules. A system activated or inactivated by light 
can then be themmlly deactivated or activated, with the veloc- 
ity of  this "back reaction" being controlled by biomolecules. 
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