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SUM MARY

Hunlan seru�ni albu!�i!I (HSA) has three strong affinity sites br (licounlarol (Is. = 7.7 X

10� i�t’) as well as an indetern�inate nulilber of i�uchi weaker sites. The binding of (lieuu!narol

to HSA generates a large negative ellipticity band at 305 ii�t ill the normal circular diehroic
spectrun� of the protein. This extrinsic Cotto!I effect results from the pertUl’bItti�!l of � -*

transitions in the drug molecule by an asymmetrical ce!Iter at or near the l)indi!lg site

for HSA. These results suggest that dicoumarol takes up a preferred orientation with

respect to its HSA-bi!Idi!lg site. The dicoumarol-HSA complex must also be rigid enough
to preserve such a spatial relationship. III co!Itrast, the binding of warfarin, acenocouniarin,

ethyl biscoumacetate, and 4-hydroxycoumarin to HSA does !lOt gellerate any extrinsic

Cotton effects. The u!lique binding of dicoumarol to HSA would appear to involve the
hydrophobic and electrostatic interact ions of both coi�nai’iii rings.

The binding of either dicoumarol or warfarin to HSA quenches the native tryptoplian

fluorescence of the protein. The binding of warfarin to HSA is also acconii�tanied by a

7-fold increase in the fluorescent yield of the drug a!id a shift of its fluorescence emission

maximum from 400 m� to 390 mM. This suggests that warfarin is bound to a hydrophobic
area of the HSA molecule.

Light absorbed by the HSA tryptophan groups a!i(l !IOllradiatively transferred to bou!ld
warfarin is re-emitted by the drug as fluorescence. rihlis made it possible to estimate that
the meati effective trallsfer distance between the single HSA tryptophan group a!ld tile

bound warfarin molecule was 34.s A. Similar experiments gave a value of 23.7 A for the
n�eaii effective transfer distance between dansylglycine an(l the same tryptophan group.

While these dista!Ices can be considered only approximate, it is obvious that if the HSA

molecule has a diameter of 56 A (calculated assl!ming au aflhy(lrolls sphere of nlol �vt

69,000), dansylglycine and warfari!1 must be bound to differe!It sites. This was confirmed
by showi!lg that warfarin does !iot displace da!Isylglycine from its binding site 0!) HS_�.

INTRODUCTION tions (1-4). These stl!dies have revealed, for

It has recently been showii that techniques example, that both hydrophobic and electro-

such as circular dichroism, fluorescence static iuiteract ions are important factors in

spectroscopy, and ultraviolet absorption the i)iul(ling of anionic drugs such as phenvl-

spectroscopy can provide valuable infornia- hutazone and flufenamic acid to serum

tion on the nature of drug-protei!1 i!iterac- albumin. The modifying effect of steric
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alI)lInlin.

ptLflWlCtd�rs 0!! binding has also i)eeII ill-

vest igated (4).

In the present study, the tech!!iques of

circular dicliroisin and fluorescelice spectros-

copy have b)eeu! used to examine tile binding

of the coi!ii�ariui a!lticoagulant (lrt!gs war-

fan!! and dicoumarol to serum alb)umin. ihe

results clearly show- that although these

drugs are structurally very Similar, there are

fu!Idaniental differe!lces in the way in which

they interact with lllu!fla!1 serum ali)tl!flitt.

MATERIALS AND METI!ODS

ilahrials. Crystalline hunlan a!Id bovine

SO!’t!!li ali)Il!fli!IM were purchased from Ma!!11

Research Laboratories. Each bat cii of a!-

bunun was dialyzed at 40 against distilled

water i)efore use. The concentratio!I of serum

albumi!! was determined 1)y nieasuri!lg the

optical de!!sity of solutions at 280 m/h, using

E�,, values of 5.3 and 6.6 for the human

a!ld i)( �yine preparatio!!s, respectively. War-

fan!! [3- (a - acetonyll)enzyl) -4 -hydnoxycou-

maniul) w-as a gift from Dr. Collin H. Schroeder

of the \\iSCO!!si!! Alu!mIi Research Founda-

tiO!i ; aCC!!OCOuInlItriIl [3-(a-acetonyl-p-nitno-

l)enzyl) -4 -hyd roxycoumanini a!ld ethyl bis-

cou!iiacetate [ethyl bis (4-hydnoxycoumar-

inyl) acetate] were kindly donated by Dr.

Frank H. Clarke of Geigy Pharmaceuticals;

dicounianol [I)icu!uanol, 3 , 3’-methylenebis-

(4-hyd roxyc lunlanin)] was obtained from

Abl)ott Laboratories. Dansylglycine (N ,N-

dimethylamino- I -naphthalene-5-sulfoiiyl-_\’-

glycine) Was purchased froni Mauin Research

Laboratories. All other chemicals were of

reagent grade.

]Ietho(/S. (‘i rcular dichrois!n measure-

nients were made at 27#{176}with a Cans’ 6001

attaclinlellt to the (‘any model 60 spectro-

polaninieter, using the following coh!ce!!tra-

tions: (hicoumanol, 5 X 10� �i (4.30 )< 10�

i�I) ; warfanin, �s X I0� M (2.39 X l0� �‘)

4-hydroxycounlanin, 1 X 10’ M (2.64 X

10#{176}M) ; acen000umanin, �i X l0� M (2.83 x
10� M) ; ethyl hiscouniacetate, 5 X l0� M

(4.41 X I0� r�i); HSA,’ 1.45 X l0� M;

‘ Ihe ailllreviat loll lse(l is: lisA. lillIllall serum

sodiu!n phosphate i)I!ffer (pH 7.4), 0.1 �I.

The figures i!1 pare!ltheseS are the concentna-

t.io!!s of drug hou!nd in the presence of 1.45 X

l0� M HSA. Results are expressed as molar

ellipticities [0] (dog. cm2 dmole’), which

were calculated from the formula

[oj = 100 Oobs
lc

where 00)),. = observed ellipticity, 1 =

length (centimeters), a!!d c = molar con-

Ce!ltI’atio!!. Molar ellipticities were calcu-

lated either ill tennis of tile coulcentratio!! of

i)ot!!Id dnl!g 01’ 1!! terms of the co!lcentration

of HSA, assuming a molecular ��-eight of

69,000. Tue co!!ce!ltratio!1 of bou!id drugs

was esti!iiated froni a Scatchard plot of

e(1uilil)niuni dialysis experiments (e.g., Fig.

1) or ��‘as measured directly b)y ultrafiltra-

tio!i, usi!ig all Amicon nIt nahltratio!I cell

equipped with a PM-10 filter.

Fluo!’escence intensities and spectra were

obtained with an Aminco-Bowmall spectro-

photofluononieter. Cells of 1-cm path length

were used for the fluorometnic titrations,

while a microcell having internal cross-

seCtional dime!lSiO!1s of 0.29 X 0.29 cm was

used for all ot lien fluorescence measurements.

All readings were corrected for self-absorp-

tion. Calibration of the spectnophotofluonom-

eten and correction of the excitation and

emission spectra ��-ere carried out by the

!ilethod of (1he!1 ali(l Hayes (5, 6). F’luo-

rescence eniussio!1 spectra (e.g., Fig. 6) were

displayed in tennis of relative quanta by

multiplying 1w X2 at each w-avelength (7).

Fluorescence (jt!a!!tI!!l1 yields were obtained

by conipani!!g the anea under the corrected

e!liissio!i spectrum with that of a quinine

standard (dissolved in 0.1 x H2S01). Qui!iine

was assu!nle(l to have a quantum yield of

0.54 when activated at 348 mM (8). In

order to check this tech!iique, the quantum

yield of tryptophan b!! aqueous sOhltiOIl alid

ill l)OVi!Ie seruni alh)u!Inin Was (lete!’mi!led

using iii activation waveleuigtit of 290 mM.

The for!lier \VaS found to he 0.12 (cf. 0.13 in

ief. 9), while the latter was found to he 0.18

(of. 0.18 iii ref. 10). The method used to
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calculate the (lua!itum yields of the �van-

fanin-HSA and dansylglyei!ie-HSA coin-

plexes was essentially the same as that

described by (‘iieui tt!!d Kenlloha!! for tue

da!lsylsulfonamide-canhonic anhydrase sys-

tern (8).

A. solutio!1 (2 uiil) of HSA (1 )( IO� �)

cO!ltailli!Ig 0.1 M sodium phosphate butler

(pH 7.4) was used for all fluorescence tit ra-

tiOlls. ihe drug solutio!1 (1 X 10� M) coIl-

taming HSA (I X 10� �t) was added ill

small incre!nents from a !lucrosyni!!ge. 1-or

the protein fluonescence-que!Iching t it In-

tiolls, the aCtiVatiO!I and eflhissio!1 wave-

lengths were 290 mM and 330 �

respectively, while the i!lcnease i!1 iiitniiisic

warfarin fluonesce!ice was observed at 400

mM, using an activati!lg wavele!lgth of 32()

mM. All results were connected for dilutio!l

and self-absonption.

The displacement of dansylglycine or

warfarill from HSA i)y dicoumarol was

measured by the fluonescence titnatio!I

method previously described (4). Initial

soltitions (2 ml) Colitailled HSA (1 )< i0�

st), sodium phosphate buffer (pH 7.4) (0.1

M), and eithen dansylglycine (2 X l0�� M)

or warfani!! (1 )< 10� si). No inc!’eaSe II)

fluonescence was observed when the cO!!ce!I-

tratioii of wanfanin or dansyiglycine w-as

doubled, indicating that saturation of the

bi!iding sites was complete. [‘he fluoresce!!ce

of the above solut ions was !llOflitO!’ed (luring

titration with a dicoumanol solution (1O-� M)

Containi!lg HSA (1 X I0� xl). For daiisyl-

glyci!le the act ivat iOn alid emission wave-

lengths were 350 Ui/I a!!d 480 m�, !espec-

tively, while for w-aIfaliI! they �vene 32() mM

and 400 rn/I. All readings were corrected for

dilution aIR! self-ai)sorption. Results were

calculated by the !uethlod of flanagan aI!d

Amsworth (11).

The bind iuig of (licounlItrOl to HSA was

determined by the et1uilibniuun (liaIySis

method of Klitz (( al. (12), and the results

were plotted according to the method of

Scatchard (13), using the relatiollship

�=KN+Kn

where it = number of moles of liga!id h)Oulid

pen m(I)le of protei!i, �l iiiolar concentna-

tiouu of free hga!id, K = association constahit

(1\I’), auid A = !iuuiii)er of ligalid-bi!lding

sites per !nolecule of protein. l)nug Coned)-

tnations were measured with a Beckman lit

spect r( iphotometen, usi!ig the folhwing

ext inctio!l coefhcie!lts: warfanin, 1 .39 X 101

� C!111 (308 ni/i) ; dicou!narol, 1 .76 X

10� �i’ cmt (308 mM) ; ethyl biscoum�tcetate,

2.02 )< 10� M1 cm’ (30.5 mM) ; ILCO!lOCOtl-

marl!!, 1.91 X I0� M1 C!111 (310 1)1/2)

4-hydroxycoumari!l, 1 .40 X 10� M1 C!fl1

(287 mM).

�\bsorpt 10!! spectra were !‘ecolded on a

Shi!nadzu i\ I PS-50L spect rophot o!iiet en,

using 1-cm (1UantZ cells.

!I ESU LTS

Binding st n (lies. �1he bi!lding of dicoumarol

to HSA was studied by e(1uihi)niurn dialysis,

and the results were plotted in the form of a

Scatchard curve. It can readily be seeti

(Fig. 1) that HSA has three binding sites

with high affinity for the drug, as well as an

indeterminate number of 1)i!idi!lg sites with

Eu;. 1. Sea 1(1100/ /1101 of 1/ic binilinq of (11(011-

111010/ lo HSA

l�esii1ts were ol)taillNI 1)) (([(Iilil)rilLIli(IialVsis

#{149}---�#{149}) or flllol-es(ellee (111(11(111tig t it rat iou

(0- -0). The points for the In) tet curve were

(ale iii it e(l ( 14 ) from the (hit 1 I)I(�sei t e(l in Fig. 4.

All measluieflh(ll t 5 were fl) a(i( iii t he I)resel ice of

0.1 M 50(101111 1iliosphat e hlltl(1- 1)11 7.D. n 111110-

11cr of moles of (li(ollinarol 10)1111(1 pet I

USA; .4 11101:11 (011(191) i:it out of free (li(-oIImarol -
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much lower afhllities. Ihe low-afh!!ity sites

cot!ld not be saturated i)y the addition of a

large excess of dicoumarol. If it is assumed

that the thi!’ee strong i)inding sites are

homogeneous a!id that there is 110 elect no-

static illter:tctioli bet�veeti thle!l1, au average

association cotisttttit of 7.7 X I0� �r’ cat! be

calculated (15).

The binding of wanfanin to HSA has beeui

studied extensively by O’Reilly (‘t al. (16-18),

who found that HSA has o�ie strong binditig

site fo!’ the drug, with �!! associat iO!1 COt!-

statit (If 2.6 X l0� M1. Also present OIi the

protein ��ere an indetenulu!!ate number (If

very weak i)indi!1g sites, which could not be

saturated by the addition of a large excess

of warfanin (16). Ihe pnesent equilibriuun

dialysis studies have esse!!tially confirmed

their results.

(‘ircnlar (lie/lroi.’Im studi(.S. Ihe circular

dichnoic spectrum of HSA exhibits two

negative maxima at 209 !u/2 IflidI 222 111/2, with

a lange positive maximum occurring at 190

lU/I (19). These features are considered

characteristic of the a-helical port ions of a

protein molecule (19). At wavelengths above

250 111/1 the aromatic nesidues of HSA

generate intni!!sic Cotton efiects that extend

to aboult 310 m/2 (Fig. 2) (19). Although

Fio. 2. ( - 0(111(1, (111/1101) .spcelr 11111 o�/ (Ileollilla ,ol

bound to If 5-1
lISA (1.45 X 10-s M) ; - -, (IlcolInlarol

(5 X 10� M) + lISA 11.45 X 1O� M). Molar eI-

Iipticitv 01 has heeti expressed iii terms (If the

lISA (OllCellt rat 1(111. All nieastirerneitts were made

iii the presence of 0.1 M 50(1010! phosphate p11
7.4).

n
I 2 3 4

-OO(����:G

CONCENTRATION OF BOUND

DICUMAROL (M xIO�)

Fuu. 3. I?clalionship between 111010, elliptieitq,

lIIe(1.sl1,ed at 105 (Il/I, (111(1 1/)( (0fl((()IOlIlOF) of boun(/

(/1101111(1101

\Iolar eli pt i�i tv 0] was calculated �vit Ii refer-

etice to the (oticetl t 1:1) lout if lISA ivhich was

1 .45 >< 10� it . All uneasuremei its were made in

he 1)1(s(11c(’ (If SO(iillIIl phosphate hiifle,- (p1-1 7.4).

11 t,imher of moles of drug hound per mole (If

1)1(11 (ill.

dicouniarol itself is !iOt optically active,

��-hen the drug was added to a iolut ion of

HSA a large !iegative (‘ott oti effect ap-

peared at 30s 111/2 (Jig. 2). Since dicoumanol

has a broad ultraviolet absorption maximum

between 30.s ah!(l 3 Li 111/i, there eaui be little

doubt that this (‘ottoui efiect is extrinsic in

origin. Wheut a fixed conceuit rat 1(11! (If HSA

was titrated with incneme!!ts of (licounlarol,

the extnitisic ellipticity at 305 m� increased

sharply (Fig. 3). However, after 3 t11 leciiles

(If drug had bieeti boutid pen molecule of

protein, no further increase iii ellipt icity was

observed (Fig. 3).

III contrast to dicouniarol, the binding of

et i!yl buscoumacet ate, wa rfa ui n, acen )COU -

mar11!, and 4-hydroxycoumani!1 to HSA did

not generate ally ext nitisic (‘ottoti effects.

Thus, although these drug molecules are

also 4-hydroxycoumaniti derivatives, it would

appear thttt their it!teractt()!i wit hi HSA is

fuu!danlentally different fr( ItU thu t of dicou-

1111111)1.

Fluores�eence StudieS. Ihe i)itlditig of di-

coutnarol to HSA quenched the t rypt( Iphan

fluorescence of the protein (Fig. 4). The

fluorescence titratioti curie (Fig. 4) slug-

gested that queuichiuig resitlt ed frotii the
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The inteutsi tv of the I rvpt ophati fluorescence

iti lISA was moulitore(l at 335 m� while exciting

at 290 m�. Bandwidths (If excitation and emission

were 12 mji.

bi!iding of dicoumarol to a Single site (I!)

HSA. An IlSSOCitttl(II1 c(IIiSttUit (if 5.2 X i0�

�r’ was calculated by the uneth(Id of Attalah

and Lata (14) (Fig. I). The binding (If

wanfarin to HSA also (1uetlched the native

fluorescence (If the protein (Fig. 5). The

fluorescence titration curve showed that

quenching was associated mainly wit Ii

hillding to a si!lgle HSA site (1’ig. 5). How-

ever, the slight downward slope of the titra-

tion curve (Fig. 5) i!ldicated that l)iI!ding (If

warfanin to other sites oti HSA also caused

some fluorescence (1ue!ich 11g.

The quenchitig of protein fluorescence hly

the binding of warfanin was accompanied by

an increase in the ilitnilisic fluorescetice of the

drug (Fig. 5). The shape and stoichiounetry

of the titration ctirve obtained by motiitoni!!g

the increase itt warfanin fluorescence were

similar to those obtained by ��ieasu�i�ig the

quenching of the native HSA fluorescence
(Fig. 5). This suggested that both piie-

nomena resulted froun the same drug-piot em

interaction. In Cotit nast to wanfaniui, the

intrinsic fluonesceu ice of dicounianol was

unchanged on binding t(I HSA.

The quenching of HSA fluorescence by

either di coumanol on warfanin WaS probably

due to energy tnatisfer from the excited state

of proteill tryptophati residues to tile 1)ound

drug. FOrster has show-n (20) that in order

for such a t ratisfer t (I take place t he eniission

band (If the doti(It’ must overlap tile absorp-

tion band of the acceptor. It cati be seeti

cleanly that this prerequisite is tnet by

�varfanin atid HSA (Fig. 6). Ihie probability

of etiergy t rat!sfer bet weeti two tmdecules

can be expressed in tennis (If t lie critical

tnatisfer distance, J?� , for which nesotiatice

transfer is 50 complete, by means of the

e(juati(In (21, 22)

I? = (J(�cx � X r.J;�h/6
il2Xi�02 /

(1)

where r is the dotion fluorescence decay

time, �Il is the mean of the peak posit ions (in

wave numbers) (If tile donor etiiissio!i atid

lowest energy absorption bands, .J� is the

overlap ititegral, atld it is the refractive

index.

Before the value of H0 for the wanfanin-

HSA system could be calculated, the fluo-

rescence enussion spectrum of the protein

(Fig. 6) had first t(I be corrected by multi-

plying l)y X2 at each waveletigth (23) and

then to be replotted on the wave number

scale. ln(Im this curve it was possible to

calculate (8) that �,, = 32.7 X 10� cm’ atid

J� = 1.19 X l0� ctu1 mM2. By assumitlg

that it = 1 .6 and by iusi!ig r = 4.5 tisec (24),

100

80

z�

�. 20

Fi u. 5. Fluoromet,ie titi-ation of lISA b!J (Par-

farm

The mt ensi tv of the t rvpt ophan fi �iorescence

(A------A) iii lISA was monitored at 320 nij� while
excititlg at 290 Ill/i. The excitat (111 atid cmissiotl

waveleiigt us for warfariut fluorescence (s-- #{149})
were 320 mji atid 400 m�, respect ivehv. l3atidwidt his
of excitat jolt and emission were 12 m�.

40
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a Quantum yield calculated on the basis of the

tryptophan absorption.

Absorpcon HSA Fluorescence E
06 Spectrum 7\ Fluorescence �6Oo

of Warforin -, 7 of HSA-Warforin �
/ Complex �

�O4� [ / \/ : �4O�

/ ( Warfarn
(I) J / \F�luorescence

O2� / / � 2O�

300 350 400 - 450
WAVELENGTH rn0)

FI(;. 6. Spectra of warfarmn and HSA
r#{231}j absorptioii spe(ttutil of warfarin was

flleasllle(1 �ll a 1-(flO (ItmrtZ (P11, using a drug coii-

cetitratioii (If 4 X 10� ii in the lresence of 0.1 ii

.So(ii 1110 ph((sI)hat e (p11 7.4) . Fl 11((rescellce emission

spec) ra were recorde(l using micr(Icells (0.29 >(
0.29 cm) and are (Iis!)1 aved ill t ezms if rd at i ye
quiaiit a. The concentrations were: lISA, 1.55 >(

10#{176} it; ivarfariti alone, 4 X 10#{176} it; warfaritu,

4 X 10� ii, + lISA, 1 X HY#{176}ii. The LISA solutioui

\�as act ivate(I at 290 m�, while those coiitaiiiiiig

warfariti were activated at 320 m�. Bandwidths
((1 excit atioui :111(1 emission were 12 m�.

H0 was calculated to be 26.2 A. This value

pertmtted the estinlatioti (If the mean effec-

tive transfer distance, 1?, between donor

(tryptophan) and accept or (warfanin) from

the following formula (21).

1 1- - (R/R)6 + 1 (2)

where .r is the fractioti (If photolls traIls-

ferned.

Tue (1u!a!!tunl yield of tnypt(Iphan fluo-

rescence iti HSA was found to be 0.063

(Table 1), whichl is less tllatl half that re-

ported (10) for iIOvi!Ie sertum albumin. Thus

aiIOut 94 (; (If the phot(It!s (If light absorbed

by the tnyptophan !lloiety of HSA are lost

by radiation less t nansit i(II1S. The quenching

data (Figs. 4 and 5) are therefore only con-

cenned with the 6 � of the photons emitted

as fluorescence. It is obvi(Ius, therefore, that

in order to estimate the efficielicy of energy

t ra!lsfer bet weet I t nypt ophan aI!d wanfarm,

an alternative approach must be employed.

The fluorescence excitati(In spectrum of

warfarin (Fig. 7) showed a close corre-

spondence to the absorption spectrum (Fig.

6), with a maxitnum occurring at 310 m.i.

However, iui the presence of HSA the

flu!orescence excitatiO!l spectrum of warfarin

also had a second maximum at 280 m/2 (Fig.

7). While warfanin itself has little absorpti(In

at 280 rn/I (Fig. 6), the tryptophan residuues

of HSA absorb stnoulgly at this wavelength.

This can he seeii cleanly in the absorption

spectrum of the w-arfarin-HSA complex

(Fig. 7). Thus photons absorbed b)y the

proteiti tnyptophau! residues must have been

11(111 radiat ivelv transferred to the bound

w-arfanin molecules, which) then emitted

theni as fluorescence. I calculate the

efficiency of this transfer, the quantum yield

of fluorescence of the warfanin-HSA complex

was measured, using activation w-avelengths

(If 290 mp and 320 111/2. The 290 111/1 wave-

length was chosen to avoid any contributions

from protein tyrosine groups (8).

Measurements of quantum yield were

made with a solution co!ltaiuling 1 X 10�� M

HSA, 4 X 10-s M ivarfarin, and 0.1 M sodium

phosphate buffer (pH 7.4). Although ultra-

filtration indicated that 1.7 !uolecules of

warfarin were bound pen molecule of HSA,

it was assumed that energy transfer was

olccurning at only one of the protein-blinding

sites. Figure 5 shows that this site ivas

cotupletelv occupied bly w-arfanin molecules

TABl�13 1

Quantum yields of warfarin, lISA, ann the

warfarmn-HSA complex

The quantum yield of the warfarin-HSA com-
plex was determined using a solution containing

1 X 10� M lISA, 4 X 10� M warfarin, and 0.1 il

sodium phosphate buffer (pH 7.4). The method

used for calculatiot, as well as the corrections
employed, is described in the text

Compound
Exciting

wavelength

X,,,� of

emission

Quantum

yield

0.063lISA

nip

290

Ui/i

335
Warfarin 320 400 0012

Warfarin-HSA 290 390 0.015a
Warfarin-HSA 290 335 0013’�

Warfarin-HSA 320 390 0090
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F’Io. 7. Spectra of warfarin and the warfanin-HS.-l complex

The acti vati oui spec) ra of warfari n and the warfarin -II SA complex (i- ---s) have h)eetl correct e(1

for the intetisitv of the activating light. Coticentratiotis were: warfariti alotie, 4 X 10#{176}ii; warfarin,

4 X 10� it, + lISA, 1 X 10� ii. The absorption spectrum of the warfarin-IISA complex ( -�-- ) was

measured iii a 1 -ens quartz cell, using a solution Cot!) ailling 1 X I0� it lISA and 4 X 10� it warfarin -

A blank cotit aiuti uug 2.3 >( 10� it warfarin was used to compensate for ahs (rpt (Iii (lute to the free drug.

All sol ut Louis COil t ii uted 0.1 M sodiuun phosphate buffer (1)11 7.4)

WAVELENGTH (mp)
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under the conditions used itt this expeni men t.

The quantum yield of warfanin bound to this

unique site [Q(w)1 was determined by activat-

big the drug-protein complex at 320 m�.i.

Appropriate c(Iu’nectiouis were made for tile

fluorescence of the utlbouuld warfarin. (‘or-

rections were also niade for the fluorescence

of warfanin bound to HSA at sites other than

those at whlich flu!onesceulce enhlaflcenieu!t

occurred, i)y assutnitlg that the quantum

yield was tble same as that of the ullihoulid

drug. The fluorescence eunission spectrutli

resulting from activatiomi at 290 lllp was first

corrected for tile utl(1uellched t ryptophan

fluorescence. Then the quantum yield of

etiergy absorbed by tile tryptophans theti

transferred to the bound warfanin molecules

[QH1 � calculated from tile e(1uatioui

A290(WfQWf + A2low�Q(w + A29O(Hl

=

where A29o(w-fl = optical density at 290 111/2

of the uuibound w-arfanin + optical detisity

at 290 m/2 (if the warfanin bound to HSA

sites at which no fluorescence enhancement

occurred; Q�-� = quantum yield of nut-

i)Ol.uIld warfaniui ; ;6II�WI = optical density

at 290 rnp (If warfanin h)ound t(I HSA sites

at which fhuonescence emiilauucetllent occurred;

-129ou1) = optical detisity (If the HSA at 290

111/2; A29o(M) = optical density at 290 mn� of

the warfarin-HSA mixture; amid Q290(M) =

(iu1�tultl1m yield of the warfariti-HSA mixture
activated at 290 unp. TI results (If these

experiments are given in lable I . It can be

seeti, therefore, tii:tt tile phiotouus absorbed

by tile tryptolpilami are tralisferred to tile

hound warfaniti molecules with a yield of

16.6 #{182}‘ (0.015/0.090 X 100). I3ecause the

sluam!tuull yield (If tryptophati in the cotuplex
was 0.015, only �tb(Il1t IS (16.6 + I .�)) (If

tile photons absorbed i)y the complex can i)e

acc(Iullted for. Thus about 82 C of tile

photons are still 1(1st it! radiationless transi-

tiotis ill COtll�itt’IS(III to tue 94 #{182}�lost from the

umiconlplexed pE( Itettu. fIle rneaii effect lye

transfer distance was calculated from Eq. 2

to i)e 34.5 A.

The biulding of dansyiglycine t(I a sitlgle

site Ofl HSA results in a large increase in the

fluorescence quantutii yield (If the higand,

together with a marked blue shlift of tile

fluorescence ernlssi(Iul spect rum (3). This

ollserVati(IIi suggests tllitt thie HSA bindiuig
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= 1.6 and r = 4.5 nsec, H0 was found to be

24.2 A. 1r(Im Table 2 tue efficiency of tratis-

fer between t rypt ophan and dansylglycine

was 52.8 (0.235 0.443 X 100). R was cal-

culated to he 23.7 A bly nleatis of Eq. 2.

�fl fluorescemit yiel(1 (If warfarin imlcreased

wheti tile drug was dissolved in certain

I 0 solvetits, st!Cll as dimethylfonmitniide auid
glycerol, but �vas relatively unaffected by

0�

log p�/I-p�

-(0
.

-(0 0

[DICUMAROL]
log [WARFARIN]

S C(ILIN F. (HtGNJ-LL

LOG [Dicumorot]

EDNS- Glycine]

Fn;. S. limit /)lot fo, t/((’ repla(eln(’nI of (l(insiJl-

gigicmne by (lmcoOlfl(i no!
‘Flie coilceuit rat 1(1115 ivere : I ISA, 1 >( 10� ii;

(lalisylglycille I 1 )NS-glyciiie) , 2 X 10� ii ; sodiutni

phosphate butTer (p11 7.4), 0.1 it. Act ivati(IIl and

eullissi(Iti wavelengths were 350 nip �itid 480 nip,

respectively. Bauudwidt us for excit atioiu and

emission were 12 unp. = fractional occutpation

(If (lttnsylglvci tie-hi udi tig sites liv dicoutmarol -

site for dansyiglycitie is located imi a hydro-

phobic negiol! (If the protein. TI same site

also binds phenylbutazone amId flufenanlic

acid, since tilese ani(Itiic drugs have been

shown (3, 4) to displace dansylglycine from

HSA competitively. Although di cotluilarol

also displaced dansylglycine from HSA

(Fig. 8), warfarin did not. l’he association

constant of dau!sylglycil!e for HSA was

found by fluorescence titnatioul (3) to lie

1 .45 X 100 � From this value the associa-

tiOIi Cotistallt (If dicouniarol for HSA was

calculated (ii) from the data in Fig. 8 to be

1.12 X 106 �l_t. However, dicoumarol did

competit i �‘ely displace wa rfarin from HSA

(Fig. 9). If it is �tssuulled that dicoutllarol has

au assOciatioll constant (If 7.7 X 10#{176}M�

(Fig. 1), tile ttssOCiitt lot! cotistant for ii’ar-

farm would b)e 2.7 X 10#{176}Mt (11). This value

is similar to that obtained by O’Reilly (18)

from equihii)rium dialysis studies.

Since energy transfer betweeti trypto-

phan and the dansyl group have already

been reported (8, 25), it was of ititenest to

estimate the tratisfen distance of dansylgly-

citie in a conlplex with HSA for com��parison

\vitil the value already calculated for warfa-

riui. For tue dansylglyeine-HSA systetll it was

calculated (8) that J� = 7.3 X 101(1 Ct))3 �M2

al!d � = 32.8 X 1O� cnr�. By assumu!g that

}I(. 9. i-imii plot foi the replaccment of u-arfanin

by (IlcO OhiO jo!

r#{231}� ((Itlcellt rat ions ivere : 1 1S.-�, 1 >( 10-0 M

warfaritu, 1 X 10� it; sodium lIhoslIh�ite butler
(pIt 7.4), 0.1 it. Act ivatiolt and emission wave-

leiugths � 320 flIp and 400 nip, respective1�-.

Bandwidths for excitatiult! and Ctfli5SioIl were 12
mp. = frac t ioiial occutpat i(uIl(If warfari n-hi 1l(liuig

sites LIV (licouimarol

T.tBLF: 2

Quantum yields of (lansylylycmne, H&I, and the

dons ylglycine-HS.4 complex

The quantum yield of tile dansylglycine-HSA

complex was determined using a solution con-

taming 1 X 10� M lISA, 1 X 10� ii datisyiglycine,

atid 0.1 iu soditum phosphate buffer (pH 7.4).

Under these conditioiis, ultrafiltrat ion indicated

that the concentration of free dansvlglycitie was

0.36 X 10� M. Quantum yields were calculated by

the method of Chen atid Kernohan (8).

Exciting
X� of Quantum

Compound wave- -
emission yield

length

flip hip

lISA 290 335 0.077

Dansylghycine 350 580 0.051
1)ansylglyciiie-HSA 290 480 0.235
l)attsylglvcine-1ISA 350 480 0.443
l)ansvlglvcine-HSA 29() 335 0.046
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T.tuuLl: 3

Quantum !/ield of warfai-in nlissolren/ in

ualiOU.’( soluents

Sotvent

eiectric
con-

Solvent Quantum
Emission

stant

Debve
U flilS “u

78.5 Water (0.05 it sodium

phosphate, 1)11 7.4)

0.013 400

31.2 Methanol 0.016 400

25.8 Ethanol 0.033 400

19.2 1-Butatiol 0.039 400

37.0 Ethylene glycol 0.047 400

32.0 Propylene glycol 0.061 400

42.5 Glycerol 0.104 392

3.0 l)ioxane 0.022 412

36.7 Dimethvlformamide 0.154 415
6.1 Ethyl acetate

Cetrimide (0.05% in 0.05

ii sodititii phosphate,

pH 7.4)

0.010

0.041

400

400

Solutiotis were made by additig 0.1 ml of a

stock solution (made up in 0.01 N NaOH) to
9.9 ml of solvent. Fluorescence was excited at 320

mp.

others, e.g., unethatiol and ethyl acetate

(Table 3. There appeaued to be little con-

relation i)etween the dielectric constant of a

solvent and its effect o�n the fluorescence (If

w’arfanin (Table 3). The fluorescetit yield of

warfarin also iticreased in tile presence of the

catioulic oletergetit cetyltnimethlylalllmoniumn

bromide (cetnimide) (Table 3), but only

whlen the detergetit was preseult in excess (If

the cntical micellar concetitratiott. \O in-

crease in fluorescent yield was observed in

the presence of sodium lauryl sulfate, an

aniounc detergent. The fluorescent yield (If

dicoumarol was unchanged \i�ileui the drug

was dissolved iti the s(Ilveuits listed iii Table

3. TI additi(Iui (If cetyltrimethylaminoniuin

i)rOfllide to tii 1ue( IllS 5(Ilult l(It!5 of dicoutnarol

also left the fluorescent yield of tile drug

unchanged.

DISCUSSION

\\ilen a syullmnetnical chironlopilore is

perturbed by a nearby asymmetrical center,

a (‘cIt toll) effect may be generated and optical

activity (lilserved (26) . If tile Itsytlltllet t�icttl

c(#{176}Ilteu. is present iti the �atne tll(Ilecule its the

cilu.ouli(Ipil(Iu.e it pet�t I.1u�hIs, t lie resultant

(1oIttot! ouffo�ct is tet�1lled bit t�itisic, iviiereas if

it is presetit in atiother nlolecule, the terun

extrinsic is Out!lpi(Iyoud. Ext ritisic ( ‘otton
(#{176}ff(#{176}ctsate (Ifteul geuienated by the l)indiulg of

stllall chn(Iun(Ipil(Inic ligands to i)iological

1)lttCr( Inl(Ilecules, sucll its pn(Iteitls atid tiucleic

acids (27). Since sticii extrinsic (‘ottoti effects

apparetitly reflect tue asylllllietry (If specific

liganol-bindiuig sites, they cati be used to

probe sucil sites.

‘i’he factors tllttt goveu�ti the sigh auid

nlaguiittu(le of extniuisic (�Ittoui effects hlitVC

i)een recetltly discussed (1-4). Briefly, it 1ilit�

i)e stated that is.elldo�fiuioud sytllnlet ry rules

divide the space around a chr(Inlopilore into

regions of positive and negative CO� t ribut ion

to a (‘otton effect (26). File getieratioti (If an

extnitisic (1ottoti effect must therefore (Ic-

petid (Iii the ailiiity (If a ligatid to take up a

preferred (Irietititti(Iui with respect to the

1)itiding site. At the SlLflle titne tile ligand-

macroiii� Ilecule complex must be nigi(I etiough

to preserve tiiis special sp�tt ial arratigenieuit

I’he strong tilt raviolet allsorptioti niaxi-

Illtitll (If dicoumaroll (305�-3l5 nip) illi-

doubtedly results from � -� � transitions in

tile phenyl rings (If the drug. The genenatioli

of a large negative extrinsic (‘ottoti effect at

305 111/2 wheti dicoutnarol was 1)oumld to HSA

must therefore ilave resulted fromii �tti inter-

actioti of these ir -� � tratisitiotis witii an

asymnietnical l(Icus �tt tile protein-ilitidit!g

site. If dicoumarol ol)eys I he plauuau� sym-

metry u.ule (26), tue plane of the 7r-ehectr(Iti

system would be the tiodal pl�tuie. Placitig �tui

asymniet ni cal center otu (Itie side of I lie

molecule si-ill give a (‘ottoti effect; tnoving it

to tile (Ither siole will reverse the effect. The

generation (If ati extritisic Cotton effect i)y

the bindimig (If dicoumarol to) HSA may

simply meati tllLtt (Iti� side of the (mug

n)olecule interacts preferetit ially with tile

proteiti bitiditig site. The titrati(In curve

(1”ig. 3) clearly shows that ext rillsic Cotton

eflects were geuierated only wheti dicoumarol
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was bound to the high-affinity sites; olruig

complexes w’ith the low-affinity sites were

optically itiact ive. Equi iiilniutli dialysis

measu remnoui its it id i cat ouol t ii at t 11ese 1(1w’ -

affinity sites coulol tiot be saturated by add-

ing a hinge excess (If dicoumnarol. O’Reilly,

who has reported sitililar resiults for wanfarimi,

has suggestoud (16) that drug Ilimiding to HSA

may cause cotifortllational chatiges that

expose more Ilitioling sites. ‘l’ile inailihty of

thouse sites to induce optical activity iti

dicoumarol suggests th�tt. they are rela-

tively nonspecific.

The inability (If both 4-hydnoxycouunanin

and wanfanin to genenatou extrinsic Cotton

effects (It! bimidimig to HSA must meati that

both Counlarili nimigs (If dicounianol are

necessary for optical activity. O’Reilly el al.

have proposed (17) tiiat electrostatic ititer-

actions play otilv a mitior role in the hlltiditig

of warfanimi 1(1 HSA, atid suggested instead

that ilydn(Iph(Ibic amid hydrogen I)ondimig are

more import alit. How’ever, it ilas been fouuiol

t iiat I I(It Ii elect t( 1st tit i c amid iiyd roph (IhIi c

im!teracti(Ins �tre (Ifteui itnp(Intatit for the

genenat i(It! (I ext mimisic Cot t oti eflect s by

drug-protein complexes (1-4). IJicounlurol

Ilas two enolic hydroxyl groups, making

possible a 2-p limit elect r(Istat ic interact 1(11! (If

the drug with HSA. If such an interaction

were rei tiforced b�y short -range d ispemsi\-e

forces imivoli-iuig the planar ileuizemie uitigs, it

is quite possii)le thitt dicouniarol could

iiiaititaiii a preferred (Irietitat 1(10 t( I the HSA

blinditig site. Steric factors are also un-

�( Irt auit , sitice tile itit r(Idtlct 1(111 (If a c:t rb-

et boxy group iuil (I the bridging mnetiiyletie

gr(Iup (If (Iic(Iumn�tr(Il to give ethyl his-

coumacetat e 1(stllI ((1 it! a loss (If ((p1 cal

act ivitv.

PlhIOi( .‘iC( FIC( . Alt hough eqililihlriumi! olialy-

sis imidicated ( Fig. 1) that HSA has three

Ilinditig sites with a high afhmiity f im olicou-

I111LI(Il, energy tttutisfer between drug timid

protei ti t tvpt ophla Ii (IC(�ll mmcd at (Ill ly (It ie (If

these sites ( 1-ig. 4). A sitigle huimiditug site also

Seellie(l 1(1 lie involved iii tue (�uetiChiimug (II

i]IS.% fluorescet ice 1I�\’ wtttfatiti ( Fig. 5). �fl

fluorescence tltItttl(Iti curve for �varfaniui also

shlo\ved that 5(Itne (1uenchling occuun(#{176}(I �vhien

the drtig I)ecttmiie llouuid tol (Itilel sites ( l’ig.

5). n[�h niay Il�t\�u mneatit th�tt some emieugy

tiatisfer ttlS(I occurred at these sites. Altenna�

tively, tue iliu!ditig (If wttnfaniui could have

decreased tile fluorescetice of HSA by

ciiamigiuig tile confonunatiomi of the protein

(14). O’Reilly iias stuggesteol that such comi-

fonmllational chiamiges ��ccur ttt high wanfauimi

to HSA littiOs (16).

!ile le-etllissioui ily warfanimt (If (�uieugy

ai)s(Iu�he(1 fnomii the lISA tryptophans per-

mitted tue calculat ion of a mean effective

trauisfeu distance (If 34.5 A by tue met h(Iol of

1-’#{246}nster(20-22). �fJ. value is an estimate (If

the distatice bet weeui the siuigle tryptophan

residue (If HSA (28) atid the bound warfarin

illolecule. It should be eullpilasized, 1111w-ever,

that this distance is (Inly aui approximatioul,

since several assumptions hiave been made

imi (Irden to use Eq. 1 . For example, it has

i)eeti asslime(I that the (Itietutatioti (If tuypto-

phami is mandoni with respect to the drug,

auud that tue refract ive index of the protein is
1 .6. Nevel.t heless, its (‘heui atud Neriiohaui

have pointed (lilt (8), an err I� of 100 �

tile estiml)ation (If .1; � woilld result in

(11!lv t 1 � err� I� �ti H� . Ii sttllle ueserva-

tions also apply t(I the value (If 23.7 A

calculated as the miiean effective I rauisfer

(list:imuce i)etweemi tue t ryptophiam! (If HSA

auid I)ouu!(l dauisylglvciuie. If HSA is an

:iuihiyolrous sphieue (If mn(Il wt 69,000, it woltuld

huttve a (liumneter (If 56 A (29). n1�i difference

hletweeti t hue I taiisfem (list:itices (If warfanimi

and dansylglyciuue is thueuefoue sufficiently

large to suggest flint t luese tin Ilecules are

iuoiimid at oliflenent sites. n!�h1e inailility (If

warfatin to displace dauisvlglyoiuie bioumid to

HS_\ cent :iinly suppomts this hypothesis.

�1tii(IUghi �vttuftititi �tuid (litmivlglycine do

hot shale the satne hitiolitig site, i:(Ithl ligauiols

time c lulipet itively displaced from lISA by

(licotiliiaIol (l’igs. 8 tiuld 9). Howeveu, lISA

has three huighu-ttffiuiity sites for dicoumarol

1-1g. 1), 5(1 that (Itie ((1)11(1 i;e shared iv

ivauI:uimi ivhile � (u(.(uhi(I �vas hIeing shunned by
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dat isylglyci tie. Amu alt enuia t ive explana t i(In

may be that wanfanin itnd dansylglycine

occupy Ilindiuig sites sufficietitly close to-

getheu so that dicoumilarol can intei.act with

i)Otil sites simultamieouslv. Certainly tile

circular dichroismn studies suggest that i)oth

couumarin rings of dicouimarol take paut imi thle

bindiuig of the druug to HSA. Flanagan and

Aimiswort ii have suggested t lint the t rypaut

blue molecule can simultam ieously occupy

two sites that �tlso bimid 1 -auiilinomiaphtha-

leuie-8-sulfonic acid (11).

The multiple binding sites for dicounianol

on lISA may also explain why fluorescemice

titration (Fig. 4) and dansylglycine dis-

placement (Fig. 8) gave association coui-

stants different from thlat obtained by

equilibrium dialysis (Fig. I). It should i)e

pointed out, however, thiat the association

constant froni the equilibrium dialysis

expenimetits was calculated on tIle assutlip-

tion that tile hiuidiuig sites were hlomogeuieous

and may therefore only represent aui average

Valtle.

Thle fluorescence of warfariui iticueaseol

wheui the druig w�is olissolved in certain

Oigiim!ic solvemits, tiltIlouughl theue was a p01(11

cornelatiomi hetweeui dielectric constant and

quamltulm yield (Table 3). However, Corn
and Berheuich have shuowui (30) that tile

fluorescence (If wa ufa nin decmeases imu ttcid

sOhlIti(lmi, So thltit it is possillle that these

measuremeui ts \Veme co Implicated by ioniza-

tioui of tile drug. ‘file large increase iii

flu Inescent yield (Ibsenved \\‘hlem t w-arfaniui

was dissolved in glycerol iIm!(Ioubtedlv was

due to solvent viscosity rather thlttui solvemit

polarity (31 ). Iuu spite (If these results, the

increase imi the fluorescent yield (If waufariui

On biuidiuig to HSA, togethel with thle Hue

shift in the fluorescetice euliissioti llittXilllUtll

of the drug (Table 1), does siuggest th�tt

�varfanin is located in a ilydnophiobic legion

of the puotein (32). �fl increase iui the

fluorescetit yield (If wanfauiui whieti the drug

entered the cet uiniide unicelle :tls iuid ieated

that a hydrophiohlic etivi m.ouumemil can cmi -

hiance fluomescence. ‘fl mestuhis tlt( it!

accord with the work (If O’Reilly el al, who

ilave silolwul, Ily mlieatis (If heat IIuust calou-

ililetry (17), the existence (If hydrophobic

inteuactiouis in the wamfanitu-HSA comilplex.

Unlike warfanin, I he fluorescent yield of

dicoumttrol did uiolt iticrease when tile drug

was dissollved in oluganic u Ilvel!ts or aqueous

solutiouis (If detergents. Tiiis expliitis why

the fluorescetit vielol (If dicoulilarol ohid t!(It

increase on biuidiuug to HSA. II
These experimnetits illust rate the usefulness

of such techui iouu� as cinculam dich roismii timid

fluorescetice spectroscopy for the study of

drug intenacti(Imis with senuumii aliltltllin. As

separation and is Ilation teciimiiques improve

so that othler h)iomllolecuules 1)ecoml)e available,

spectroscopic techniques �vi 11 uuid oubtedly

play ati important u.ole iti studyimug their

interact ions with drug molecules.
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