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The ionization behavior cff retinoic acid (RA) in an aqueous phase and when bound to bovine serum albumin was studied. 
Titrations of RA in the various phases were followed by monitoring the red shift in the absorption maximum of RA that occurred 
upon deprotonation. The apparent pK of RA was dependent on the concentration of this compound. At the concentration range 
6-20 #M, the pK of RA in water had a value of approximately 8.0. As the concentration was decreased in the range !-6 p.M, 
the value of the pK decreased continuously. The lowest pK observed was approximately 6.0. It was concluded that RA in an 
aqueous phase at concentrations in the p.M range, forms micelles, and that the values of the pK of RA monomers and micelles 
in water are < 6.0 and 8.0, respectively. "."he presence of 0.15 M NaCl caused a decrease in the oK of RA micelles and lowered 
the value of the CMC. Titration of RA in the presence of bovine serum albumin revealed the presence of a heterogeneous 
population comprised of three distinct microenvironments for RA associated with this protein. Two populations of RA were 
found to under£n complete titration in the pH range 4-8. A third population became apparent at pH > 9.5. 

Introduction 

Excessive vitamin A intake produces toxic manifes- 
tations, the basis of which has not been clarified as yet 
[1]. It has been repeatedly suggested that at least zome 
ol" the toxic effects of this vitamin are due to its 
surface-active, 'membranolytic' properties. These sug- 
gestions are based on studies that have shown that the 
presence of retinoids affect various aspects of structure 
and function of membranes [2-10], and on the chemi- 
cal structure of retinoids which are hydrophobic com- 
pounds with one polar end group, so that they have 
'detergent like' characteristics. Of the three most 
prevalent retinoids: retinol, retinal, and retinoic acid, 
the last compound is the only one that may carry an 
actual net charge at its end group. Thus, two important 
questions regarding the effects of retinoic acid (RA) on 
membranes, and possible differences between the ef- 
fects ef RA vs. other retip.oids [! 1,12] should be con~id- 
e'-'ed. (1) Does RA self-associate to form mieelles in an 
aqueous environment? (2) ls the carboxyl group of 
retinoic acid protonated or is it negatively charged at 
physiological pH? 
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A I I - t r a n s - R A  is present in plasma at a concentration 
of about 12 nM [13]. Unlike the quantitatively predom- 
inant vitamin A derivative, all-trans-retinol,  which cir- 
culates, at a concentration of about 2 p.M, complexed 
with a specific serum retinol-binding protein [14], RA 
in blood is bound to serum albumin [15]. The grounds 
for the apparent differentiation in the mode of trans- 
port of the two retinoids in the circulation have not 
been clarified as yet. This question is particularly in- 
triguing since it was shown that at least in vitro, serum 
albumin binds retinol [16] and retinol-binding protein 
binds RA (e.g. Ref. 17). Regarding the mode of bind- 
i~g of RA to albumin, it has been suggested [18] that 
this ligand associates with the high-affinity sites that 
albumin is known to have for long-chain fatty acids 
[19]. Long-chain fatty acids associate with serum albu- 
min in heterogeneous binding sites that can be grouped 
into several classes based on their relative affinities 
[19-21]. Up to a fatty acid/albumin mole ratio of 3:1, 
three distinct high affinity binding sites exist and the 
distribution of fatty acids between them is dependent 
on the fatty acid/albumin mole ratio [22,23], Fatty 
acids bind at these sites in the ionized form and can 
not be titrated in the pH range 3-8 [23,24]. Additional, 
weaker sites for long-chain fatty acids on albumin 
become apparent at high fatty acid/albumin mole 
ratios. Fatty acids associated with one of the weaker 
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sites can be titrated and has been shown to display an 
~lpparent pK similar to that of fatty acids monomers in 
an aqueous phase [24]. 

in the present study, the ionization behavior of RA 
in an aqueous environment and RA bound t(~ serum 
albumin was investigated. 

Materials and Methods 

AII-trans-retinoic acid was from Kodak. Bovine 
serum albumin (fatty-acid free) was from Calbiochem. 
All other chemicals were from Sigma Chemical Co. 

Titration o f  retinoic acid. RA was added to a~;say 
mixtures from a concentrated solution in ethanol to a 
final concentration of !-20 tiM. The final concentra- 
tion of ethanol in assay mixtures never exceeded 1% 
(v/v). Titration was carried out by addition of dilute 
solutions of either HCI or NaOH, and the pH was 
measured by a Sigma Tris electrode using a Radiome- 
ter Research Grade oH meter. The absorption of the 
mixture at various pH values was measured using a 
computer driven Cary-14 spectrophotometer (On-Line 
Instruments). To ensure that equilibrium was reached 
between all phases of the system (RA monomers, mi- 
,:elles, and RA precipitates), the following procedure 
was used. A 100 ml solution of the appropriate mixture 
was prepared and adju:;ted to designated pH values by 
the addition of either HCI or NaOH. As each pH point 
was achieved, a 1 ml ali:luot was removed to a separate 
test tube. The samples were then incubated at room 
temperature in the dark, and pH values and the ab- 
sorption at 340 nm and at 380 nm were measured at 
15-min intervals until constant values were observed. 
For the titration of RA bound to serum albumin, 
albumin was dissolved in 0.15 M NaCI and RA was 
added from a concentrated solution in ethanol. Titra- 
tions were carried out as outlined above. Buffers and 
assay mixtures were purged with argon t~efore use to 
minimize oxidation of RA, and mixtures were kept i,, 
the dark whenever possible. Titrations and absorption 
measurements were carried out in dim light. 

Results 

Effect of  pH on the absorption specmon of  RA 
The absorption spectra of 3 gM RA in water at pH 

4 and pH 10.5 are shown in Fig. i. The absorption 
maxima were at 340 nm and at 390 nm at pH 10 and at 
pH 4, respectively. The shift in Am~ x was completely 
reversible when the pH of the solution was adjusted 
from 10.5 to 4 and back. In addition to the shift in the 
absorption maximum, the spectra in Fig. 1 show an 
apparent decrease in the absorption of RA at Area x 
upon lowering the pH of the solution. This may be 
partially due to the lower solubility of protonated v:;. 
anionic RA which resulted in formation or RA precil, i- 
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Fig. I. Absorption spectra of RA in water at pit 4 and pH 10.5. RA 
(3 #M) was added from a concentrated solution in ethanol and 
incubated for 311 rain The pH of the mixture was adjusted by the 

addition of either NaOtl or HCI. 

tatcs and an apparent decrease in absorption caused b~ 
scattering. Precipitation of RA was, in fact, ob,.erved at 
low pH when solutions containing RA at a cpacentra- 
tiot~ of 3 p.M or higher were used. To examine whether 
the shift in .h m~ resulted from precipitation of RA 
rather than from the protonation/deprotonation pro- 
cess, the absorption spectra of RA were examined at 
various RA concentrations in the range 1-20 p.M. 
These measurements were used to s~ady the origin of 
the shift in Area x because it can be expected that a 
larger fraction of RA will precipitate, and larger aggre- 
gates will be present in solutions comprised of higher 
concentrations of RA [25]. To ensure that all phases in 
the system were at equilibrium, the pH values of the 
samples were adjusted to each designated value, pH 
values and the absorptions at 340 nm and at 380 nm 
were measured at intervals until cot~,a ~t values were 
observed (see Methods). It was found ihat incubation 
for 30 min at room temperature was s, afficient to 
equilibrate samples containing 1-5 /~M RA. A 2-h 
incubation period was required to achieve equilibrium 
at higher concentrations of RA. All samples were 
sub.sequently incubated for 2 h at room temperature 
before final measurements were taken. The data in 
Fig. 2 show that the absorption ratio A.~4, ,m,/A38, .m 
was constant both at pH 10.5 and pH 4 throughout the 
concentration range studied, it was thus concluded 
that the shift in A,,,,~ was not caused by the precipita- 
tion but by deprotonation of RA ,hat occurred upon 
decrease in pH. 

Tile ionization behacior of  RA bt an~iaqueous environ- 
ment as a funcdon of  concemration I 

The progression of the shift in A,,.,[ as a function of 
pH was followed by monitoring the'absorption ratio 
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Fig. 2. Absorption ratio A~ . )  nm /A3s  . nm as a function of RA 
concentration at pH 4 (o) and at pH 10 (e). Absorptions were 
measured following a 2-h incubation, as described in Methods. Each 

point represents the mean of two measurements. 

A34n nm/A38n nm" This ratio as a function of pH was a 
sigmoidal function that reached const..nt v:,lu:s ~*, ~ ~,** ,~ 
low and high pH values (Fig. 3). At these extremes of 
oH, it was assumed that RA existed as the fully proto- 
nated form or as the anion, respectively. An apparent 
pK for RA could thus be obtained at half the maximal 
cha,:ge. Shown in Fig. 3 are representative titration 
curves obtained with 1 /~M and with 10 p.M RA in 
water. 
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Fig. 3. Absorption ratio A340 .m/A3$) am of RA in water as a 
function (~f pH. The concentrations of RA were I /zM (o) or 10 p,M 
(e). Titrations were carried out as described in Methods. Calculated 
points of the theoretical Henderson-Hassclbach curve for I ~tM (t,) 

and 10 ~tM ( • ) are also shown. 
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Theoretical Henderson-Hasselbach titration curves 
for the two concentrations are also shown in Fig. 3. To 
calculate the Henderson-Hasselbach curve, the limiting 
ratios of 340 nm/380 nm (Rm~x and Rmi n) were used 
to express the fractions of ionized RA. 

IRA- ] / ( IRA-  ]+ [RAH]) = (R  - Rm l . ) / (Rn , ,~  x - Rrn~,,) ( I )  

RA-  and RAH in Expression 1 represent the concen- 
trations of the ionized and the protonated RA, respec- 
tively. Expression 1 was solved for the ratio 
[RA-]/[RAH].  This ratio was substituted into the 
Henderson-Hasselbach equation and Eqn. 2 was ob- 
tained. 

pH = pK + log[( R - Rmi.)/( Rm~,~ - R)] (2) 

The experimental ly obtained p K  value was used in 
Eqn. 2 to calculate pH values for  given R values. 

The t i t rat ion curve with 10 p.M R A  deviated slightly 
f rom the theoretical curve. The apparent p K  values at 
10 p.M and at 1 p.M RA were 8.04 + 0.15 and 6.51 + 0.2 
(n = 4), respectively. The shift in the apparent pK of 
RA to a lower value can be explained by self-associa- 
tion of RA at the higher concentration. In non-polar 
hydrocarbon solvents, RA self-associates by forming 
tail-to-tail dimcrs that are stabilized by hydrogen bond- 
ing between the carboxyl groups of two RA molecules 
[26]. Such dimers do not form in polar media where the 
-OH part of the carboxyl gr,~ups of RA is involved in 
hydrogen bonds with the solvent [26]. Self-association 
of RA in water thus most likely originated from hy- 
drophobic interactions between the rings of several 
molecules resulting in the formation of micelles. In a 
solution comprised of the lower concentration of RA 
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Fig. 4. Effect of RA concentration on the apparent pK. Titrations of 
RA in water (o) or in 0.15 M NaCI (e) were carried out as described 
in Methods. S.~. values for the values of pK of RA in water were 
+0.27 pH units (n = 4 for each conce,ttratio~). The given values of 
pK for RA in 0.15 M NaCI arc means of two measurements for each 

concentration. 
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(1 /zM), the fraction of RA monomers increases and a 
mixed population of micciles (displaying a high pK) 
and monomers (displaying a lower pK) exists. Fig. 4 
shows the apparent pK as a function of RA concentra- 
tion. The ionization behavior of RA as a function of 
concentration is simila~ to the well documented behav- 
ior of the bile acids cholic acid, deoxycholic acid, and 
chenodeoxycholic acid (for review, see Ref. 25). At 
high concentrations, all of the added acid molecules 
arc bound in micelles and the pK remains fairly con- 
stant. Over a concentration range where some added 
acid is bound to micelles and some is present as 
monomers, the pK decreases, pK should again reach a 
constant value at concentrations below the critical mi- 
cellar concentration of the acid (CMC) [25]. Since the 
absorption coefficient of RA in water is about 37600 
M-i  [27], it was not possible to measure the pK at 
concentrations below 1 p.M by this method. However, 
if the above interpretation is correct, the observations 

indicate that the critical micellar concentration of RA 
in water (CMC) ns ,o~cr :han 1 /zM. 

The app, arent pK of RA as a function of concentra- 
tion in a medium containing 0.15 M NaCI is also shown 
in Fig. 4. Similarly to the ionization behavior in water, 
the pK of RA in the presence of salt is fairly constant 
at high RA concentration. However, two major differ- 
ences were observed between the ionization behavior 
of RA in water vs. the behavior in the presence of salt. 
it was found that the presence of NaCI decreased the 
pK of RA in micelles by about 1 pH unit. In addition, 
the shift in pK to lower values, indicating the presence 
of monomers, occurred at a lower RA concentration 
when salt was present (at 1 p.M) vs. in water (at 3-4 
#M). Consequently, the pK values in water and in the 
presence of NaCI were similar at the low range of 
concentrations studied (1-3 p.M). These data suggest 
that the presence of salt lowered the CMC of RA (see 
Discussion). 
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Fig. 5+ Ab~rption ratio A.u,,m/A.~f.,,m of RA in the presence of albumin as a function of pH. RA was complexed to serum albumin and the 
tltrations was carried out as described in the Methods. The concentralkm of albumin was 30/~M in all the assay illixturcs. The c0ncenlrations of 

RA were: (a) 5 P.M; (b) 20 ;tM; tc) 50 p.M. 



The ionization behavior of RA bound to serum albumbz 
Serum albumin serves as a carrier protein for RA in 

blood [15] and it was suggested [18] that albumin binds 
RA at the high-affinity binding sites that this protein 
possesses for long-chain fatty acids. It is of interest, 
therefore, to investigate the ionization behavior of RA 
bound to serum albumin in Fig. 5 are shown represen- 
tative titration curves of RA bound to bovine serum 
albumin in a medium containing 0.15 M NaCI. In these 
experiments, the mole ratio of RA/albumin was varied 
in the range 0.17: I to L67:1. The titration curves 
obtained at RA/a lbumin  mole ratios of 0.i7:1 (Fig. 
5a) and 0.67:1 (Fig. 5b) indicate that RA was appar- 
ently distributed between three distinct microenviron- 
ments. At the pH range 4-9, a composite of two 
complete titrations curves exhibiting apparent pK val- 
ues of approximately 5.6 and 7.8 were observed. At 
pH > 9.5 another change in the ratio of absorption of 
RA at 340 nm/380 nm became ::pparent. This part of 
the titration curve could not be completed and it was 
not clear whether the third RA population was re- 
leased from albumin which may have been denatured 
at this extreme pH, whether this population showed a 
very high pK within its binding site on albumin, or 
whether this observation reflects changes within the 
protein affecting the spectral properties of RA (see 
Discussion). The data in Fig. 5 indicate that the frac- 
tional distribution of RA between the first two sites is 
approximately equal, suggesting similar affinities for 
RA. 

The observations suggest that RA was bound to 
BSA under the conditions of the experiments and that 
two or three distinct binding sites for RA exist on 
serum albumin That RA was bound to albumin under 
the experimental conditions was indicated by the lack 
of precipitation of RA at concentrations of RA of 5 
and 20 p.M, while in the absence of pro)ein, precipita- 
tion of RA at low pH values could be observed at 
concentrations as low as 1-2 p.M. The observations 
indicating different microenwromnents for RA within 
the protein confirm the conclusion that RA was bound 
to albumin in the above experiments. This follows from 
the apparent pK valt es of RA bound in site ! and in 
site il which were 5.6 and 7.8, respectively. These 
values are, respectively, lower and higher than the pK 
of RA in micelles (Fig. 4]. The total concentrations of 
RA in the experiments depicted in Figs. 5a and 5b 
were 5 and 20 #M,  respectively. These concentrations 
a,e well above the CMC of RA in 0.15 M NaCI, so that 
if RA was unbound, it would have disI:myed a pK of 
approx. 7.2 (see Fig. 4). 

Upon increasing the concentratior of RA in the 
assay mixture to 50 /zM and the mole ratio RA/a l -  
bumin to 1.67:1 (Fig. 5c), a new population of RA 
displaying a pK of approx. 7.2 appeared. The existence 
of this population obscured the titration of RA in sites 
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l and II. This observation can be explained if titration 
of RA in these sites could not be observed because of 
the higher concentration of RA in the population 
displaying a pK of 7.2. Alternatively, redistribution of 
RA from the sites observed at low ratios into the RA. 
population observed at the higher ratio could have 
occurred. The apparent pK of the new population 
corresponded to the pK of RA in micelles, and the 
steep slope of this part of the titration curve had the 
characteristics of the titration process of RA in mi- 
celles (Fig. 4). The data thus suggest that at the high 
RA/albumin ratio, the concentration of unbound RA 
was higher than the CMC, resulting in micelle forma- 
tion that could be readily observed by its ionization 
behavior. This interpretation of the data was supported 
further by the observation that when a high concentra- 
tion of RA was used, precipitation of Irma occurred 
upon lowering the pH of the medium, indicating that a 
fraction of RA was not bound to the protein under 
these conditions. 

Discussion 

It was found in the present study, that the absorp- 
tion maximum of RA in water undergoes a red shift of 
about 40 nm upon protonation of the carbo~l end 
group (Fig. 1). This phenomenon was used to follow 
the titration of RA in aqocou~ environments. The 
apparent pK of RA was found to be affected by the 
concentration of the acid. Tho. pK was fairly constant 
at the concentration range $-20/~M, and cor, tinuously 
decreased as the concentration of RA was decrvas~d 
from 6 to 1 g.M. The behavior of RA in respect to 
concentration in water was thus similar to the behavior 
of bile acids [25,28,29] and unlike the behavior of  
long-chain fatty acids that can exist in several physical 
states (oil droplets, crystals, lamellar phases, mieelles 
etc.) and display a complex ionization behavior in wa- 
ter [30]. The observations most likely reflect the forma- 
tion of RA micelles which was complete at about 6 
#.M. Since the extinction coefficient of RA in water is 
37600 M-n [27], titration at concentrations lower than 
1 # M  could not be followed by the method used. 
However, it can be concluded from the data (Fig. 4) 
that the critical micellar concentration of RA was 
lower than 1/~M. This upper limit for the value of the 
CMC of RA is more than three orders of magnitude 
lower than reported CMC values for bile acids [25] or 
five orders of magnitude lower than the CMC for 
potassium decanoate (Ref. 31, cited in Ref. 30). Fluo- 
rescence polarization studies of all.trans.retinol i~ an 
aqueous environment indicated that the CMC of that 
retinoid was lower than 2 p.M [32,33]. It seems then 
that retinoids self-associate to form micellar suspen- 
sions at very low concentrations as compared to other 
small amphipathic ligands. 
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The data indicate that the pK of RA monomers in 
water was lower than 6.5. The pR of RA in micelles 
was about 2 pH units higher, suggesting that the proto- 
nated form of RA is dramatically stabilized by micelle 
formation. A shift to higher pK values was reported to 
occur upon self-association of fatty acids and of bile 
acids in an aqueous environment [25,28-30]. These 
shifts could originate from partial shielding of the 
earboxyl group from the bulk aqueous phase by the less 
polar environment of the micelle. Another factor that 
could contribute to the apparent stabilization of the 
protonated form of carboxylic acids is the negative 
surface charge of the micelles which will create a 
proton concentration gradient with proton concentra- 
tions that are higher at the micelle/water interfe,ce vs. 
in the bulk water. Consequently, the apparent pK of 
RA will be higher in micelles as compared to RA 
monomers in the bulk aqueous phase. The data show- 
ing that the presence of counter-ions decrea.~cd the pK 
of RA in micelles support the idea that mi~'ellar sur- 
face charge plays a role in shifting the pK of RA in 
micelles to higher values. The data (Fig. 4) suggest 
further that the presence of NaCI lowered the CMC of 
RA, which also corresponds to the known effects of 
salts on the CMC of micelles [25]. 

The data reported above, taken together, indicate 
that RA in an aqueous environment forms micelles at 
concentrations that are at the t~M range. The ioniza- 
tion behavior of RA. and the details of the response of 
the ionization state to changes in the concentration of 
Rat and to the presence of counter-ions concur with 
the well documented behavior of other micclle form- 
ing, amphipathic, carboxylic ~cids. It can thus be con- 
cluded from the observations reported above that at 
physiological pH and at concentration of RA that are 
higher than the CMC, about 50% of RA will be nega- 
tively charged. At RA concentrations which are lower 
than the CMC, a predominant fraction of RA will be 
ionized. The anionic form of RA is soluble at concen- 
trations of 20 ~M or higher, as was evidenced by the 
clarity of the solutions and lack of any observed scat- 
tering at pH > 7.2. The solubility of RA under physio- 
logical conditions is thus high enough to allow this 
compound to diffuse across aqueous phases in vivo 
over distances comparable to the size of cells without 
the aid of soluble binding proteins. Specific binding 
proteins for RA, cellular RA-binding nro.'eins 
(CRABP's}, are known to exist in the cytosol of various 
ceils [34,35]. The roles of these proteins for RA func- 
tion and metabolism have not been clarified as yet. It 
has been suggested, however, that CRABP's serve as 
carriers for the hydrophobic ligand across eytosol (e.g. 
REf. 36}. The results of the present study suggest lhat 
diffusion of RA may not require such facilitation. 

Titrations of RA in the presence of serum albumin 
(Fig. 5) suggested the existence of three distinct mi- 

crocnvironments for RA which could be observed at' a 
RA/albumin mole ratios of < 1. The results indicated 
that RA observed in these assays was bound to albu- 
min and not dissolved in the aqueous phase. This 
conclusion is based on the observations that the values 
of the apparent pK values in the presence of albumin 
did not coincide with the pK of RA in micelles, even 
though the concentration of RA in these experiments 
exceeded the CMC of RA in 0.15 M NaCI. In addition, 
no precipitation of RA could be observed upon lower- 
ing the pH in the presence of albumin, in contrast to 
distinct precipitation at low pH of free RA. RA in two 
of the albumin sites could be completely titrated in the 
pH range 4 -9  showing apparent pK values of about 
5.6 (site 1) and 7.8 (site !1). The fractional distribution 
of RA between the sites was approximately equal, 
indicating similar affinities for R,~,. 

RA bound in site I showed an apparent pK of 5.6. 
This value closely corresponds to the pK of RA 
monomers in an aqueous environment, suggesting that 
RA is bound in this site in a manner that allows it to 
freely exchange protons with the bulk aqueous phase. 
A second fraction of RA was bound to albumin at a 
site in which it showed an apparent pK of about 7.8. 
This value for the pK is about 2 pH units higher than 
the pK of RA monomers in an aqueous phase. The 
stabilization of the protonated form of RA associated 
with site !! vs. RA monomeb suggests that the car- 
boxylic group of P.A in this tile is shielded from the 
bulk aqueous phase presumably by a non-polar envi- 
ronment. 

When the concentration of RA was increased to 50 
# M  (Fig. 5c), sites I and 11 could not be observed and a 
population of RA displaying a pK of about 7.2 became 
apparent. The concentration of RA in the bulk phase 
in this experiment most likely increased beyond the 
CMC and micelles formed. The apparent pK of the 
'new' RA fraction corresponded well with the oK of 
RA micelles in 0.15 M NaCI. The failure to observe 
RA in sites I and !I under these conditions may thus 
be understood by a higher affinity for RA of micelles 
~s. these sites and the consequent extraction of RA 
from these sites into mieelles. Alternatively, titration of 
RA in sites 1 and 11 could be obscured by the higher 
concentration of RA in mieelles undergoing titration in 
a close pH range. 

A third fraction was found to bind to albumin in a 
site that did not become apparent up to a pH of about 
9.5. An incomplete spectral change representing this 
population occurred at the pH range 9.5-12.0. The 
spectral properties of RA associated with site Ill corre- 
sponded to the spectral properties oi" neutral RA, i.e. it 
showed a low A,4 o ,ml/A348tj nm absorption ratio which 
increased as the pit  was increased in the range II1.0- 
12.0. One possible explanation for this observation is 
that RA in site Ill was released from albumin at 



pH > 10.5 because of conformational changes or de- 
naturation of the protein occurring at this extreme pH. 
However, it has been reported that spectral changes 
characteristic of protein unfolding or peptide cleavage 
in bovine serum albumin do not occur at pH values 
lower than 11.5 [24], while the changes in ionization of 
RA discussed here were observed at a pH as low as 
9.5. Another possible explanatir.n is that the observa- 
tions reflect binding of the protonated form of RA at 
site !11. This explanation is not very likely, however, 
because the pK values of carboxyl groups are usually 
much lower than the pH range being considered here. 
A third possibility is that RA binds in this site in an 
ionized form and is involved in electrostatic interac- 
tions with a basic amino acid residue within site !!1. 
Not enough information is currently available regard- 
ing the spectral properties of RA associated with a 
positive charge in a system of this type. However, it is 
possible, given the sensitivity of the absorption spec- 
trum of RA to the environment of the carboxyl group, 
that negatively charged RA which is involved is an 
electrostatic interaction with a basic amino acid residue 
will show a lower 340 am/380  nm ratio than negatively 
charged RA with a free carboxyl group, if this is so, the 
apparent 'titration' of RA in site !II at pH > 9.5 may 
be explained by neutralization of the basic amino acid 
residue at this pH range resulting in release of ionized 
RA with a free carboxyl group and an incr:ase in 340 
am/380  nm absorption ratio. It was reported that the 
binding of long-chain fatty acids at one of the albumin 
high-affinity sites involves interaction of the ionized 
carboxyl group of the fatty acid with a e-ammonium 
group of a lysine residue [24]. The ionization of such 
groups in bovine serum albumin have a pH midpoint of 
approximately 10.8 [37]. RA in site Iii may thus bind to 
the same site as long chain fatty acids and the observed 
change in spectral properties of RA in site 111 at 
pH > 9.5 may be due to titration of a lysine e-am- 
monium group in this binding site. 

Further studies are needed to correlate the albumin 
binding sites for long-chain fatty acids and for RA. 
However, the data reported here suggest that of the 
three binding zites for RA on serum albumin observed, 
two can be correlated to known binding sites for long- 
chain fatty acids on this protein: site I and site I!I. Site 
1: it was found from NMR studies of the binding of 
fatty acids to albumin, that a fraction of bound fatty 
acids exhibits an ionization bzhavior similar to that of 
fatty acids. This fraction of fatty acids was only ob- 
served when the mole ratio of fatty acid/albumin was 
higher than 3 [19,20]. Bile acids bound to albumin 
exhibit pK  values that are similar to the pK values of 
bile acid monomers [28]. The data shown above suggest 
that si,te I for RA may correspond with the fatty acids 
binding regions, which is likely to also be the binding 
domain for bile acids. Unlike fatty acids, RA occupied 
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this site at a l igand/albumin ratio as low as 0.17, which 
implies a higher affinity of this site for RA vs. long- 
chain fatty acids. Site Ill: as discussed above, the 
carbo~l group of fatty acids occupying one of the 'high 
affinity' sites on albumin exhibits a decrease in NMR 
chemical shift upon increasing the pH above pH 10.0. 
This was correlated with the ionization of a lysine 
residue at this pH range [19,20]. The incoalpl~te titra- 
tion of RA in site ill occurring at pH > 9.5 may 
correspond with such a lysine ionization process. RA 
bound in site II was found to have an apparent pK of 
approx. 7.8. This observation implies that binding of 
RA at this site involves hydrophobic interactions re- 
sulting in partial shielding of the carboxyl group from 
the bulk aqueous phase. The ionization behavior of 
RA at this site does not correspond to any known site 
for long-chain fatty acids, and it is possible that site il 
is a unique RA site. This conclusion was supported by 
preliminaiy studies of competition between palmitic 
acid and RA on binding to albumin which showed that 
even a large molar excess of palmitic acid did not 
compete RA out of site 11 (data not shown). Notably, 
the studies reported here did not detect RA occupa- 
tion in two of the three 'high affinity' binding sites of 
albumin for fatty acids. This may be due to electro- 
static binding of ionized RA which would not have 
been detected unless the amino acid residue involved 
in the interaction is titrated in the pH range employed 
in this study, as was the case for RA bound in site IlL 
However, it is clear that at least one of the microenvi- 
ronments in which RA is associated with albumin 
involves a binding site that is distinct from the fatty 
acids sites, and that the affinity of at least one other 
site is higher for RA vs. long-chain fatty acids. 
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