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Abstract

5-Fluorouracil (FU) is an important and widely used antineoplastic drug that is carried in the serum by
plasma proteins. Protein binding studies of this drug to human serum albumin (HSA) have been carried out
by several spectroscopic techniques. Difference circular dichroism and UV studies provided information on
the class of binding sites involved in the interaction. In particular, displacement experiments showed that FU
has at least one secondary binding site in the coumarin binding area. but does not interact with the
benzodiazepine binding area. Binding was also investigated by difference '"H NMR and by measuring the
increase in the ""F NMR signal of FU when bound to HSA. Finally, evidence was obtained that chemical
acetylation of Lys,y, results in a decreased apparent binding affinity constant (nK) for FU. Such a
modification is induced under physiological conditions by aspirin.
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1. Introduction

5-Fluorouracil (FU) is a pyrimidine ana-
logue with high anti-tumour activity and is one
of the most widely used antimetabolites in can-
cer chemotherapy [1]. Although FU is a rela-
tively successful antineoplastic drug, its major
drawback 1s the extremely rapid liver
catabolism. FU is inactivated by pyrimidine
ring reduction carried out by dihydrouracil de-
hydrogenase; the high turnover (f,,=10-
20 min) markedly impairs drug efficiency, thus
forcing a high dosage which leads to serious

* Corresponding author. Tel: +39-50-918273; Fax: +39-
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cytotoxical effects [2]. A major direction in the
design of new fluorouracil analogues as
chemotherapeutic agents is intended to over-
come the problem of rapid catabolism [3]. It is
generally accepted that plasma protein binding
of drugs is a transport mechanism that also
acts as a protection against metabolic agents,
thus prolonging the duration of drug activity
[4]. FU is complexed by human serum albumin
(HSA), the most abundant and important car-
rier in human plasma. Several attempts have
been made to increase the HSA affinity of FU,
either by FU derivatization [5] or by combined
therapy with other drugs known to interact
with HSA [6]. However, HSA complex forma-
tion of FU is a poorly understood reaction and
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very few details have been reported [7.8]. The
study of FU binding to HSA is, therefore. a
necessary preliminary step in solving such an
important problem.

HSA has at least six well characterized bind-
ing sites [9] but only two of these sites, namely
coumarin (area 1) and benzodiazepine (area II),
are responsible for complex formation of most
endogenous and exogenous molecules [10,11].
Moreover, owing to protein conformational
flexibility, a single binding area can interact
with very different structures, whereas a single
compound has usually more than one binding
site on the protein [12].

In this report, results of a spectroscopic in-
vestigation of FU binding to HSA are pre-
sented. This study was carried out by means of
absorption (UV) and circular dichroism (CD)
spectroscopy as well as by 'H and '""F NMR, in
parallel. All the experiments involved native
and chemically modified human serum albumin
(HSA and AcHSA, respectively) in order to
obtain better molecular insight into the interac-
tion. HSA modification comprised the acetyla-
tion of a single amino acid residue (Lys g,
known to be close to area ) selectively induced
by acetylsalicylic acid [13].

2. Materials and methods

HSA (essentially fatty acid free) was supplied
by Sigma (Milan, Italy) and was used without
further purification. Solutions of the protein
were prepared in potassium phosphate buffer
(pH 7.4; 50 mM) and actual concentrations
were determined from the absorbance at
279 nm (A oo 1 em = 0.531) [14].

Fluorouracil (5-fluoro-2,4-(1H, 3H)-pyrim-
idinedione) and deuterium oxide (D,O) were
supplied by Fluka (Milan, Italy). Phenylbuta-
zone (4-butyl-1,2-diphenyl-3,5-pyrazolidine-
dione, PHE) was supplied by Sigma (Milan,
Italy). Diazepam (7-chloro-N1-methyl-1,3-di-
hydro-5-phenyl-2 H-1,4-benzodiazepin-2-one,
DZP) was kindly provided by Professor A.
Lucacchini, (Istituto Policattedra, Facolta di
Farmacia, Universita di Pisa, Italy). Acetylsali-
cylic acid (2-acetyloxybenzoic acid, aspirin)
and all inorganic salts were supplied by Carlo
Erba (Milan, Italy).

Chemical acetylation of HSA, induced by
aspirin, was carried out as reported in the
literature [13]. HSA (1 g) was dissolved in
sodium phosphate buffer (100 ml, pH 7.4;
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100 mM) and a five-fold molar excess of as-
pirin was added. The solution was stirred at
37 °C for 24 h and then dialyzed successively
against sodium phosphate buffer (pH 7.4;
10 mM), ammonium acetate buffer (pH 7.4:
10 mM) and water. The product was
lyophilized, and analyzed by electrophoresis
and "*C NMR, and UV and CD spectroscopy
[15].

UV and CD spectra were measured using a
I cm quartz cell on a Varian Cary 4E spec-
trophotometer and a Jasco J600 spectropolar-
imeter, respectively, both equipped with
personal computers for data analysis.

NMR spectra were measured on a Varian
VXR300 spectrometer, operating at 300 and
282.2 MHz for 'H and '’F analysis, respec-
tively, at a constant temperature of 25 °C. To
obtain difference spectra. preparation of the
solutions was as similar as possible with respect
to sample volume and concentration. An equal
number of transients was collected for each
sample (1024), with a relaxation delay of Is.
For a spectral width of 5000 Hz, 32 K data
points were acquired which were zero-filled to
64 K. No weighting functions were applied.

UV and CD titration curves were obtained
from a 30 uM HSA solution by adding an
increasing amount of FU, and then subtracting
HSA (for UV and CD) and FU (for UV)
spectra [16].

Displacement studies were carried out by
adding FU to a 30 uM [:1 complex of HSA
and the marker (PHE or DZP for area 1 or II,
respectively), and by subtracting the FU com-
plex spectra recorded under the same condi-
tions (see, for example, Ref. [17]).

In all the NMR measurements, D,0O was
used instead of H,O for the preparation of
buffers. In difference 'H NMR studies, a
0.3 mM 1:1 complex of HSA and FU was used,
and spectra of free FU and either native or
acetylated albumin were subtracted from the
corresponding complex spectra. Chemical shifts
(0) are reported in parts per million (ppm) with
reference to tetramethylsilane (TMS) as exter-
nal standard.

"F NMR spectra were recorded for several
sets of complex solutions. Each set consisted of
a fixed concentration of FU (0.3-0.7 mM) and
a variable molar ratio of HSA (1:1 to 1:50 with
respect to FU). The same procedure was used
for AcCHSA. A broadening of the '"F NMR
signal was measured by increasing the concen-
tration of the protein. Since the linewidth
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greatly exceeded the broadening owing to the
magnetic field inhomogeneity, no further pre-
cautions were taken to assess the transverse
relaxation rates.

3. Results and discussion

The UV and CD spectra of a ligand may be
drastically altered by binding to a protein, ow-
ing to the environmental change with respect to
the solvent medium. A very marked effect is
often observed in the CD spectrum since
proteins are chiral complexing agents and are
able to recognize enantiomers or enantiomeric
conformations. HSA binding areas I and Il
show both kinds of stereoselectivity; in several
cases they preferentially bind one enantiomer
of chiral ligands and induce a specific enan-
tiomeric conformation for achiral molecules,
thus contributing to their CD spectrum [12].
Typical examples of these effects are the prefer-
ential binding of (S) enantiomers of the chiral
drugs warfarin (area 1) and oxazepam (area I1),
and the selective enantiomeric conformation
induced for the achiral drugs phenylbutazone
(PHE. area 1) and diazepam (DZP, area 1I) [9].
As a result, the CD spectra of bound ligands
may be remarkably altered compared to the
free ligand CD spectra. or even induced in the
case of achiral molecules. Over the last 30
years. CD analysis has become a widely ap-
plied method used to investigate HSA/ligand
interactions. Usually, a difference CD (ACD)
technique is convenient; the free protein and
free ligand spectra are subtracted from the
complex spectrum. The resulting (difference)
signal is due to protein/ligand interactions [14-
16]. If the tested ligand absorbs at low energies
but the protein does not absorb (HSA CD
spectrum has no absorption over 280 nm), that
part of the difference spectrum may give infor-
mation about the conformation or configura-
tion of the bound ligand. Several studies have
been reported for phenylbutazone [18-20] and
diazepam [16,21,22], that show intense induced
Cotton effects over 280 nm.

In the last few years., a method has been
developed to study protein binding of ligands
by parallel difference CD and UV techniques
[16]. A difference between the UV absorption
of bound and free ligand may arise from a
variation in electronic transition energy, i.e. an
absorption wavelength shift, due to a different
medium polarity. The two coupled techniques
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are complementary since ACD reveals only the
stereospecific interactions whereas AUV can
detect any interaction between protein and lig-
and.

In Fig. 1. titration curves are reported for
FU/HSA complexes: i.e. the maximum AUV
and ACD signals are plotted versus the lig-
and:protein concentration ratio. It is important
to note that FU does not exhibit any absorp-
tion peak over 280 nm and even in difference
spectra all the pcaks (275 nm for ACD, 275 nm
positive and 250 nm negative for AUV) may be
duc either to FU or to HSA. FU'AcHSA
titration did not exhibit any remarkable differ-
ence.

The observed difference signals are low com-
pared to PHE or DZP data: for a 30 uM 1:]
HSA/ligand complex. with cell pathlength
1 cm, FU shows a ACD maximum value 50
times smaller than that of PHE [18] and 15
times smaller than that of DZP [16]. whereas
the AUV signals are comparable for FU and
DZP [16] although one order of magnitude
larger for PHE (data not shown). Moreover.
both ACD and AUV titration curves show a
non-saturable trend: the slopes begin to de-
crease at a molar ratio lower than [:1. This
behaviour 1s different from ACD data on lig-
ands known to stereospecifically bind to HSA,
such as PHE [18.19] or DZP [16,21], but still
resembles the AUV titration trend for non-spe-
cific diazepam secondary binding sites [16].
However, the interpretation of these results is
difticult owing to the low observed signal and
to the wavelength analyzed, where albumin
could contribute to ACD and AUV. Neverthe-
less, these characteristics make fluorouractl a
suitable competitor for displacement experi-
ments, using PHE and DZP as ACD markers

CD difference 275 nm (mdeg)
A(275nm) - A(250nm)

4 6
[FUJ/[HSA)

Fig. 1. AUV (2} and ACD (x) titration of FU'HSA
complex. [HSA]= 30 uM in potassium phosphate buffer
(pH 7.4: 50 mM), l-cm pathlength.
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Fig. 2. Displacement of 1/1 HSA/PHE (J) or AcHSA/
PHE ( x) complexes by FU. [PHE] = 30 uM in potassium
phosphate buffer (pH 7.4; 50 mM), 1-cm pathlength.

for areas 1 and 1I, respectively. Increasing
amounts of FU were added to 1:1 HSA/PHE
and AcHSA/PHE complexes (Fig. 2) or to 1:1
HSA/DZP and AcHSA/DZP complexes (Fig.
3), and the protein/FU spectrum at the same
concentration was subtracted from the corre-
sponding ternary system.

It appears evident that FU interacts with the
stereospecific binding of the albumin/PHE
complex, without affecting the albumin/DZP
complex. The displacement of PHE is only
partial even at a high molar ratio FU:PHE, a
typical pattern of indirect competition [23], i.e.
the FU binding site does not coincide with the
PHE site, but FU interacts with it in an al-
losteric way or by partial overlapping. In con-
trast, FU and DZP cobinding to both HSA
and AcHSA may be classified as independent
[12].

AcHSA/PHE and AcHSA/DZP complexes
have a less intense induced Cotton effect than
the corresponding HSA complexes [15], but the
PHE displacement curve also shows a qualita-
tive difference between native and acetylated
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Fig. 3. Displacement of 1:1 HSA/DZP ((J) or AcHSA/
DZP (x) complexes by FU. [DZP] =30 pM in potassium
phosphate buffer (pH 7.4; 50 mM), 1-cm pathlength.
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albumin. It seems likely that FU/PHE competi-
tion for AcHSA is much weaker than for na-
tive HSA, almost resembling independent
binding. The reduced ability of FU to displace
PHE following albumin acetylation could be
caused by either an enhanced affinity of
phenylbutazone [24] or a reduced affinity of
fluorouracil. It must be stressed that all the
conclusions drawn from CD experiments are
confined only to stereospecific binding. There-
fore, the interaction between FU and HSA
binding area 1 actually involves only the
stereospecific binding site of phenylbutazone,
known to be in binding area I.

Another difference spectroscopic method de-
veloped some years ago involves proton nu-
clear magnetic resonance (A'H NMR) [25]. A
difference spectrum is obtained by subtracting
the free protein and the free ligand 'H NMR
spectra from the spectrum of their mixture at
the same concentration. Several drugs known
to bind to HSA were screened by Oida [25],
who recognized three characteristic peak
groups related to area I, area II, and other
areas of ligand binding, respectively. Oida sug-
gested that specific binding of drugs to HSA
brings about a conformational change in the
protein which is specifically correlated to the
binding site. An analysis using A'H NMR is
shown in Fig. 4 for both HSA/FU and
AcHSA/FU 1:1 complexes.

None of Oida’s A'H NMR spectral patterns
(each consisting of 15-20 characteristic peaks)
1s reproduced by the FU/HSA complex. Never-
theless, it is possible to note several resonances
(marked with an asterisk in Fig. 4) in the
aromatic (positive at 7.49 and negative at
5.80 ppm), argininic (negative at 2.92 and posi-
tive at 2.69 ppm) and aliphatic (positive at
1.21, 1.05 and 0.61 ppm and negative at 1.19
and 0.82 ppm) spectral regions. Many of these
resonances are characteristic of binding areas
other than I and II, although some of these
(2.91, 0.82) may indicate an interaction with
area I. From these data, HSA/FU complex
formation seems to be a dynamic multiple-site,
low-specificity binding rather than a rigid and
defined interaction. Acetylated albumin, how-
ever, shows less intense peaks, thus suggesting
an even less specific interaction. It is interesting
that the complex of FU with AcHSA does not
induce some of the characteristic peaks for area
I observed for HSA, which is in good agree-
ment with the results obtained with competi-
tion studies on PHE carried out by CD.
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Fig. 4. '"HNMR difference spectra of 1:1 HSA/FU (lower) or AcHSA/FU (upper} complexes, [FU]=0.3mM in
D.O:potassium phosphate buffer (pD 7.4; 50 mM), chemical shifts (ppm) with reference to TMS as external standard.

Some of the Oida [25) peaks are marked by asterisks.

The interactions of fluorouracil with proteins
may also be studied by '"F NMR. This analysis
is particularly convenient, since biopolymers do
not naturally contain fluorine atoms and thus
exhibit no ""F NMR signal. Several NMR
parameters of small ligand signals, such as
chemical shift and longitudinal and transverse
relaxation times, could in principle be related to
the binding to a macromolecule. Inspection of
YF NMR spectra of FU/albumin solution at
different molar ratios revealed a remarkable
broadening of the resonance with increasing
protein concentration (Fig. 5).

This effect can be attributed to the exchange
of the FU between a free and bound state. In
the latter case the drug shares the long correla-
tion time of the protein, behaving as a slow
tumbling molecule. Assuming fast exchange be-
tween free and bound FU, the observed trans-
verse relaxation rate, R,, is the average of the
parameters for free FU (R;) and bound FU
(Ry), weighted with the molar fraction of the
bound FU, x:

R” = Rr(l - .xb) + beb

The association constant K for n indepen-
dent and equivalent binding sites can easily be
calculated from x, as

X, — |
K= F(x,— hnH=
Xy
200 S
. s 8
_ o S
150 4 -5 ]
' L ]
o T T T T
“; 100 o
x L 2
L]
50 s
el
0 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
[HSA] or [AcHSA] (mM)

Fig. 5. Observed transverse relaxation rate (R.,,) from
19F NMR of albumin;FU complexes vs. total albumin con-
centration: FU 0.7 mM/HSA (@); FU 0.5 mM/HSA (M);
FU0.3mM/HSA (A), FUO0.7mM/AcHSA (7). FU
0.5 mM/AcHSA (1]): FU 0.3 mM/AcHSA (4).
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where F and H are the total concentrations of
fluorouracil and albumin, respectively. While
R, can be measured from a protein-free solu-
tion of FU, R,, K and » may be obtained by
fitting the experimental linewidth values with
the two above equations. Unfortunately, K is
rather small and, as a consequence, the three
parameters are strongly correlated within the
range of concentrations that has been exam-
ined (and also accessible in the NMR experni-
ments). In such a case, only the product
n(R, — R;)K can be determined with an accept-
able accuracy. If each set of data (R, vs. H) at
a fixed concentration of FU is fitted by a
straight line [26], its gradient m is given by:
m=n(R, — R)K(l — FK) ~ n(R, — R;)K. Such
a product may be thus obtained for each
protein as an average at different FU concen-
trations.

The results for native and acetylated albu-
mins are different and well outside the error
limit, being respectively

n(R, — RH)K=400+20mM~'s~! for HSA
n(R, — RYK =200+ 15mM~'s~' for AcHSA

This result lends itself to further speculation.
If it is assumed arbitrarily that R, is equal for
the native and the acetylated protein, it can be
deduced that the apparent affinity constants nK
(which determine the pharmacological conse-
quence of protein binding) are exactly in the
ratio of 2:1. This assumption implies that the
dynamic behaviour of the bound drug is simi-
lar for both protein complexes, which differ by
only one amino acid residue.

4. Conclusions

The results obtained by different spectro-
scopic techniques showed that S-fluorouracil
binds to human serum albumin with low
affinity and low specificity compared to other
common drugs (e.g. diazepam, phenylbuta-
zone). However, evidence was obtained for the
localization of binding sites for FU on HSA. In
particular, no interaction was observed with
HSA binding area II (benzodiazepine), whereas
a weak complex formation close to area I
(coumarin) was detected by both ACD and
A'H NMR analysis. Another remarkable inter-
action site was revealed on a HSA area of the
third type following Oida’s definition. It is
interesting that chemical modification of a sin-
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gle amino acid residue, namely the acetylation
of Lys,qg, clearly reduced FU binding to HSA
as assayed by both CD and NMR methods.
Qualitative evaluation by '""F NMR suggests
that aspirin-induced acetylation of HSA halves
the apparent affinity constant of FU. To fur-
ther speculate on this result, it is possible to
propose the existence of two main FU binding
sites on HSA. one of which (close to the cou-
marin binding area) is inaccessible in the acety-
lated protein. These considerations seem
particularly remarkable since aspirin induces
such a modification with commonly adminis-
tered dosages [13].

This report underlines that FU binding to
HSA (that could influence FU pharmacokinet-
ics and pharmacodynamics) can be greatly al-
tered by simultaneous HSA binding of other
common drugs.
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