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Abstract

Human serum albumiHSA) interacts with a vast array of chemically diverse ligands at specific binding sites. To
pinpoint the essential structural elements for the formation of the warfarin binding site on human serum albumin, a
defined set of five recombinant proteins comprising combinations of domain®asabdomains of the N-terminal part

were prepared and characterized by biochemical standard procedures, tryptophanyl fluorescence, and circular dichroic
measurements, indicating well-preserved secondary and tertiary structures. Affinity constants for binding to warfarin
were estimated by fluorescence titration experiments and found to be highest for HSA-DOM I-1l and HSA, followed by
HSA-DOM IB-Il, HSA-DOM II, and HSA-DOM I-llA. In addition, ultraviolet difference spectroscopy and induced
circular dichroism experiments were carried out to get an in depth understanding of the binding mechanism of warfarin
to the fragments as stand-alone proteins. This systematic study indicates that the primary warfarin binding site is
centered in subdomain I1A with indispensable structural contributions of subdomain 1B and domain I, while domain llI
is not involved in this binding site, underlining the great potential that lies in the use of combinations of recombinant
fragments for the study and accurate localization of ligand binding sites on HSA.
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Human serum albumifHSA), the most abundant serum protein, is residues of the albumin molecule to the structural integrity and
composed of three homologous, predominantly helical donins functionality of the different ligand binding sites.
I, 11I'), each of which contains two subdomait4, IB, lIA, 1IB, Typical site | ligands are bulky heterocyclic anions with the
IIIA, 11IB ) (Fig. 1A-B). It interacts reversibly with a wide variety charge situated in a central position of the molecule, whereas drugs
of endogenous and exogenous compounds, and thus serves asthat are bound in site Il are generally aromatic carboxylic acids
important depot and transport protein. Among the endogenouwiith an extended conformation and the negative charge located at
substances bound with high-affinity are long- and medium-chaimone end of the moleculéPeters, 1996 Site | is shared by cou-
fatty acids, bilirubin, and hemiriPeters, 1996 The main and marin anticoagulants, sulfonamides, and salicylate, to mention just
therefore best-characterized drug binding sites are site | or warfaa few. From the diversity of acceptable ligands and the ability to
rin site, supposed to be centered in subdomain IlIA, and site Ibind more than one at the same time this site was interpreted as a
(benzodiazepine sitformed by a binding pocket in subdomain llIA  large flexible region(Kragh-Hansen, 1988or as a complex of
(Sudlow et al., 1975b, 1976; He & Carter, 1992; Carter & Ho, different but overlapping siteg-ehske et al., 1982Recently, it
1994; Peters, 1996; Vorum, 199However, ultimate stringency was pointed out by Yamasaki et #1996 that site | harbors at
of the exact binding locations of many ligands is still missing, asleast three overlapping binding regions, and a new classification
is detailed information on the contributions of discrete amino acid(site la, Ib, and It was proposed. Employing the site directed
mutants R218H, R218P, R218M of HSA, Petersen e{2000
demonstrated that the affinity of albumins that cause familial dys-
Reprint requests: Florian Ruker, Institute of Applied Microbiology, Uni- albuminemic hyperthyroxinemieR218H, R218F, to warfarin is
versity of Agricultural Sciences, Muthgasse 18, A-1190 Vienna, Austria; fivefold decreased, leading to an elevated serum concentration of

e-mail: ruker@mail.boku.ac.at. the free drug and to a fivefold reduction in the serum half-life of
Abbreviations:HSA, human serum albumin; BSA, bovine serum albu- the drug.

min; CD, circular dichroism; ICD, induced circular dichroism; DOM, . .
domain; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electro- Fragments of albumin, produced by enzymatic cleavage, have

phoresis; MALDI-TOF-MS, matrix-assisted laser desorptionization time-  P€€n used in the past in attempts to define the correct location of
of-flight mass spectrometry. the high-affinity warfarin binding site on the native molecule. Bos
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Fig. 1. Models of the five fragments of HSA deduced from the albumin
structure. Fragment constructs are shown as ribbons, surrounding amino
acids within 5.5 A are displayed as wireframe. Color code: subdomain IA,
orange; 1B, red; IIA, light magenta; 11B, magenta; IlIA, light blue; 11IB,
blue. Disulfide bridges are colored yellow, and the lone Trp is shown. Drug
binding site | is indicated, as proposed by Carter and (H&94 by a
Connolly (1983 surface using a color scale from red for nonpolar amino
acid residues to blue for polar ones. InsighBiscover(Biosym) was used

as molecular modeling software.

et al. (1988, 1989 employed a pepticdomain | and 1) and a  center of the molecule. However, due to the absence of more
tryptic fragmentidomain Il and Il) of HSA and demonstrated that suitable natural cleavage sites on the primary sequence of both
the peptic fragment harbors the entire primary warfarin bindingHSA and BSA, a more detailed investigation toward a minimal
site. Wilding et al.(1977) investigated the interaction of warfarin fragment with warfarin binding affinity comparable to that of the
with two fragments of bovine serum albumiBSA) consisting of  native molecule was not possible.

the N-terminal and the C-terminal halves, respectively, of the na- In a recent study, we reported on the cloning, expression, and
tive molecule. The binding affinity of each of the fragments was purification of the three domains of HSA as stand-alone proteins
one order of magnitude lower compared to BSA, and a combinaand were able to demonstrate their structural integrity and func-
tion of the fragments raised the affinity but could not fully restore tionality as proteins with specific ligand binding properti€ockal

the drug binding to the extent of the native molecule. The author®t al., 1999. The primary binding site for hemin was proven to be
concluded that the high-affinity binding site is located close to thelocated in domain |, and that for diazepam in domain Ill, whereas
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the high-affinity site for warfarir(site I) could not be assigned to with the predicted values and native-PAGE indicated that the frag-

domain Il unambiguously. This was interpreted by missing contri-ments of HSA are present in our preparations as monomeric proteins.
butions of at least the C-terminal part of domain | to the warfarin
binding region.

These findings prompted us to study the warfarin—albumin in-
teraction in more detail and, to pinpoint the structural features offo obtain information about the structural integrity, CD measure-
this binding site, to attempt to prepare a recombinant albumirments in the far- and near-UV region were performed and spectra
fragment containing those parts of the native molecule that aréor HSA, HSA-DOM I-ll, HSA-DOM I-11A, HSA-DOM IB-l,
essential for the warfarin binding site. Three additional recombi-HSA-DOM I, and HSA-DOM |l are shown in Figures 3A and 3B,
nant fragments of HSA were cloned and expressed, and characteespectively. Minima of the spectra are given in Table 1. The
ized by standard biochemical procedures as well as by intrinsicesults of the secondary structure resolved analysis are summa-
tryptophanyl fluorescence and circular dichroic techniques. Theized in Table 2.
affinity constants for the binding to warfarin of these novel frag- All HSA fragments display minima near 208 or 209 and 222 nm,
ments and of HSA-DOM | and HSA-DOM Il in comparison to indicative of predominantly-helical structurdFig. 3A; Table 2.

HSA were estimated by fluorescence spectroscopy, and the md-he observed spectrum of HSA and the results of the secondary
lecular interaction of the ligand with the proteins was further structure resolved analysis for the native molecule are in accor-
investigated by ultraviolefUV) difference spectroscopy and in- dance with previous findingé/\Vetzel et al., 1980; Lee & Hirose,
duced CD. 1992; Uversky et al., 1997HSA-DOM I-1l and HSA have nearly
superimposible CD spectra in the far-UV region, denoting a high
degree of secondary structural similarity, which is further under-
lined by the calculated fraction @f-helical contentTable 2. The
relative helicity of HSA-DOM I-1lIA and HSA-DOM IB-Il is in-
termediate between the native molecule and HSA-DOM I-1l and

The newly cloned fragments represent combinations of domaing1e recombinant single domains of HSASA-DOM I, HSA-
and/or subdomains of the first two domains of HSA and thus DOM II) (Dockal et al., 1999, 2000The g-sheet content of all
extend the set of recombinant fragments that we have describddSA fragments is increased compared to that of HS&ble 2,
previously(Dockal et al., 1999, 2000The fragment preparations indicative for some structural rearrangement of the single newly
yielded a purity greater than 98%, as indicated by the analysis ofxposed surface area of HSA-DOM I-Il, HSA-DOM I-IIA, and
the Coomassie-stained SDS-PAGE (féib. 2). Similar to the sin-  HSA-DOM |, and patches at both termini of HSA-DOM IB-II and
gle domains of HSA, these novel proteins were analyzed by &1SA-DOM II (Fig. 1A-E). Interestingly, the spectra of proteins
number of biochemical standard procedures, and a summary &fith intact domain (HSA-DOM I-Il, HSA-DOM I-lIA, and HSA-
their physicochemical properties is presented in Table 1. Corred?OM I) are similar in shape to the spectrum of HSA, differing
processing of ther-factor leader used for secretion from the host from that of the spectra of HSA-DOM IB-Il and HSA-DOM I
cell and the absence of posttranslational modifications are strongl{Fig. 3A).

suggested by N-terminal sequenciffiepding Glu-Phe residues are ~ TO gain insight into the molecular environment of the disulfide
due to the EcoRI restriction site used for cloniagd the MALDI-  bridges and aromatic amino acid side chains of the recombinant
TOF-MS analysis, giving the expected molecular masses of th&ragments, near UV-CD measurements were perfor(fégl 3B).

proteins. Furthermore, the isoelectric points are in close agreemertl spectra are dominated by the large number of disulfide bridges
of each of the proteins, leading to negative ellipticity in the per-

formed wavelength range. The minima near 262 and 268 nm,
which are observed for all proteins further denote their common
origin. Spectra of proteins with two newly exposed surface areas
(HSA-DOM IB-Il and HSA-DOM lI) (Fig. 1B,C) have less ellip-
ticity compared to the spectra of HSA-DOM I-11A and HSA-DOM

I (Fig. 1D,B), which have an intact domain | and a similar relative
content of aromatic amino acid residues.

The results of the far- and near-UV CD measurements indicate
that the polypeptide chains of the novel recombinant fragments of
HSA harbor sufficient information to adopt folds comparable to
their structure in the context with the native molecule.

HSA has a single tryptophanyl residue, Trp214, located almost
centrally in helix two of subdomain IIACarter & Ho, 1994. By
A A A exciting the intrinsic protein fluorescence of HSA, HSA-DOM

6.‘,“( 6.‘1_ & I-1Il, HSA-DOM I-IIA, HSA-DOM IB-Il, and HSA-DOM I at
Cbl,q;{bb 295 nm, typtophanyl emission spectra were obtained, providing
%, %, Q/ detailed information about the environment of this residue and the
9 v exposure of the fluorophore to the aqueous solvétalfman &
) ) ) Nishida, 1971a, 1971b; Steinhardt et al., 19Ah emission spec-
Fig. 2. SDS-PAGE. Polyacrylamid€l2.5% gel electrophoresis was per-

formed in the presence of 0.1% SDh&ccording to Laemmli, 1970 Left trum of‘the. tryptophanyl re‘s!due of each.of.these p.rotems IS pre-
lane: wide molecular weight standartBigma; lane 1, HSA-DOM I-Il;  Sented in Figure 4. The position of the emission maximum of HSA,

lane 2, HSA-DOM I-1IA; lane 3, HSA-DOM IB-1I(5 ug each per lane 340 nm, indicates that Trp214 is located in an amorphous protein
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Table 1. Physicochemical properties of HSA and its novel recombinant fragrents
HSA

(defatted HSA-DOM I-lI HSA-DOM I-IIA HSA-DOM IB-II
Molecular masgMALDI-TOF MS) (66,479 44,461(44,243 34,568(34,420 32,146(32,075
Residue range 1-585 1-385 108-38%
Isoelectric point, pl 5.8 5.2(4.9 5.3(5.1) 5.4(.2
Far-UV CD minima(nm) 222, 209 222, 209 222, 209 222, 208
Near-UV CD minima(nm) 268, 262 268, 262 268, 262 268, 261
Ag'7l§/gm,lcm 058:' 0, 70 0, 56 0, 79

aTheoretical or predicted values are given in parentheses. The physicochemical properties for HSA-DOM |, HSA-DOM I, and

HSA-DOM Il can be found in Dockal et al[1999.

bPlus additional Glu-Phe at the N-terminus, due to the restriction site used for cloning.

CPeters(1996.
9Bos et al.(1988.

matrix with limited water accessibility, as was discussed previ-
ously (Eftink & Ghiron, 1977; Honore & Pedersen, 1989; Lee &
Hirose, 1992 The emission of the lone tryptophanyl residue in
HSA-DOM I-ll1A has the same energy maximum as compared to
HSA; however, the fluorescence intensity is 1.9 times reduced,
indicative for a more solvent exposed environmédgalfman &
Nishida, 1971a, 1971b; Eftink & Ghiron, 197 All recombinant
fragments of albumin with intact domain Il display emission maxima
shifted to a shorter wavelength compared to the native molecule
(HSA-DOM I-11, 337 nm; HSA-DOM I[B-lIl, 335 nm; HSA-DOM

II, 333 nm). The fluorescence intensity at the emission maximum
of HSA-DOM |-l is 14% triggered, whereas that of HSA-DOM
IB-1l and HSA-DOM Il is quenched 1.6 and 2.5 times, respec-
tively, denoting an altered environment of the tryptophan residue
in these proteins.

Warfarin binding

The affinity of warfarin to all proteins studied was investigated by
fluorescence spectroscopy. This method is based on the consider-
able increase in intrinsic warfarin emission that occurs when the
ligand is transferred from a polar, aqueous environment to a hy-
drophobic binding site on the albumin molecule. In all cases, the
binding of this anticoagulant drug resulted in a rise of warfarin
fluorescence intensity accompanied by a shift of the emission max-
imum to shorter wavelength, as was previously reported for HSA
(Maes et al., 1982; Kasai-Morita et al., 1987; Otagiri et al., 1987;
Epps et al., 1995 However, this method was unapplicable to the
investigation of the binding of warfarin to HSA-DOM |, because
the fluorescence intensity increase observed was only fivefold com-
pared to about 10-fold with the other recombinant fragments and
the native molecule, indicating a binding mechanism with substan-
tially different fluorescence properties. This observation was fur-
ther corroborated by the results of the ICD experiments.

The binding isotherms of warfarin bound to HSA, HSA-DOM
I-1l, HSA-DOM I-1IA, HSA-DOM IB-Il, and HSA-DOM Il are
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shown in Figure 5, and the calculated stoichiometric binding con+ig. 3. A: Far-UV CD spectra of HSAO), HSA-DOM I-Il (A), HSA-
stantsK; are given in Table 3. One high-affinity site and one with DOM I-lIA (0O), HSA-DOM [B-Il (V), HSA-DOM | (¢), and HSA-
lower affinity were found for HSA in agreement with previous POM Il (O) in 10 mM sodium phosphate buffer, pH 7.4, Z5 Protein

reports(Sudlow et al., 1975a; Maes et al., 1982; Kragh-Hansen
1985; Larsen et al., 1985; Bos et al., 1989; Kosa et al., L9&®

concentration for HSA and HSA-DOM I-Il were 2M and for HSA-DOM
1-1IA, HSA-DOM IB-Il, HSA-DOM I, and HSA-DOM |1 4 uM. B: Near-UV
CD spectra. The protein concentrations were 2@ in 0.1 M sodium

order of affinity constants for the native molecule and its recom-phosphate buffer, pH 7.4, 26. Symbols are as iA.
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Table 2. Fraction of secondary structural elemefts 14 "0 HSA' ' ' '
; A HsaDOMHI
Protein f.P g f? O HSA-DOM HIA
1.2 b
HSA-DOM IB-I
HSA (defatted 0.66 0.06 0.28 o eADOM 1
HSA-DOM I-II 0.67 0.19 0.13 1.0 A :
HSA-DOM I-lIA 0.62 0.22 0.16

HSA-DOM [B-II 0.55 0.28 0.16 0.8 b

aFraction of secondary structural elements of HSA-DOM |, HSA-DOM 0.6 1 )

1l, and HSA-DOM llI can be found in Dockal et al1999.
bf,, fraction of a-helix content.
¢fg, fraction of B-sheet content.
dfg, fraction of remainder structure elements. 0.2 b

04 1 4 E

0.0 {4 ' i

binant fragments was found to be: HSA-DOM I|-# HSA >
HSA-DOM IB-Il > HSA-DOM Il > HSA-DOM I-1IA. The high- ¢ (uM)
affinity site of HSA is fully preserved in HSA-DOM I-Il, as indi-

. i - Fig. 5. Calculated warfarin binding isotherms. Observed pofntsan, r
cated by similar binding parameters, whereas binding to a seconda(lﬁcy and the binding curves derived from the stepwise binding equilibrium

binding site is about four times weaker compared to HSA, dem-equation(Adair equation. Experiments were performed in 67 mM sodium
onstrating the dissection of the different binding sites of the wholephosphate buffer, pH 7.4, and 5. Symbols are as in Figure 3A.

albumin molecule.

The affinity of HSA-DOM IB-II to warfarin was found to be
about fourfold lower compared to HSA, leading us to the conclu-
sion that this fragment harbors sufficient information for the for-
mation of the high-affinity warfarin binding site of HSA. The
slight structural flexibility, which is indicated by the CD measure- ; «v.« \varfarin absorbance to a longer wavelength was observed.

”?er_“? in the fe_irf and near-L_JV regidifig. 3A,B), [s_likely to Similar difference spectra arose for all proteins with a maximum at
diminish the affinity for warfarin. In contrast, the affinity of HSA- 333 nm, a positive shoulder near 320 nm, and minima near 290 and
DOM I and HSA_'DOM l'”A_ for warfarin is 23 and 36_ times 300 nm, which is in accordance with previous findings for HSA
reduced, respectively, denoting that these two recombinant frag('Maes et al., 1982 The titration course, plotted in the inset of

mept are migsing parts of the prim{iry warfarin binding site of theFig. 6 (A Absorbance at 333 nm vs. total protein concentration
native albu_ml:n mtc:lgculefar;{drthatshght strl_JcturaI chanfgf;es, V‘;]h'Ch cleary reflects the binding behavior of the proteins as determined
are especially obvious for HSA-DOM WIFig. 3A.B), affect the by the fluorescence studies, showing the strongest, specific inter-

ligand binding. action of warfarin with HSA-DOM I-Il and HSA on the one hand,

Foramoire detai'IeQinvestigation of the molecular meghanism OE\s indicated by the attainment of saturation at higher pretein
the warfarin/protein interaction, we performed UV difference warfarin ratio, and, on the other hand, a weak, hydrophobic inter-

action with HSA-DOM 1.
Binding of warfarin to all proteins studied alters the CD spectra.
. r By subtracting the ellipticities of the proteins without added li-

(Fig. 6) and induced CD measuremeiifsg. 7). Upon binding of
warfarin to all proteingmolar ratio proteiiwarfarin: 3/1), a shift

6 - o HSA 4 gand, induced CD spectra are obtained, which was reported to
A HSA-DOM I-lI arise solely due to the binding of warfarin to the macromolecules
5 o HSA-DOMIA | (Brown & Miiller, 1978. As shown in Figure 7, binding of war-
= v HSA-DOM IB-ll
= [¢]
5 4-
E . . .
E 3 Table 3. Binding of warfarin to HSA
g and its recombinant fragmerits
<
T 21 Stoichiometric binding constants
1 K1 Kz
Protein (M™1) (M1
0 HSA 2.8+ 0.1X 10° 1.4+ 02x 10*
300 320 340 360 380 400 420 440 HSA-DOM I-lI 4.6 +0.5x 10° 3.6+ 0.6 x 10°
HSA-DOM IB-II 6.6 = 0.6 x 10*
wavelength (nm) HSA-DOM II 1.2+ 0.1x 10*
HSA-DOM I-IIA 7.7 £0.7x 103

Fig. 4. Tryptophanyl emission spectra. The protein concentrations were
4.5 1M in 10 mM sodium phosphate buffer, pH 7.4, and’5 Excitation
wavelength, 295 nm. Symbols are as in Figure 3A. aThe given values are mearsSD of five experiments.
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3]0 HsA : ] 3 T . : T r
A HSA-DOM I-Il
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Fig. 6. Ultraviolet difference spectra of protein-bound minus free warfa- 11 1
rin. The warfarin concentration was 10M, the protein concentrations
were 30uM in 67 mM sodium phosphate buffer pH 7.4, at’Z5 Inset: 04 )
Difference absorbance at 333 nm vs. total protein concentration. Symbols 14 ]
are as in Figure 3A. -
-2 .
-3 4
farin to HSA generates weak extrinsic Cotton effects with a pos- HSA
itive band at 305 nm, a negative one at 277 nm, and a positive -4 1 A HSA-DOM M ]
shoulder near 340 nm, as was recently demonstrated by our group -5 o HSA-DOM A
(Dockal et al., 1999in accordance with previous findingBrown 6

& Miiller, 1978; Fehske et al., 1979, Otagiri et al., 1987; Bos et al., i i : ' : '

1988. Warfarin, bound to all recombinant fragments with intact 265 280 295 310 325 340 355

domain Il (HSA-DOM I-1l, HSA [B-Il, HSA-DOM II ), shows wavelength (nm)

similar ICD spectra, especially with respect to positive Cotton ) ) )

effects; however, a slight shift of the positive maximum to 303 nmFig 7 ICD (expressed in degreesf warfarin bound to the different pro-
is obvious for all three proteins. Neqative Cotton effects are clearl teins ata molar rat|(A_Narfar|n/prote|ri of 0.5. Protein concentrations were
'SO_ . L .p‘ " g %0 ©M in 0.1 M sodium phosphate buffer, pH 7.4, at°®5 Symbols are
split into additional minima, which is most pronounced for HSA- a5 in Figure 3A.

DOM I-II. These findings might indicate that in this wavelength

region the CD signals do not solely arise from bound warfarin, but

probably are affected by interaction of the ligand with aromaticsyre the binding parameters of natural or cloned mutants of albu-
amino acid residues. Due to the structural differences indicate¢hin or to study the binding characteristics of fragments of HSA.
above, we cannot exclude that these influences are different for |n 5 recent study, we reported on the structural characterization
each of the proteins studied, representing a combination of ellipynd the ligand binding properties of the three recombinant do-
ticities arising from warfarin binding on the one hand, and from mains of HSA(Dockal et al., 1999 Warfarin was chosen as an
perturbations of aromatic amino acid residues and disulfide bridgegteraction partner with HSA-DOM II, because many authors de-
on the other hand. The interaction of warfarin with HSA-DOM scribed that warfarin binds in drug binding sitéfdr reviews, see
I-1IA and HSA-DOM | gives a broad positive band with a maxi- Fehske etal., 1981; Kragh-Hansen, 1981, 1990; Peters, 1996; Vorum,
mum near 302 nm for both proteins, indicative for a diverse bind-lgggl proposed to be located in subdomain IIA of the native
ing mechanism. molecule (He & Carter, 1992; Carter & Ho, 1994However,
although HSA-DOM Il was found to be intact from a structural
point of view, binding of warfarin to this recombinant protein did
not fully reflect the qualitative characteristics of binding of war-
The binding of a drug to HSA influences its metabolism, distribu-farin to HSA, which we interpreted by the lack of important con-
tion, and elimination from the circulation. Cobinding of two drugs tributions of C-terminal parts of domain | to the functionality of
or displacement of one drug by another may alter the therapeutisite | of HSA (Dockal et al., 1999 To verify the location of the
drug level and can lead to serious health conditions. Thus, detailedarfarin binding site and to identify those parts of HSA that are
knowledge of the binding site) of a drug on albumin and of their essential for the structural and functional integrity of this site, three
relative strengths is important. Besides classical methods for thadditional fragments of HSA, combining the two N-terminal do-
determination of binding affinities that do not yield any informa- mains andor subdomains, were cloned, and the interaction with
tion on which binding site is occupied by a ligand, a way to tacklewarfarin was analyzed in a qualitative and quantitative fashion.
this problem is by performing competitive binding experiments We decided to use a racemic mixture of warfarin in the present
with ligands of known binding site. Another approach is to mea-study because this is the form given clinically, although it was

Discussion
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demonstrated previously that the affinity of HSA for tl§)- & Ghiron, 1976. However, these alterations, with respect to an
enantiomer of warfarin is higher than for tliR)-form (Loun & altered environment of the tryptophanyl residue, do not dramati-
Hage, 1996 cally change the binding orientation and mechanism of warfarin,

Fluorescence spectroscopy was chosen to analyze the binding which is indicated by the similarity of the ICD spectra of HSA-
warfarin to the recombinant fragments and HSA, because the arid9OM I-Il and HSA, especially in the wavelength region above
ing fluorescence spectra provide not only quantitative binding dat800 nm. Brown and Millef1978 reported that BSA, which has
but also qualitative information about the structural environmentquantitative warfarin binding parameters similar to H§anjeh-
of the ligand molecule, which is advantageous compared to otheshahin et al., 1992; Kosa et al., 199displays a fundamentally
methods such as equilibrium dialysis or ultrafiltration that yield different ICD spectrum of warfarin, denoting a clearcut difference
only quantitative results. The fluorescence quantum yield of warin the binding orientation and chemistry of the ligand. Below
farin bound to all proteins increases significantly, and the emissior800 nm, the ellipticities are clearly split into additional minima,
maximum is shifted to shorter wavelength, which was ascribed tavhich might indicate that in this wavelength region the CD signals
the diminution of the internal rotation of the acetonylbenzyl groupdo not solely arise from bound warfarin, but probably are affected
of the warfarin molecule as it is fixed by the macromolecule in aby interaction of the ligand with aromatic amino acid residues,
rigid position in the hydrophobic binding sit&asai-Morita et al.,  which is corroborated by findings of Larsen et 61985, who
1987. Additional indications for the transfer of the drug to a ascribed a small shoulder at 285 nm in the bound warfarin absorp-
hydrophobic surrounding on the recombinant proteins and the naion spectrum to a perturbation of the tyrosine absorption in albu-
tive albumin are provided by difference spectroscopic measuremin, also explaining the deviations in the UV difference spectra of
ments(Fig. 6), because dissolving warfarin in ethanol, which haswarfarin bound to HSA-DOM I-1l and HSA, respective(fig. 6).

a lower dielectric constant and is less polar than water, was rekike HSA, HSA-DOM I-II harbors a secondary binding site for
ported to yield similar difference spectra compared to our resultsvarfarin(Fig. 5; Table 3. The fact that the binding constant of this
(Maes et al.,, 1982 Even though interaction of warfarin with secondary site is four times lower compared to that of HSA indi-
HSA-DOM | leads to a difference spectrum, denoting hydrophobiccates that either a secondary binding site located on this fragment
contacts, the rise in fluorescence intensity when all of the liganchas been truncated due to the absence of domain Il or that a
molecules are bound to this protein is two times less compared tbinding site, presumably located on domain Il of the native mol-
that of HSA and the other fragments harboring subdomain IIA ofecule, is naturally absent in HSA-DOM I-1l underlining the use-
HSA, indicating a different binding mechanism, which is also fulness of albumin fragments for the dissection of drug binding
supported by ICD experiments discussed below. Therefore, theites with different affinity for the same ligand.

fluorescence spectroscopic method was inapplicable for the esti- HSA-DOM IB-1l has a four times lower affinity for warfarin
mation of the binding parameters of HSA-DOM |I. compared to the high-affinity constant of albumin. Because the

The fact that HSA-DOM I-1l and the native molecule have affinity of this ligand to the secondary binding site on HSA was
similar affinity for their first binding sitgFig. 5; Table 3 denotes  found to be 20-fold lower than the corresponding primary affinity
that this double domain has sufficient information for forming the constant, which is in accordance with the findings of Sudlow et al.
primary warfarin binding site, and that domain Ill is not essential (1975a, we believe that the primary warfarin binding site is largely
for the binding process. The folding pattern of HSA-DOM I-II preserved on this fragment. However, slight structural alterations,
clearly resembles that of the native molecule, indicative to beindicated by differences in the shape of the far-UV CD spectra
domain Ill independent, as deduced by far- and near-UV CD spectFig. 3A) as well as by the reduceg-helical, and the increased
troscopy(Fig. 3A,B), which yield information on the secondary pB-sheet contenTable 2 may interfere with the binding process,
structure and the asymmetry of the structure around the aromatieading to reduced affinity. The emission spectrum of the trypto-
amino acid side chains and disulfide bridges, respectively. Rephanyl residue clearly shows that the microenvironment of this
duced ellipticity and slight differences in the fine structure in the residue is modifiedFig. 4). The reduction of fluorescence inten-
near-UV CD spectrum of HSA-DOM I-II allude to the reduced sity and the shift of the energy maximum to a lower wavelength
number of disulfide bridges and different relative content of aro-can be ascribed to collisional quenching caused by surrounding
matic residues. The increasg¢tsheet content of this fragment solvent molecules, denoting a more hydrophilic environnfklatf-
compared to HSA is explained by two possible structural alter-man & Nishida, 1971a, 1971bAn impairment of the structure of
ations: either one of the C-terminal interdomain helix, which ishelix 2 in subdomain IIA, which harbors the lone tryptophanyl
newly exposed in this recombinant protéiig. 1A) and stabilized  residue, as indicated by the reduced helical content of HSA-DOM
in the native molecule by both a hydrogen ba@u383, h1@ll)- IB-1l compared to HSA and HSA-DOM I-I{Table 2 as well as by
h1(Ill)-Arg485, hflll )) and some hydrophobic contacts to helix 4 the different shape of the far-UV CD spectruiiig. 3A), could
in subdomain II1A (Val381, Pro384, h1dl)-hi(lll )-Met446, further explain the reduced fluorescence inten&tgwgill, 1968.
h4(111)), and/or by rearrangements of portions of the surface patchMoreover, it seems that this recombinant fragment has a more
located almost centrally between subdomain IB and 1B, which, influctuating structure, as can be deduced from the transitions of the
the context of the whole protein is covered by parts of sub-aromatic amino acid residues and the disulfide briddgeg. 3B),
domain IlIA and two side chains of subdomain Ili@ig. 1A) because HSA-DOM IB-II has a reduced ellipticity over the whole
(Carter & Ho, 1994; Curry et al., 1998; Sugio et al., 129light ~ wavelength region compared to HSA-DOM I-lIA, which is a pro-
structural changes in this region are further indicated by the intein with a similar relative content of aromatic amino acid residues
crease in tryptophanyl fluorescence intensity and the shift of itsand disulfide bridges. Beyond this, it is striking from the results of
emission maximum to lower wavelength in this protéfig. 4), the CD spectroscopic measurements in the far- and near-UV region
denoting a more hydrophobic surroundifigalfman & Nishida, that proteins with two newly exposed surface patqtSA-DOM
1971a, 1971pand/or sandwiching of the indole side chain in a IB-Il, HSA-DOM II) have a more flexible structure compared to
more rigid portion of the protein matrix compared to HE&ftink proteins with only one such new surface af€dg. 1B,C). It is
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obvious from the crystal structurd€arter & Ho, 1994; Curry (Phe228, Val231, Leu23&re tightly packed against hydrophobic
et al., 1998; Sugio et al., 199¢hat residues clustered in helix 4 of ones located in helix §Val325, Met329, Leu331, Tyr332and
subdomain IIA, which are highly conservé@arter & Ho, 1994, helix 9 (Val343, Val344, Leu346, Leu347of subdomain 11B

are stabilized by hydrophobic contacts and H-bonds to residues ifFig. 1A,D), all of which are highly conserved in the albumin gene
helices 1, 2, and 4 of subdomain IA in the native molecule. Thefamily. The deprivation of these important hydrophobic packing
fact that HSA-DOM IB-Il is missing these contacts may lead to acontacts, due to the fragmentation, may result in a more fluctuating
more flexible structure with negative effects on the hydrophobicstructure at the entrance of the binding pocket and, therefore, to a
binding pocket, which in turn would affect the affinity of the loss in binding strength, corroborating the great importance of
ligand and the fluorescence behavior of the tryptophanyl residuesubdomain IIB to the structural and functional integrity of drug
However, the orientation of the bound ligand seems to be largelpinding site I. A more hydrophilic environment of the tryptophanyl
intact, as indicated by the similarity of the ICD and UV difference residue compared to the native molecule is strongly suggested by
spectra with those given by HSA and HSA-DOM I¢Figs. 7, 6. the 1.9 times reduced fluorescence intensity by adoption of the

HSA-DOM Il does not have the potential to bind to warfarin in same emission maximurtHalfman & Nishida, 1971a, 1971b;

a manner similar to the native protein, as indicated by the quanEftink & Ghiron, 1978. In contrast to the ICD spectra of HSA and
titative binding parameters, which show a 23-fold reduced affinityfragments harboring an intact domain Il, HSA-DOM I-lIA displays
for this ligand. In consideration of the fact that HSA-DOM I-lI extrinsic Cotton effects similar to HSA-DOM (Fig. 7), which
and, to a lesser extent, HSA-DOM IB-Il are functional as warfarin suggests that either native contacts to subdomain IIB are important
binding proteins, the loss in affinity of this recombinant domain for the binding orientation or the binding mechanism, or more
can be either ascribed to the absence of important residues locatékiely, that HSA-DOM | harbors parts of the primary binding site
in subdomain IB of the native molecule afwd to structural flex-  with different binding properties, as discussed recefipckal
ibility, which is demonstrated by the results of the CD spectro-et al., 1999. However, there are differences in the binding behav-
scopic measurementfig. 3A,B). Carter and Hq1994) reported  ior of warfarin bound to HSA-DOM I-1IA and HSA-DOM |, such

on the participation of the side chain of Tyr150 of subdomain IBas the fact that warfarin bound to HSA-DOM I-11A displays flu-
to binding site I, the phenolic side chain of which is stabilized by orescence properties comparable to HSA and the fragments har-
Arg257 by cations interactiong Dougherty, 1996; Mecozzietal., boring intact domain Il, and that the UV difference titration reaches
1996 in the native structure. The structures of warfarin and sev-a saturation level, underlining the importance of the contact region
eral of its derivatives complexed with HSA have recently beenbetween domain | and subdomain llA to the binding process either
determined by X-ray structural analysis and should aid in the clarin an active manner or solely by stabilizing the structure of the
ification of other residues involved in the binding procéBsC. warfarin binding site.

Carter et al., unpubl. obs.In addition to the contacts that are lost

due to the absence of subdomain IA, as discussed above, thr%?onclusion

additional electrostatic contacts afed H-bonds to residues lo-

cated in subdomain IB, which stabilize the interdomain helix(h®  Using a molecular biological approach, we have successfully dis-
h1(Il) (Asp108 to Arg197, the loop between HH) and h&ll) sected the albumin molecule and were able to identify those parts
(Lys159 to Glu285, as well as héll) itself (Glu153 to His288are ~ of HSA that are essential for the formation of a fully functional
lost as deduced from the cystal structuf€@arter & Ho, 1994;  warfarin binding site, concluding that domain Il does not partici-
Curry et al., 1998; Sugio et al., 1999hich may affect the war- pate in the binding process. With our curent series of pdjskal
farin binding further. Interestingly, in proteins with intact do- etal., 1999, 2000 we present the first attempt of such a systematic
main Il and successively fewer parts of domaitiSA-DOM I-l, and targeted approach, and together with the study and observation
HSA-DOM IB-Il, and HSA-DOM 1), the tryptophanyl fluores- of the atomic coordinates of albumin, a new opportunity for gain-
cence is reduced, and the emission maximum is shifted to a highéng additional insight into this traditionally exceptionally well-
energy, indicating a further impairment afod exposure of helix 2,  studied protein is available. Although the five recombinant fragments
as discussed above. The nonnative end of the N-terminal helif albumin have folds comparable to the native molecule, we show
(h10(1)=h1(11)), which lacks its natural helix termination residues, here that parts of subdomain IB and IIB perform stabilizing func-
may lead to destabilization of this element and to a reduction ofions andor are themselves part of warfarin binding site, making
protecting contacts in the vicinity of the tryptophanyl residue, them indispensable for warfarin binding to be qualitatively and
thereby exposing this residue further. In the native structure, Trp214uantitatively comparable to HSA. To a lesser extent, this is also
is tightly packed against highly conserved hydrophobic residues ofrue for subdomain IA, which strongly argues that only combina-
helices 2, 3, and 9 of domain (Ala215, Phe228, Val231, Leu238, tions of overlapping fragments can provide sufficient information
Val343, Val344, Leu34), some of which are participating in the on the exact localization of a drug binding site on albumin. The
binding process$Ala215, Leu238, as described by Carter and Ho same kind of approach should also prove fruitful for the investi-
(1994. Nevertheless, the binding mechanism and orientation ofjation of drug binding site Il, which is centered on subdomain I11A
warfarin bound to HSA-DOM |l seems to be principally intact, as of HSA and to this aim experiments are currently in progress in
indicated by the results of the ICD experimefsg. 7). our lab.

Similar to HSA-DOM I, it is obvious from the binding param-
eters(Fig. 5; Table 3 that HSA-DOM I-IIA has lost the high-
affinity binding to warfarin, even though the secondary and the
tertiary structure is intadtFig. 3A,B) and the fluorescence behav-
ior of bound warfarin is similar to the other proteins, harboring an
intact domain II. In the native molecule, hydrophobic residuesHSA (essentially free of fatty acids and globuliwas from Sigma
clustered in helix ZAla213-Ala217 and helix 3 of subdomain IIA  (St. Louis, Missouri, cat. No. A 378and was further purified by

Materials and methods

Materials
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size-exclusion chromatography over Superdex 200 prep grade artdiSA, an absorption coefficieiAd7g5m 1cm Of 0.58 was use@Bos
delipidated by passing over a Lipidex-1000 column. Racemic waret al., 1988. The absorption coefficients of the recombinant frag-
farin (3-(a-acetonylbenzyt4-hydroxycoumarinwas from Sigma  ments of HSA were determined using the method of Gill and von
(cat. No. A 457]) and was used as received. The concentrations oHippel (1989 and were found to be 0.70 for HSA-DOM I-11, 0.56
all warfarin solutions were checked using 13,900 Mem~* for for HSA-DOM I-lIA, 0.79 for HSA-DOM IB-Il, 0.50 for HSA-
the molar absorption at 308 ntMaes et al., 1982 Blue Sepha- DOM I, and 0.79 for HSA-DOM II.

rose 6 Fast Flow, Superdex 200 prep grade and Butyl Sepharose 4

Fast Flow were from Amersham Pharmacia Biotdtippsala,
Sweden. Lipidex-1000 was from Canberra-Packad@chwadorf,
Austria) and TSKgel Ether-5PW from TosoHaéStuttgart, Ger-
many). All other reagents were of analysis grade.

Spectroscopic measurements

Equilibrium binding studies, fluorescence spectroscopy

Fluorescence was measured in 67 mM sodium phosphate buffer
at pH 7.4 with an Hitachi F-4500 spectrofluorimeter equipped with
Cloning, expression, purification, and characterization a thermostated stirred cell holder at“®5in a 0.5xX 1 cm cell

Al domains (HSA-DOM | and HSA-DOM 1 and combinations &0 € & /12 Bale o S0 68 8715 SRSt Sniiiin
of domains andor subomaingHSA-DOM I-1l, HSA-DOM I-lIA, 9 ’

and HSA-DOM IB-Il) were cloned and expressed as has bee both the excitation and emission were 5 nm. To determine the

described before in detaiDockal et al., 1999 The recombinant rl)inding affinity of the warfarin—protein interaction, four separate

fragments encompassed the following amino acid residues of HSAt!tranons, each of them repeated five times, were performed and

HSADOM I, 1-385; HSADOM 1IA, 1-298; HSADOM B- et g C Cae s o only o
II, 108-385; HSA-DOM |, 1-197; HSA-DOM II, 189-385. Due to P » Ony

L . . . oints at a proteifwarfarin molar ratio over 1 were used to
the restriction site used for cloning, all recombinant fragments ha . :
. . . eep the error of the extrapolation under 1%, as described by
Glu-Phe as the N-terminal amino acids.

The purification of HSA-DOM | and HSA-DOM I was per- Rajkowski(1990. All measured fluorescence intensities were cor-

formed as reported, using Cibacron Blue affinity chromatographyreCted for inner filter effects according to Chignelb72 and for
. . ~ buffer baseline fluorescence.
as the first step in the proceduBockal et al., 1998 The stoichiometric association constafis) were calculated b
For HSA-DOM I-1l, HSA-DOM I-lIA, and HSA-DOM IB-II y

) e o fitting the obtained number of mol of warfarin boufrdol of

the first purification step was performed by hydrophobic inter- : . . -
. . protein (r) to the concentration of free warfariic) with a non-
action chromatography. Ammonium sulfate was added to the pro:

tein containing culture supernataifgtch size 1.8 L, total amount Iinea_r Ieast?squares _reg.ression analysis according to the stoichio-

of protein applied: 100—-300 mgo a final concentration of 1.8 M metric binding equation:

for HSA-DOM I-II and HSA-DOM IB-Il, and 1.0 M for HSA- ) 3 N

DOM I-I1A, respectively. Subsequently, the pH was adjusted to 7.0 , _ CKy + 2C7K1 Ko + 367K KoK + -+ + NCTK; KoKy Ky .

with sodium hydroxide. For HSA-DOM I-Il and HSA-DOM IB-II, 1+ cK; + ¢?K K, + K Ko Kg + -+ + eNK; Ko Kge Ky

a TSKgel Ether-5PW colum(XK26, 70 mL ge) was used, while

HSA-DOM I-1IA was purified over a Butyl Sepharose 4 Fast Flow In this equationkK; is the stoichiometric constant for stepandN

column (XK26, 70 mL ge). The columns were pre-equilibrated is the maximal value of, whenc — 8.

with 50 mM sodium phosphate buffer, pH 7.0, containing the To obtain the fluorescence spectra of the lone tryptophanyl

appropriate concentration of ammonium sulfate. After washingresidue of HSA, HSA-DOM I-1I, HSA-DOM I-lIA, HSA-IB-II,

with 10 column volumes of equilibration buffer, the proteins were and HSA-DOM 1l the proteins were excited at 295 nm, to pro-

eluted by a linear gradient against 50 mM sodium phosphate buffekide that the light was absorbed almost entirely by this residue.

pH 7.0 in 10 column volumes. Fractions containing the protein ofAll spectra were recorded at least twice in a &51 cm ther-

interest were pooled and concentrated by ultrafiltrat@entriprep  mostated stirred cell0.5 cm at excitation and 1 cm at emission

10, Amicon, Millipore, Bedford, MassachusettSubsequently, the sidg at 25°C, with the excitation and the emission slit width set

concentrated protein solutions were applied to a size-exclusioto 5 nm. The protein concentrations were 48 in 10 mM

column (XK26/60, Superdex 200 prep gradesing 50 mM so-  sodium phosphate buffer, pH 7.4. Each spectrum was corrected

dium phosphate buffer, pH 7.0 containing 0.4 M NaCl as runningfor buffer baseline fluorescence.

buffer. For delipidation, a chromatography over Lipidex 1000 was

performed at 37C according to Glatz and Veerkan983. After UV difference spectra

extensive dialysis of the protein samples against water, the prep- All spectra were recorded with a Hewlett Packard HP8453 spec-

arations were concentrated as above and lyophilized. The puritfrophotometer equipped with a thermostated stirred cell holder at

and homogeneity of the protein preparations were checked bg25°C. The baseline was set to zero with buffé7 mM sodium

SDS-PAGE, native-PAGE, and isoelectric focusing according tophosphate, pH 7)4To obtain difference spectra of warfarin bound

standard procedures. to the proteins, 1QuM warfarin was titrated with a solution con-
Relative masses of the proteins were determined by MALDI-taining 160uM protein and 10uM warfarin to avoid dilution of

TOF-MS with a Dynamo instrumeriThermo BioAnalysis, Santa warfarin. In a reference titration, a 1M protein solution was

Fe, New Mexicg using 3,5-dimethoxy-4-hydroxycinnamic acid as added stepwise to buffer to reach the same final protein concen-

the UV-absorbing matrix. Calibration of the instrument was per-trations as above. All spectra were recorded three times. Subtrac-

formed with carbonic anhydrase. tion of the warfarin spectrurtlO uM) and of the protein reference
Protein concentrations were measured by their absorbance apectra from the warfarjfprotein spectra resulted in difference

278 nm on a Hewlett Packard HP8453 spectrophotometer. Faospectra, which arise from warfarin bound to protein.
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CD spectroscopy Eftink MR, Ghiron CA. 1976. Exposure of tryptophanyl residues in proteins.

. uantitative determination by fluorescence quenching stuBieshemist
Measurements were performed using a Jasco J-600 spectropo- ?5:672_680_ 4 q g i

larimeter equipped with a thermostated cell holder &t@3n the  Eftink MR, Ghiron CA. 1977. Exposure of tryptophany! residues and protein

far-UV region(250-190 nny, scans of uM HSA and HSA-DOM dynamics.Biochemistry 165546-5551. , .

I-Il and 4 M HSA-DOM I-lIA, HSA-DOM IB-II, HSA-DOM |, Epps DE, Raub TJ, Kezdy FJ. 1995. A general, wide-rage spectrofluorometric
i X method for measuring the site-specific affinities of drugs toward human

and HSA-DOM Il in 10 mM sodium phosphate buffer, pH 7.4 serum albuminAnal Biochem 22B42—350.

were carried outri a 1 mmcell as described recent§Dockal Fehske KJ, Muller WE, Wollert U. 1981. The location of drug binding sites in

et al., 1999, 2000 The data were expressed as mean residue human serum albumirBiochem Pharmacol 3687-692.

L 1 . . Fehske KJ, Muller WE, Wollert U, Velden LM. 1979. The lone tryptophan
ellipticity ([6]wrw, deg cn¥ dmol ), using the mean residue residue of human serum albumin as part of the specific warfarin binding

weights of 114.0 g mai* for the intact molecule, 114.3 for HSA- site. Binding of dicoumarol to the warfarin indole and benzodiazepine bind-
DOM -1l and HSA-DOM I-1IA, 114.6 for HSA-DOM IB-Il, 114.9 ing sites.Mol Pharmacol 16778-789.
for HSA-DOM I. and 113.2 for HSA-DOM IL. Fehske KJ, Schlafer U, Wollert U, Muller WE. 1982. Characterization of an

K important drug binding area on human serum albumin including the high-
The fractional content of the secondary structure elements of the  affinity binding sites of warfarin and azapropazodol Pharmacol 21

proteins was calculated from the far-UV CD spectra using the 387-393.
procedure of Provencher and Gléck@ONTIN) with a set of 16 ~ Gill SC, von Hippel PH. 1989. Calculation of protein extinction coefficients

K N K from amino acid sequence datanal Biochem 183819-326.[Published
reference proteingProvencher & Glockner, 1981; Provencher, .. o appears in 1998yial Biochem 189(2)83]

1982a, 1982b Glatz JF, Veerkamp JH. 1983. Removal of fatty acids from serum albumin by
CD measurements in the near-UV region and ICD experiments Lipidex 1000 chromatography. Biochem Biophys Methodss¥—61.

were performed in a 10 mm cell at 25 ; ; Halfman CJ, Nishida T. 1971a. Influ_encg of pH and electrolyte on the fluores-
P ata protein concentration cence of bovine serum albumiBiochim Biophys Acta 24384-293.

of 20 uM for all tested proteins in 0.1 M sodium phosphate buffer, j5fman cJ, Nishida T. 1971b. Nature of the alteration of the fluorescence
pH 7.4, as reported previous{pockal et al., 1999 spectrum of bovine serum albumin produced by the binding of dodecyl
sulfate.Biochim Biophys Acta 24394-303.
He XM, Carter DC. 1992. Atomic structure and chemistry of human serum
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