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ABSTRACT. The availability of high-affinity anti-digoxin monoclonal antibodies (mAbs) offers the potential

for their use as models for the characterization of the relationship between receptor structure and cardiac
glycoside binding. We have characterized the binding of anthroylouabain (AO), a fluorescent derivative
of the cardiac glycoside ouabain, to mAbs 26-10, 45-20, and 40-50 [Mudgett-Hunter, M., et al. (1995)
Mol. Immunol 22, 477] and lamb kidney NgK*-ATPase by monitoring the resultant AO fluorescence
emission spectra, anisotropy, lifetime values, afidsten resonance energy transfer (FRET) from protein
tryptophan(s) (Trp) to AO. These data suggest that the structural environment in the vicinity of the AO-
binding site of Na,K*-ATPase is similar to that of mAb 26-10 but not mAbs 45-20 and 40-50. A model

of AO complexed to the antigen binding fragment (Fab) of mAb 26-10 which was generated using known
X-ray crystal structural data [Jeffrey, P. D., et al. (1998dc. Natl. Acad. Sci. U.S.A. 920310] shows

a heavy chain Trp residue (Trp-H100) that is clos@ @) to the anthroyl moiety. This is consistent with

the energy transfer seen upon AO binding to mAb 26-10 and suggests that Trp-H100, which is part of the
antibody’s cardiac glycoside binding site, is a major determinant of the fluorescence properties of bound
AO. In contrast, the generated model of AO complexed to Fab 40-50 [Jeffrey, P. D., et al. {1884)

Biol. 248 344] shows a heavy chain Tyr residue (Tyr-H100) which is part of the cardiac glycoside binding
site, located~10 A from the anthroyl moiety. The closest Trp residues (H52 and L35) are locdtéd

A from the anthroyl moiety, and no FRET is observed despite the fact that these Trp residues are close
enough for significant FRET to occur. The energy transfer seen upon AO bindingt& NATPase
suggests the presence of one completely quenched or two highly quenched enzyme Trp reicared

~17 A, respectively, from the anthroyl moiety. These data suggest that th&kNATPase Trp residue-

(s) involved in fluorescence energy transfer to AO is likely to be part of the cardiac glycoside binding
site.

Na",K*-ATPasé is a P-type ATPasel( 2) characterized  against their respective cellular gradients using the energy
by the formation of a phosphoenzyme intermediate during derived from ATP hydrolysis (see r&f for review). The
the catalytic cycle. This transmembrane protein pump, found minimal functional unit of the enzyme is a heterodimer com-
in the plasma membrane of higher eukaryotic cells, is respon-posed of a catalytiax) subunit and a glycoprotei) subunit
sible for transporting Naand K ions across cell membranes with approximate molecular masses of 113 and 55 kDa, re-
spectively. Thex subunit contains the phosphorylation site
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um- and potassium-activated adenosine triphosphatase (EC 3.6.1.37)pr positive inotropy (see ref for review).
AO, anthroylouabain; Fab, antigen-binding fragment; mAb, monoclonal Despite considerable study, neither the three-dimensional

antibody; L and H, antibody light and heavy chains, respectively; PBS, + . . .
phosphate-buffered saline; BSA, bovine serum albumin; EGTA, eth- structure of Na,K*-ATPase nor the site of cardiac glycoside

ylene glycol bisg-aminoethyl etherN,N,N',N'-tetraacetic acid; 16, binding has been determined. Although binding of cardiac
inhibitory concentration of glycoside required to produce a 50% glycosides to N&K*-ATPase occurs extracellularlg)(in

decrease in°]digoxin binding to antibody; FRET, ster resonance o hrasence of Mg alone, these drugs bind with the highest
energy transferr, fluorescence anisotropy:,, average fluorescence ’

lifetime; FITC, fluorescein Sisothiocyanate; ErITC, erythrosin'-5 ?ﬁinity upon formati(_f’n of a phosphoenzyme intermediate
isothiocyanate; 'SIAF, 5'-iodoacetamidofluorescein. in the presence of either Naand Mg*™-ATP or Mg?" and
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inorganic phosphate (P(9). Studies using photoaffinity = MATERIALS AND METHODS
analogues of glycosides have establishedathegibunit as
the primary site of binding, although low levels of photo-
labeling of the3 subunit have also been observed (for review,
see refsl0 and 11). Additionally, chemical modification
studies of N&,K*-ATPase using protein reactive derivatives ) _
of digoxigenin (2) have implicated the Niiterminal half ~ hydrolyzed (mg of protein) h™*. The enzyme concentration
of the enzyme’sa. subunit in cardiac glycoside binding. Was determined by the Lowry procedui@b), using BSA
Numerous site-directed mutagenesis studies using the oua@S the protein standard.
bain-sensitive sheep Menopus lagis Na*,K*-ATPaseo1 Monoclonal Antibody Production. Monoclonal anti-
isoform (13—22) have revealed that multiple amino acid digoxin antibody-producing cell lines 26-1§2, «), 45-20
residues in the putative extracellular HH2, H3—H4, and (72a A1), and 40-50 %2, k) were obtained through fusion of
H7—H8 loops and H1 and H5 transmembrane regions of the immune A/J splenocytes with the nonsecreting cell line Sp/
a subunit are involved in determining the enzyme’s ouabain 2/0 Ag 14 @6). Anti-digoxin monoclonal antibodies were
sensitivity. However, it is still unclear whether the effects purified from ascites by affinity chromatography on oua-
of these mutations on enzyme sensitivity to inhibition by bain—amine-Sepharose and their purities assessed by-SDS
ouabain result from these residues being part of the binding polyacrylamide gel electrophoresBgj. The purified mAbs
site or their indirect regulation of cardiac glycoside binding were dialyzed exhaustively against PBS containing 0.02%
via induced conformational changes in tasubunit @). In sodium azide to remove bound ouabain, and their concentra-
addition, studies of chimeras of thesubunits of Na,K*- tions were determined using &%'"g of 1.4.
ATPase and H,K"-ATPase 23) or C&*-ATPase 24) have Affinity of mAbs for Digoxin, Ouabain, and Anthroyloua-
established that large domains at both the;N&hd COOH- bain. A competition radioligand binding assay utilizing
terminal regions of the NgK*-ATPase are necessary for double antibody precipitation was used to measure mAb
achieving high-affinity ouabain binding. affinity for digoxin, ouabain, and anthroylouabain. Purified
Although the N&,K*-ATPase is the only known physi- mAb (0.006ug/assay) was incubated at room temperature
ological receptor for cardiac glycosides, high-affinity poly- for 1 h with 5 nM PH]digoxin (specific activity= 15 Ci/
clonal anti-digoxin antibodies have been generated and usednmol, Dupont New England Nuclear, Boston, MA) and
clinically since 1976 to monitor serum digoxin levels and varying concentrations of competing ligand (cold digoxin,
to reverse digitalis toxicity in patient2%). Subsequently,  ouabain, or anthroylouabain) in 0.5 mL of phosphate-buffered
a number of murine monoclonal antibodies (mAbs) that bind saline (pH 7.4) containing 0.05% BSA. A 5-fold molar
digoxin and other cardiac glycosides with high affinities and excess of an affinity-purified goat anti-mouse IgG Fc-specific
differing specificities have been isolated and studied in detail antibody (ICN Biomedicals) was then added to each assay
to determine the correlation between mAb structure and tube, and the binding reactions were allowed to go to
glycoside binding specificity26). The recent determination  completion by incubating the tubes overnight &Gt The
of the crystal structures of the antigen binding fragments following morning, a 10-fold molar excess (over the goat
(Fabs) of mAbs 26-10 and 40-50 with and without bound anti-mouse 1gG) of an affinity-purified rabbit anti-goat IgG
digoxin/ouabain 28, 29) and the availability of bacterioph-  antibody was added and the samples were incubated at room
age-displayed 26-10 Fab and libraries of random mutant temperature for 2 h. Ice-cold phosphate-buffered saline (8
variants 80) allow the use of these mAbs as novel model mL) was then added to each assay tube, and the suspension
receptors for further characterizations of the relationship was filtered under vacuum through glass fiber filters (24 mm,
between protein structure and cardiac glycoside binding. Theno. 32, Schleicher & Schuell, Inc., Keene, NH). The filters
idiotype network theory of Jern&(), which proposes that  were subsequently washed twice with 8 mL of buffer and
an antibody should duplicate a receptor-like binding site to incubated overnight at room temperature in 8 mL of
effect a high-affinity interaction with a receptor ligand which scintillation fluid (Fisher Scientific) prior to counting in a
serves as the antibody’s antigen, lends further support to theliquid scintillation counter. To determine the amount of

Purification of Na ,K*-ATPase. Na',K*-ATPase was
purified from the outer medulla of frozen lamb kidney
according to the method of Lane et aB4]. The initial
activity of the enzyme was-900 to 1100umol of ATP

concept of utilizing these anti-digoxin mAbs as potential
model digitalis receptors.

The objective of this study was to determine whether, in
fact, anti-digoxin mAbs can serve as models of the physi-
ological digitalis receptor by using a fluorescent ouabain
derivative, anthroylouabain (AO), which is a specific, high-
affinity probe of the cardiac glycoside site of NK*t-ATPase
(32, 33), to investigate the environment of the cardiac
glycoside binding domains in mAbs and enzym&'e have

nonspecific binding, 0.00&g of an anti-Nd,K*-ATPase
oo subunit mouse mAb, M7-PB-E93¢), was incubated
with 5 nM [3H]digoxin in the same buffer. The kgvalues
of the three glycosides for each mAb were obtained by
fitting the radioligand binding data (two data sets obtained
in duplicate) with a nonlinear competition binding curve
using Inplot (GraphPad, SanDiego, CA). Thesg)Nalues
were then converted to inhibitory dissociation constants
(Ki's), using the equation of Cheng and Prus@&T)( K;

compared the steady-state and dynamic fluorescence propenCsy/(1 + [L)/Kg), where [L] is the concentration of the

ties of AO bound to N&,K™-ATPase and to mAbs 26-10,
45-20, and 40-50. Of the three mAbs studied, only the
binding of mAb 26-10 to AO was similar to that of N&*-

[®H]digoxin used andKy is the dissociation constant of
mAD for digoxin. TheKq values of mAbs for digoxin were
obtained using the experimental protocol outlined above,

ATPase. As the relationship between antibody structure andexcept that mAb (0.006«g/assay) was incubated with

cardiac glycoside binding to this mAb is known, this
information may be used to facilitate construction of a model-
(s) of cardiac glycoside (AO) binding to N&K*-ATPase.

varying concentrations ofifijdigoxin in the absence of any
competing ligand. The radioligand binding data were
analyzed using PRISM (GraphPad), a nonlinear regression
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curve fitting program, to obtain thi€y values of mAbs for
digoxin.

Fluorescence Measurementa&n SLM/Aminco SPF-500C
spectrofluorometer (Urbana, IL) was used to obtain the

Kasturi et al.

percent efficiencyl) of energy transfer was calculated with
E =1 — (F/Fp), whereF andFq are the donor fluorescence
intensities in the presence and absence of acceptor, respec-
tively. Estimates of the distancB)Ybetween the donor and

fluorescence spectra of free and protein-bound AO. Prior acceptor pair were calculated from the efficiency of energy

to measurements of fluorescence, AO (@Nd) was incu-
bated with a 2-fold molar excess of NK*-ATPase and
mAbs for 10-15 min at 25°C, unless specified otherwise,
in 50 mM Tris-HCI buffer (pH 7.4) and 1 mM EGTA, with
and without 5 mM MgC] and R, respectively. Excess
unlabeled ouabain (60M) was added to the ABprotein

transfer using the equatidR = Ry[(1 — E)/E]YS.
Fluorescence LifetimesAO fluorescence lifetimes were
measured by the phase-modulation techni@8 ¢sing an
ISS (Industria Strumentazioni Scientifiche) Greg K2 spec-
trofluorometer. AO was excited by an argon ion laser
(Coherent Inova 300) (333-6363.8 nm) with a Pockel cell

samples to determine the extent of nonspecific binding of as a light modulator over the-200 MHz frequency range.

AO, if any, and to correct for it. The excitatiori«) and
emission fem) wavelengths used for AO were 364 and 485
nm, respectively. Band-pass widths for excitation and
emission were set at 4 and 10 nm, respectively.

The fluorescence emission of Q81 AO alone and AO
complexed with mAbs 26-10 and 45-20 (0.2 uM) or
Na",Kt-ATPase (1.6uM) was observed through a Schott
glass 418 kV cutoff filter. Magic angle polarizer conditions

Polarization data were obtained using an ISS (Industria were used, and the temperature of the samples was held at

Strumentazioni Scientifiche, Champaign, IL) Greg K2 spec-
trofluorometer. AO (0.3«tM) was incubated with increasing
concentrations of protein at 3 for 10—15 min prior to
initiating fluorescence intensity measurements. The fluo-
rescence of AO was excited &f = 360 hm using a xenon
arc lamp with an Ealing 35-3037 interference filter on the

25 °C hy a circulating water bath. An agueous suspension
of LUDOX (Aldrich Chemical Co.) was used as the reference
sample. A nonlinear least-squares fitting program (ISS, Inc.)
was used to analyze the phase and modulation data in terms
of single-, double-, and triple-exponential decays. Phakse (
and modulation 1)) data were fit by minimizing thee?

excitation side. Fluorescence emission was observed throughigoodness-of-fit) parameterd@. For all analyses, the

a Schott glass 417 kV cutoff filter. Polarization data were
obtained by exciting the samples with vertically polarized
light and observing the emission intensities through a
polarized filter oriented first in the vertical,§ and then the
horizontal () position. The total fluorescence intensity was
calculated withl = I, + 2I, and the anisotropyr) value
with r = [(IW/1y) — G)V[(I/In) + 2G], where G is the
instrumentation factor that corrects thealue for the unequal
detection by the fluorometer of vertically and horizontally
polarized light 88).

uncertainties in the phase and modulation values obtained
were taken to be 0.2 and 0.004, respectively.

Modeling of AO Binding to Antigen-Binding Fragments
(Fabs) of mAbs 26-10 and 40-5(0Models of AO binding
to mAbs 26-10 and 40-50 were generated using the known
X-ray crystal structures of the Fab 26-1@igoxin (28) and
Fab 40-56-ouabain 29) complexes. Digoxin and ouabain
were first converted to AO by modification of the appropriate
atoms while keeping the structure of the rest of the drug
Fab complex intact. Structure refinement (energy minimiza-

Forster Resonance Energy Transfer Measurements (FRET)tion) and conformational searches (dynamics simulations)
Steadyjstate determlnatl_ons of acceptor (AO)-dependentyf the models were then performed by Discover (Biosym/
quenching of donor (protein Trp) fluorescence and concurrent\s| san Diego, CA) using the consistent valence force field

enhancement of AO fluorescence occurring with the-Trp
AO pair were made using an SLM/Aminco SPF-500C
spectrofluorometer with aex of 295 nm and band-pass
widths for excitation and emission set at 4 and 10 nm,
respectively. AO (0.3uM) was incubated with excess
protein (0.6uM) for 10—15 min at 25°C, in 50 mM Tris-
HCI (pH 7.4) and 1 mM EGTA, with or without 5 mM
MgCl, and R. The Faster critical distanceR,, which is

(CVFF), to generate the most probable, thermodynamically
favorable structures. The following parameters were em-
ployed in the calculations: overlap distare®.01 A, upper
limit of the cutoff distance (cutoffy= 20.0 A, lower limit of

the cutoff distance (cutdisy 19.0 A, switching distance

1.5 A, distance-dependent dielectric1.0r, no cross term,
and no Morse. For all dynamics simulations, the -Aab
models were heated to 300 K and pre-equilibrated for 500

the distance between the donor (D) and acceptor (A) pair atjterations before data collection (10 000 iterations, snapshots

which the donor excitation energy is transferred with 50%
efficiency, was calculated using the equatiy{centimeters)
= (9.79x 107%)(Iy~*3¢pp)¢ (38, 39), wherel is the overlap

taken at 100 iteration intervals). The models were then
cooled slowly 6 0 K with an exponential decay constant of
0.5 ps (5000 iterations) and a step size of 1 fs. Graphical

integral between the donor emission and the acceptor gisplays were generated by Insight Il (Biosym/MSI).

absorption spectray is the refractive index of the solution,
«? is the orientation factor of the emission (donor) and
absorption (acceptor) dipoles, apd is the quantum yield

of the donor in the absence of acceptor. The fluorescence
quantum vyield of the donor (Trp) in the absence of acceptor

(AO) was estimated using-acetyl+ -tryptophanamide as the
standard ¢s;g = 0.13). The values of, ¢p , J, and«? used
to determineR, were as follows:n = 1.33 (refractive index
of a dilute aqueous solutiongp = 0.1,J = 5.2 x 10°%
cm?/M [acceptor extinction coefficiente] = 7800 M1
cmY], and«? = /3 (38) (assuming random orientations of

Materials. Digoxin and anthroylouabain were purchased
from Sigma Chemical Co. Ouabain was purchased from
Boehringer Mannheim. 3H]Digoxin was purchased from
Dupont New England Nuclear. All other materials used were
reagent grade.

RESULTS

Determination of mAb Affinities (Kfor AO. The affinities
of mAbs 26-10, 45-20, and 40-50 were determined as a
prerequisite for using the fluorescent ouabain derivative,

the donor and acceptor dipoles before energy transfer). Theanthroylouabain (AO), as a probe of the physical properties
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Ficure 1: Determination of the affinities of the anti-digoxin mAb o1
26-10 for digoxin, ouabain, and AO using a competitive radioligand ’
binding assay. The curves show the inhibition #f]Jdigoxin (5
nM) binding to mAb 26-10 (0.006:9/0.5 mL) by increasing 0.0 : s ‘
concentrations of digoxir®), ouabain M), and AO (). The assays 350 400 450 500 550 600
were performed in 0.5 mL of PBS (pH 7.4) with 0.05% BSA added
as a carrier protein. The ordinate shows thid]digoxin (counts Wavelength (nm)

per minute) bound to mAb in the absence and presence of varyingrigyre 2: Emission spectra of free and protein-bound AO. The
concentrations of competing, unlabeled glycoside. Each data pointfjygrescence emission spectra= 364 nm) of 0.3uM AO in

shown is the mean of two determinations. buffer and AO saturated with excess N&-ATPase (0.6:M),
mAb 26-10 (0.6¢M), mAb 45-20 (0.6:M), and mAb 40-50 (2.0
Table 1: Ki's of Digoxin, Ouabain, and AO for mABs uM) are as shown. The buffer was 50 mM Tris and 1 mM EGTA

(pH 7.4) with 5 mM MgC} and R added for AO binding to

mAb digoxinK; (nM) ouabainK; (nM) AO K (nM) Na' K+ATPase

26-10 0.09+ 0.05 3.26+ 0.74 1.22+0.19
45-20 0.02+ 0.01 0.924+0.18 0.19+ 0.07 ; ; ; i P
40-50 016t 0.13 2 29% 0.04 0.36+ 0.3 fluorescence intensity without any significant shift in the

emission maximum. However, despite the high affinity of
AO for mAb 40-50 (see Table 1), only a small enhancement
in AO fluorescenceR/F, = 1.1) was seen to occur upon its
of the digoxin binding sites of these mAbs. This was Pinding to mAb 40-50, thereby precluding further charac-
accomplished using a competitive radioligaritH{giigoxin) terization of AO blndlng to this mAb. In aII_ cases, excess,
binding assay, with a double antibody precipitation of the Unlabeled ouabain (3650 «M) blocked specific binding of
anti-digoxin mAbs. Figure 1 showgH]digoxin binding to AO (_d_ata not sh_own). AS AO flso binds nonspecifically to
mAb 26-10 as a function of increasing concentrations of the the lipids associated W'T Ng'-ATPase §2), the spectra
competing ligands digoxin, ouabain, and AO. The order of Of AO bound to N&,K*™-ATPase were obtained in the
their binding affinities as based on the values obtained ~ Presence and absence of excess ouabaip¥0to correct
was digoxin> AO > ouabain. The; values of these three for the contrl'butl_on.s 01_‘ nonspecific blr)dlrjg. These data
ligands for mAbs 45-20 and 40-50 (see Table 1) were prowded the flrstlno_hca'glon that the AQ binding environment
similarly obtained. All three mAbs were found to have a 1N Na',K*-ATPase is similar to that in mAb 26-10 but not
higher affinity for AO than for ouabain, and the order of the " MADs 45-20 and 40-50.

mAbs with respect to their affinities for AO was 45-20 Determination of the Fluorescence Emission Decay Life-
40-50> 26-10. These data showed that all three mAbs bind times of Free and Protein-Bound AQ.o further characterize
AO with high affinities, and theK; values obtained for the effects of the local protein environments of mAbs 26-10
digoxin and ouabain compare well with those previously and 45-20 and NgK*-ATPase on bound AO fluorescence,
published by Schildbach et ak7) and Jeffrey et al.q9). the fluorescence decay lifetime(sy) (and fluorescence
In contrast, the affinity of NaK*-ATPase for AO, which  polarization () of the AO—protein complexes were mea-
was determined to be 9 nM by Amler et &3( unpublished sured. Frequency domain fluorometry revealed that the

results) using spectroscopic methods, is lower than that of fluorescence of free AO decayed as a double exponential
these mAbs. with an average lifetimer{,) of 0.6 ns (see Table 2). These

Determination of Fluorescence Emission Spectra of Free results are consistent with the biexponential AO fluorescence
and Protein-Bound AO Free AO has a low fluorescence decay reported previously by Amler et 83f showing that
intensity in aqueous media with excitation and emission @ complex lifetime decay is intrinsic to the free probe and
maxima of 364 and 485 nm, respectively. To determine the nNot due to its binding to protein. Analyses of the phase and
effects of protein binding upon AO fluorescence, AO (0.3 Modulation data obtained for the Arotein complexes (see
uM) was first titrated with increasing concentrations of Table 2) once again indicated a biexponential fluorescence
Na",K+-ATPase and mAbs 26-10, 45-20, and 40-50 until decay as triexponential fits of the data did not significantly
saturation of AO binding was achieved (data not shown). improve they? (goodness-of-fit parameter) values.

The binding of AO to excess Ne&K™-ATPase and mAb 26- As shown in Table 2, the binding of AO to N&K™-

10 resulted in a 3.0- and 3.5-fold increase, respectively, in ATPase and mAb 26-10 resulted in a 9.5- and 18.8-fold
its fluorescence intensity, accompanied by a blue shift in its increase, respectively, in its average fluorescence lifetime.
emission maximum from 485 to 470 nm (see Figure 2). AO In both cases, these increaseszin are attributed to an
binding to mAb 45-20 resulted in a 1.9-fold increase in its increasedr; value and an increase in the extent (fractional

aThe values were determined using a competitive radioligand binding
assay (see Materials and Methods).
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Table 2: Excited-State Lifetimes)(of AO Bound to _arising asa res_ult of its binding to prqte_in. _However, while
Na" K*-ATPase and mAls it was not possible to make specific distinctions between the
decay averagefold increase mAbs on the basis of the values, both N§K*-ATPase
time fractional lifetime  in 7a and mAb 26-10 placed less rotational restrictions on bound
sample 7(ns) intensityf 7.y (NS) [TavTavo] AO than mAb 45-20. For perspective, thegalues obtained
AO n=15 £,=030 06 _ for these noncovalent A©protein binding interactions are
7,=0.2 f,=0.70 similar to ther values of 0.17 and 0.176 obtained for 5
AO and Nd K*-ATPaser;=6.6 f,=085 57 9.5 iodoacetamidofluorescein'¢PAF) (41) and Lucifer Yellow
AG and mAb 26-10 ZZ 2;7 EZ 8:%? 113 18.8 (33) covalently bound to the NaK*-ATPasen subunit Cys-
=06 f,=029 457 andj carbohydrates, respectively, but significantly lower
AOand mAb 45-20 7, =22 £,=059 15 25 than ther value of 0.36 reported by Abbott et a3) for
=05 f,=041 fluorescein 5isothiocyanate (FITC) covalently linked to the

aTo determine the rate(s) of AO fluorescence emission decay, the Na",KT-ATPasea subunit Lys-501 (ATP binding domain).
frequency response of the fluorescence of free AO (08 and AO Therefore, the values reported here are consistent with a
"n‘fégufl’;‘tﬁgﬁsﬂzr‘ﬁgi:ciélslesfeﬂmgtg‘;’;s";?mg?hé’a’srfoa: éae?gues )Of decrease in the degree of rotational freedom of the anthroyl
represents theqaverage fluorescence lifetime, mnel represents the molety arising from the location of AO in a b|nd|_ng cleft or
average lifetime of free AO. The buffer was 50 mM Tris and 1 mM pocket which is close to the surface of the proteins. Indeed,
EGTA (pH 7.4) with 5 mM MgC} and R added for measurements  the X-ray crystal structures of structures of digoxin bound
with Nat,K+-ATPase. to Fab 26-1028) and ouabain bound to Fab 40-5®) show

the lactone and steroid rings and a portion of the sugar moiety
Table 3: Effect of AO Binding to N&K*-ATPase and mAbs on Its ~ Of these cardiac glycosides located in a superficial, water-

Anisotropy ()2 free binding domain
sample anisotropy} Measurement of Fster Resonance Energy Transfer
AO in buffer 0.078% 0.003 (FRET) from Protein to AO.In gddltlon to the spectral data
AO and Na K+-ATPase 0.15% 0.004 obtained by the direct excitation of AO fluorescence, the
AO and mAb 26-10 0.173 0.002 fact that the emission spectrum of tryptophan (T (=
AO and mAb 45-20 0.193 0.002 340 nm) overlaps well with the absorption spectrum of AO

aThe anisotropyr) values of free AO (0.&M) and bound AO were (Aex = 364 nm) allows determination of long-range inter-
determifrlled at iﬂgerf?ssei}ggl\f;?etﬁi‘;scggge&teff\;ioodnss) L:%jggugg rlgsoﬁézg K2molecular, nonradiative ‘Fster resonance energy transfer
spectrofluorome . i i
alrae for AO saturated with protein (0:BV). Eachr value is thepmean (FRET). between this donor (Trp) and acce_pto_r (AO) pair
of five measurements. (for review, see ref88and39). FRET determinations have

been shown to be extremely useful in determining denor

intensity, f;) to which 7; contributes to the total emission. acceptor distances as the rate and efficiency of energy transfer
The increase in the,, value of AO to 5.7 ns upon binding  are inversely proportional to the sixth power of the distance
to Na*,K*-ATPase is in agreement with thg, value of 5.8 between the donor and acceptor. Thiesker critical distance
ns reported previously by Amler et aB3). However, the (Ro), i.e., the donoracceptor separation distance at which
9.5- and 18.8-fold increases in the average AO fluorescence50% of the excitation energy of the donor is transferred to
lifetime are greater than the 3.0- and 3.5-fold increases in the acceptor, was estimated to be 21 A for the-TA®
its steady-state fluorescence upon binding td,Ka-ATPase donor-acceptor pair, assuming relatively free rotation of both
and mAb 26-10, respectively (see Figure 2). This suggestsdonor and acceptor (see Materials and Methods).
that some static quenching of AO may be occurring upon  To further compare the binding sites of AO in the mAbs
complexation, in addition to an increaserny. In contrast with the binding site in N&,K™-ATPase, we determined if
to the large increase ir, seen upon AO binding to NaK*- there was any FRET occurring from mAb Trp(s) to AQ, in
ATPase and mAb 26-10, AO binding to mAb 45-20 resulted a manner analogous to that seen with the enzy8®. (
in a smaller, 2.5-fold increase in, with less shift between  Protein Trp fluorescence was selectively excited at 295 nm
the fractional intensities (see Table 2). Further, the increasein the presence and absence of AO. The Trp fluorescence
in the average lifetime of AO was only marginally greater intensity of Na ,K*-ATPase (a total of 16 Trp residues with
than the 1.9-fold enhancement of its fluorescence intensity the a and 8 subunits combined) was observed to bé-
upon binding to mAb 45-20 (see Figure 2). These results fold greater than that of an equimolar concentration of mAb
are consistent with the idea that the environments of AO in 26-10 (24 Trp residues), suggesting that the Trp residues in
Na,K*-ATPase and mAb 26-10 are similar but differ from mAb 26-10 were more quenched than those in the enzyme.
that of AO in mAb 45-20. Similarly, the Trp fluorescence intensities of mAbs 40-50

Determination of the Fluorescence Anisotropies of Free and 45-20 were-4- and 8-fold lower, respectively, than that
and Protein-Bound AO The anisotropyr{, or rotational of an equimolar concentration of N&*-ATPase. Figure
freedom of a fluorophore, is dependent on the rigidity of 3a shows the decrease in NK™-ATPase donor (Trp)
the probe within its binding environment. The extent of fluorescence emission (10.2%) at 340 nm as well as a distinct
polarization of bound AO fluorescence was, therefore, increase in acceptor (AO) fluorescence (observéd above
determined to further distinguish between these proteins. The400 nm) resulting from the transfer of energy from excited
increase in the value of free AO from 0.078 to 0.158 or Trp(s) of Na ,K*-ATPase to added AO. Excitation of
greater (see Table 3) observed upon titration of the probeintrinsic mAb 26-10 Trp fluorescence at 295 nm also resulted
with mAbs 26-10 and 45-20 and N&*-ATPase is con- in a pronounced transfer of energy from excited mAb Trp-
sistent with a decreased rotational mobility of the probe (s) to AO, accompanied by a small decrease (3.4%) in Trp
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Ficure 3: Farster resonance energy transfer from (a) Trp(s) inf,Ka-ATPase to AO and (b) Trp(s) in mAb 26-10 to AO. The Trp
fluorescence of NgK*-ATPase (0.6:M) and mAb 26-10 (0.6(M) was selectively excited at 295 nm in the absence (1) and presence (2)

of 0.3uM AO, and the resultant fluorescence emission was monitored between 310 and 550 nm as shown. Excess oudibpina&0

added to reverse (3) the quenching of donor (Trp) fluorescence by the acceptor (AO). The buffer was 50 mM Tris-HCI (pH 7.4) and 1 mM
EGTA with 5 mM MgCL and R added for measurements with NK*-ATPase.
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FiGure 4: Models of AO binding to antigen-binding fragments (Fabs) of (a, left) mAb 26-10 and (b, right) mAb 40-50. Models were
generated as previously described (see Materials and Methods). Heavy (H) and light chain (L) Trp residues are shown in orange, and Tyr
residues H108and H100 in Fab 40-50 are shown in pink. The lactone and steroid rings are buried in the mAb binding sites with the sugar
(rhamnose) partially exposed to the solvent. The anthroyl group at position C-3 of the rhamnosedsi(&jom Trp-H100 in Fab 26-10

and (b)~6 and 10 A, respectively, from Tyr-H1@Gnd Tyr-H100 and-~17 A from Trp-H52 and Trp-L35 in Fab 40-50.

fluorescence emission (see Figure 3b). Similar FRET studies3b), as ouabain alone quenche2.5% of the mAb Trp
with mAbs 45-20 and 40-50 were quite distinct in that they fluorescence at these concentrations (data not shown).
showed that no transfer of energy from their Trp residue(s) Modeling of AO Binding to Antigen-Binding Fragments
to AO (data not shown) despite the presence of similar (Fabs) of Antibodies 26-10 and 40-50To visualize the
numbers of Trp residues. In control experiments, quenching possible interaction(s) between the anthroyl moiety of AO
of donor (Trp) fluorescence by the acceptor (AO) was and the mAb amino acid residues contributing to the AO
prevented by prior addition of excess ouabain (80) to fluorescence parameters measured above, we simulated AO
both Na',K*-ATPase and mAb 26-10 (see Figure 3a,b). binding to Fabs of antibodies 26-10 and 40-50. Models of
However, unlike the case with the enzyme, the decrease inthe AO—mAb complexes were generated (see Figure 4a,b)
mAb 26-10 Trp fluorescence due to FRET was not fully as described (see Materials andMethods) using the known
reversed upon the addition of excess ouabain (see Figurecrystal structures of the digoxifFab 26-10 28) and
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ouabain-Fab 40-50 complexe®9). The AO-Fab com- unlike Na",K*-ATPase, these mAbs do not undergo ligand-
plexes were first solvated and then refined by energy dependent conformational changes that alter their glycoside
minimization calculations and dynamics simulations, fol- binding affinities 8, 29).
lowed by a second round of energy minimization calcula-  Although mAb 26-10 has the lowest affinitiK{) for AO
tions, to attain models of the most probable AO conformation of the three mAbs studied, our spectroscopic data show that
in these complexes. The anthroyl moiety did not move from only it, like Na", K*-ATPase, binds AO, producing a large
its initial position close to the edge of the 26-10 Fab antigen- increase in its fluorescence intensif/f, = 3.5) and a blue
binding pocket at the start of the dynamics simulations and shift in its emission maximum. This indicates that in both
continued to stay within-3 A of the heavy chain aromatic  proteins the binding of AO places the anthroyl moiety in a
residue Trp-H100 for the duration of these simulations (see less solvent-exposed and more hydrophobic environment.
Figure 4a). Further, there was no apparent change withThis is also consistent with the idea that binding of cardiac
respect to the orientation of ouabain in the Fab relative to glycoside to the physiological receptor, i.e.,N&"-ATPase,
that of bound digoxin. Similar energy minimization and occurs in a hydrophobic cleff]. The enhancements in AO
dynamics runs were also used to refine the model of AO fluorescence seen upon AO binding to\&"-ATPase and
binding to Fab 40-50. The model (see Figure 4b) revealed mAb 26-10 are also reflected in the dramatic increases in
the absence of a Trp residue in the corresponding region ofthe average AO fluorescence decay lifetime from 0.6 ns to
the mAb heavy chain and the presence of two Tyr residues,5.7 and 11.3 ns, respectively. These 9.5- and 18.8-fold
Tyr-H100a and Tyr-H100, at distances of6 and 10 A, increases in average AO fluorescence lifetimes upon binding
respectively, from the anthroyl moiety. The closest Trp Na,K™-ATPase and mAb 26-10 can be, similarly, attributed
residues, Trp-H52 and Trp-L35, are locateti7 A from the to the existence of a hydrophobic environment in the vicinity
anthroyl moiety. This distance gives a calculated efficiency of the anthroyl group. Interestingly, the high-affinity binding
of energy transfert) to AO of 84% and a 7% quenching of of AO to mAbs 45-20 and 40-50 produces much smaller
mAb 40-50 Trp fluorescence. However, the fact that no increases in its fluorescence intensity without any blue shift
transfer of energy was seen upon excitation of mAb 40-50’s in its emission maximum, suggesting that the immediate
Trp fluorescence suggests that these residues, together witlenvironment of the bound probe in these antibodies is less
the Trp residues (Trp-36, Trp-47, and Trp-103) located near hydrophobic. The considerably smaller, i.e., 2.5-fold in-
the glycoside lactone moiety, may already be highly quenched.crease in the average fluorescence lifetime of AO complexed
to mAb 45-20, is consistent with this idea.
DISCUSSION Fluorescence anisotropy measurements show that mAbs
The objective of this study was to determine whether the 26-10 and 45-20 and Ng&K*-ATPase bind AO with similar
digoxin binding sites of mAbs are capable of mimicking that increases in AO rigidity, suggesting that the differences in
of the physiological receptor for cardiac glycosides, i.e., AO fluorescence enhancement seen with mAbs 26-10 and
Na",Kt-ATPase. If this is the case, it may be possible to 45-20 can be primarily attributed to differences in the polarity
use this novel model receptor(s) system to determine theof the environment of the anthroyl moiety in these mAbs
relationship between protein structure and high-affinity and not to differences in their AO-binding affinities which
cardiac glycoside binding. The lack of a crystal structure are 1.22 (mAb 26-10) and 0.19 nM (mAb 45-20), respec-
for Naf,K™-ATPase coupled with the inability of photoaf- tively. As discussed earlier, the magnitude of the difference
finity labeling (10, 11) site-directed mutagenesis studies of in the extent of polarization of the probe upon binding to
the ouabain-sensitive N&K™-ATPasea subunit (3—22), either mAb 26-10 or 45-20r (= 0.17 or 0.19, respectively)
and studies using chimeric constructs of & -ATPase 23, is not sufficient to distinguish between them with respect to
24) to identify the Nd,Kt-ATPase cardiac glycoside binding their binding of AO. However, the slightly highervalue
site, underscores the need for alternative experimentalfor AO bound to mAb 45-20 suggests a more restrictive
approaches. Consequently, high-affinity anti-digoxin anti- binding interaction.
bodies whose crystal structures are known are good candi- Forster resonance energy transfer (protein Trp to AO)
dates for study as potential models of the cardiac glycosidestudies by Fortes3@) and Trp-dependent photoaffinity
receptor. labeling studies of NgK*-ATPase withp-aminobenzene-
Fortes 82) and Amler et al. 3; unpublished results) have  diazonium (ABD)-ouabain by Goeldner et al4%) have
shown that AO binds NgK*-ATPase in the presence of implied that one or more Trp residues are located at or near
Mg?t and R with a nanomolar affinity essentially identical the cardiac glycoside binding site. More recently, however,
to that of ouabain. Our radioligand binding data indicate mutation of the conserved Trp-310 which is in the second
that the presence of the fluorescent anthroyl moiety at C-3 extracellular loop of the sheel subunit of N&,K™-ATPase
of the sugar (rhamnose) of ouabain, likewise, does not hinderand is a likely candidate for interacting with the glycosides
its binding to the three mAbs studied, and in fact, AO binds was shown to have no effect on the ouabain binding affinity
to these mAbs with affinities higher than that of ouabain. (46). Our data showing significant IFster energy transfer
However, these antibodies are different from & -ATPase from Trp residue(s) of lamb kidney NgK*-ATPase to AO
in that they show a pronounced preference for digoxin over are consistent with at least one Trp residue being close to
other cardiac glycoside2®). Our results indicate that the the AO-binding site in N&,K*™-ATPase, but it does not
affinities of mAbs 45-20, 40-50, and 26-10 for digoxin (their provide any information on its involvement in the binding
original antigen) are 14-, 46-, and 36-fold greater, respec- interaction. The fact that there are a total of 12 Trp residues
tively, than their affinities for ouabain. The enzyme, despite in theo subunit and 4 in thg subunit of the N&,K*-ATPase
species variations, rarely shows a more than 2-fold differenceand that their relative contributions to the energy transfer
(43, 44) in its affinity for digoxin and ouabain. In addition, process are not known makes the calculation of a definite
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distance between one or more contributing Trp residue(s) Trp-H100 residue prolongs the lifetime of the excited state
and AO difficult. However, estimates of the approximate of AO, resulting in an increase in its fluorescence intensity
numbers of Trp residues involved can be made on the basisand a blue-shifted emission maximum. The absence of
of the efficiencies of the observed energy transfer, assumingForster energy transfer between mAb 40-50 and AO is
that all the Trp residues in NgK™-ATPase are contributing  consistent with the absence of a Trp residue in the corre-
equally to the fluorescence signal. The observed energysponding region of the mAb heavy chain. In addition, it
transfer from Trp residues in Ng&K*-ATPase to bound AO  suggests either that the 5 Trp residues which are located close
is 10.2%, which is more than sufficient to completely quench enough (1720 A) to the anthroyl moiety for efficient energy
the fluorescence of at least one Trp residue, placing it a transfer to occur are not in the appropriate orientation for
distance of~10 A or less from the anthroyl moiety. Ifonly  transfer to occur or that their fluorescence is already
2 out of the 16 Na,K™-ATPase Trp residues are involved quenched. It appears, therefore, that the location of a Trp
in the energy transfer process, this would result in a transfer residue at position 100 in the mAb 26-10 heavy chain is
efficiency of about 82% for each Trp and place them at an crycial for energy transfer and suggests that mAb Trp
average distanceR{,) of ~17 A from the anthroyl moiety.  residue(s) must be located a distance of less than 17 A from
The appearance of AO fluorescence emission upon excita-the anthroyl moiety for FRET to occur.

tion of the intrinsic fluorescence of mAb 26-10 and not mAbs
45-20 and 40-50 suggests that one or more Trp residues isd
uniquely located in the vicinity of the AO-binding site in
mAb 26-10 with relative orientations of AO and Trp residue- exposed to solvent2g, 29). It is believed that cardiac

(s) similar to those in NgK*-ATPase. Consistent with this, ) , T . )
the crystal structure of digoxin bound to Fab 26-10 shows a glyc03|des bind NaK™-ATPase either at a hydrophobic cleft

. o -~ in the protein surface or by partially inserting their hydro-
Trp residue (Trp-H100) on the edge of the binding site ; . A
mgking contaEct IC\)/vith th)e lactone ar?d steroid backbgne of phobic surfapes into the “p'.d. bilayer betyveen fransmembrane
digoxin (28). In contrast, the crystal structure of ouabain segments with the hydrophilic sugar moiety(s) partly exposed

: to solvent {). It has also been proposed that high-affinity
bound to Fab 40-50 shows two Tyr residues (Tyr-H100 and . . i .
Tyr-H1008) located in the mADb binding site, making contacts binding of the cardiac glycosides to NK "-ATPase requires

L : ; .. the presence of a lipid barrier over the binding s4&)(
with either the sugar moiety and steroid backbone of digoxin -
or the sugar moiety alone9). It is likely, therefore, that The_ AO—_mAb 2.6'10 bllndmg c.ia}ta suggest tha_\t the presence
the absence of a Trp residue in this region of mAb 40-50 is of lipids n the immediate vicinity Of. the cardlqc g!ycoade
responsible for the differences in the fluorescence propertiessug"]‘.r mmety(s) may not be essentlal for dupllcanon of th.e
of AO bound to mAbs 26-10 and 40-50. Although the physical environment surrounding the glycoside sugar(s) in

complete amino acid sequence and X-ray crystal structuretN® enzyme. Furthermore, the data also indicate that for
of mAb 45-20 is not available at this time, we hypothesize efficient energy transfer to occur between Trp residue(s) in

that its heavy chain, likewise, does not contain a Trp residue Na’,K*-ATPase and AO, one or more Trp residues must be
at position H100. situated Igs_s than 17 A from the anthroy_l moiety of ouabain.
We have generated models of AO in Fabs 26-10 and 40- Although _|t is not clear at_ the prgsent time whether any of
50 using the published crystal structures of digoxin bound the contributing Trp residues in N&K™-ATPase are a
to Fab 26-1028) and ouabain bound to Fab 40-529) to determlnant of oubam_sensnwlty, our model shows that Trp-
investigate the contributions of mAb structure to the observed H100 in mAb 26-10 interacts with the anthroyl group of
changes in AO fluorescence upon binding. Our model of ouabain. Trp-H100 has also been shown to be located in
AO bound to Fab 26-10 suggests that Trp-H100, which is th_e mADb cardiac glycoside b_lndlng pocket, ma_klng contact
located on the surface of the mAb, is a distance~Gf A with the lactone and steroid backbone of digox@B)(
from the anthroyl moiety with its short axis perpendicular Studies are underway, using site-directed mutagenesis, to
toit. The Faster critical distance, i.e., the THAO donor- determine whether Trp-H100 in mAb 26-10 is responsible
acceptor separation distance at which 50% of the excitationfor the observed changes in AO fluorescence and is a
energy of the donor is transferred to the acceptor' was determinant of AO blndlng aﬁlnlty It will be interesting to
estimated to be 21 A. This suggests that Trp-H100 should determine whether replacement of Tyr-H100 and/or Tyr-
very easily meet both distance and donacceptor orienta-  H100a in the heavy chain of mAb 40-50 with Trp will
tion (parallel or perpendicular to each other) criteria necessaryproduce changes in AO fluorescence similar to those seen
for significant energy transfer to occur (for review, see refs With AO binding to mAb 26-10.
38and39). In fact, the calculated efficiency] of energy In conclusion, the similarities in the fluorescence properties
transfer based on aR value d 3 A is 99.9%. Assuming of AO bound to either mAb 26-10 or N&K™-ATPase
that all of the 24 Trp residues in mAb 26-10 contribute ndicate that an anti-digoxin antibody can duplicate many
equally to the Trp fluorescence signal, complete transfer by of the properties of the physiological receptor. This anti-
one Trp residue would cause a 4.2% fluorescence decreasgjigoxin antibody could, therefore, serve as a model receptor

in the observed signal. This is consistent with the observed for the study of cardiac glycoside binding to Ni&™-ATPase.
3.4% quenching of mAb Trp fluorescence which givedan

value of 81% and is in agreement with our modeling studies. ACKNOWLEDGMENT
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