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The ABC transporter, P-glycoprotein, is an integral membrane protein
that mediates the ATP-driven efflux of drugs from multidrug-resistant
cancer and HIV-infected cells. Anti-P-glycoprotein antibody C219
binds to both of the ATP-binding regions of P-glycoprotein and has
been shown to inhibit its ATPase activity and drug binding capacity.
C219 has been widely used in a clinical setting as a tumor marker, but
recent observations of cross-reactivity with other proteins, including
the c-erbB2 protein in breast cancer cells, impose potential limitations
in detecting P-glycoprotein. We have determined the crystal structure
at a resolution of 2.4 Å of the variable fragment of C219 in complex
with an epitope peptide derived from the nucleotide binding domain
of P-glycoprotein. The 14-residue peptide adopts an amphipathic
a-helical conformation, a secondary structure not previously ob-
served in structures of antibody–peptide complexes. Together with
available biochemical data, the crystal structure of the C219-peptide
complex indicates the molecular basis of the cross-reactivity of C219
with non-multidrug resistance-associated proteins. Alignment of the
C219 epitope with the recent crystal structure of the ATP-binding
subunit of histidine permease suggests a structural basis for the
inhibition of the ATP and drug binding capacity of P-glycoprotein by
C219. The results provide a rationale for the development of C219
mutants with improved specificity and affinity that could be useful in
antibody-based P-glycoprotein detection and therapy in multidrug
resistant cancers.

Multidrug resistance is the prevalent cause of treatment failure in
cancer chemotherapy. At present, the best understood mecha-

nism of acquired resistance to anticancer drugs is the increased
expression of multidrug resistance gene 1 (MDR-1)-encoded P-
glycoprotein (Pgp). Pgp is a 170-kDa integral membrane protein,
originally identified by Ling and colleagues (1), that is frequently
overexpressed in cancer cells subjected to prolonged chemotherapy.
Pgp is a member of a large, widespread family of ATP-driven
transport proteins called ATP-binding cassette (ABC) transporters.

In recent years, the members of the ABC transporter superfamily
have attracted study because of their important roles in biological
processes in both prokaryotes and eukaryotes, and especially be-
cause of their association with major biomedical issues such as cystic
fibrosis, antigen presentation, and multidrug resistance (MDR) in
cancer- and HIV-infected cells (2, 3). For understanding of the mo-
lecular basis of MDR, an atomic structure of Pgp would be of consid-
erable importance, in particular for elucidating the basis of substrate
recognition and the mechanism by which ATP drives the transport
process. A structure would also contribute valuable information on
other members of the ABC superfamily and the clinical problems that
are associated with dysfunction of these proteins. Attempts to deter-
mine the structures of ABC transporters and their separate domains
have had limited success to date. Structural information on Pgp is
limited to a low resolution study by electron microscopy (4).

Based on amino acid sequence analysis, Pgp is thought to consist
of two homologous halves, each containing a six-helical membrane-
spanning domain involved in drug efflux and a cytosolic nucleotide-
binding domain (NBD).

One approach to obtaining information on the structural aspects
of the functional domains of Pgp is the use of monoclonal antibodies
elicited against peptide regions of the protein. One of these antibodies,

C219, was elicited against SDS-solubilized plasma membranes of
multidrug-resistant Chinese hamster ovary and human cell lines (5)
and binds to a conserved cytoplasmic region present in all classes
of P-glycoprotein NBDs from rodents and humans. Screening of
the C-terminal cytoplasmic domain with a series of hexapeptides
identified a continuous region containing the core sequence of
VQEALD (6). Anti-P-glycoprotein antibody C219 binds to both of
the ATP-binding regions of Pgp and has been shown to inhibit its
ATPase activity (7, 8). In addition, C219 has the capacity to inhibit
drug binding to the membrane-spanning domains of Pgp (7).

C219 is by far the most widely used antibody for Pgp immuno-
detection in the clinic and the laboratory (6, 9–13). Observations of
cross-reactivity between C219 and other proteins besides Pgp and
recognition of classes of Pgps that are not involved in multidrug
resistance, such as human MDR3 Pgp and a sister protein of Pgp,
impose a potential limit on the utility of C219 in MDR diagnosis
(14–19). Recent findings of cross-reactivity with p185c-erbB2, a protein
that can be overexpressed in breast cancer cells, have urged caution in
interpreting the results of immunodetection of Pgp in these cells. As a
tool to address these problems, recombinant molecules based on C219
have been developed in our laboratory, and the crystal structure of the
unliganded C219 variable fragment (Fv) has been determined (20).

Here, we present the structure of the C219 Fv fragment in complex
with 14-residue NBD epitope peptide VVQEALDKAREGRT con-
taining the core amino acid sequence of the NBD epitope. These results
provide significant information on the molecular recognition by
antibody C219 of Pgp’s cytosolic domains. Furthermore, the results
suggest a structural basis for C219’s cross-reactivity, the inhibition
of the ATP-driven drug-efflux pump, and binding of drugs to Pgp.
This information provides a rationale for engineering anti-Pgp
antibodies with improved specificity and affinity that could be
useful in tumor imaging and therapeutic targeting strategies.

Methods
Expression of C219 Single-Chain Fv. The anti-P-glycoprotein single-
chain Fv fragment was constructed from cDNA derived from
hybridoma cells secreting the monoclonal antibody C219, by cloning
the variable region genes and expressing them in Escherichia coli as
described (20).

Peptide Synthesis. The 14-amino acid NBD-epitope peptide, with
sequence VVQEALDKAREGRT, was synthesized by using stan-
dard solid phase technology. The peptide was purified by using a
semipreparative reversed phase column on HPLC. The peptide
peak was confirmed by amino acid analysis and mass spectrometry.
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Crystallization, Data Collection, and Structure Determination. Crys-
tals of single-chain (scFv) C219 were grown in the presence of
NBD-epitope peptide (ratio: 1:1) in hanging drops containing 40%
(volyvol) 2-methyl-2,4-pentanediol in 50 mM Mes buffer (pH 6.3).

A complete data set was collected from a crystal with dimensions
0.2 3 0.2 3 0.15 mm, on a MAR-Research Imaging Plate (MAR
Research, Hamburg, Germany) on a Rigaku (Tokyo) Rotaflex
rotating anode with a copper target and Osmic focusing optics
(Osmic, Troy, Michigan). Diffraction data were processed by using
DENZO and SCALEPACK (21). Data collection and refinement sta-
tistics are summarized in Table 1.

Two C219 scFv molecules were located in the asymmetric unit by
molecular replacement in AMoRe (22, 23) using a monomer of the
unliganded C219 scFv [Protein Data Bank ID code 1AP2 (20)] as
a search model. Rigid body and structure refinement were per-
formed by using the program Crystallography and NMR System
[CNS (24–27)]. Structure refinement consisted of repeated rounds
of simulated annealing in combination with torsion angle dynamics
and positional and B-factor refinement, using a maximum likeli-
hood target. A randomly sampled Rfree set consisting of 10% of the
collected data was set aside for cross-validation and sA weighting.
Refinement procedures were preceded by calculation of a bulk-
solvent model and estimates of sA and weight values, followed by
conjugate gradient minimization. Molecular model building along
with the automated refinement procedure was performed in O (28)
by using sA weighted electron density maps.

As the structures of the uncomplexed scFv and the scFv-peptide
complex were refined using different refinement techniques, for good
comparison of both models, the unliganded Fv fragment was re-refined
by using the maximum likelihood target and torsion angle refinement
method (refinement statistics for both models are shown in Table 2).

Buried surface area values were derived from the change in
solvent accessible surface area values between the uncomplexed
and complexed C219 binding site and peptide according to Con-
nolly (29), by using a probe radius of 1.7 Å.

Results
Structure Determination. The structure of scFv C219-peptide com-
plex was solved by molecular replacement using the unliganded
scFv C219 as a search model [PDB ID code 1AP2 (20)]. The results
of the crystallographic refinement are summarized in Table 1.
Geometrical parameters, analyzed by PROCHECK (30) and WHAT IF
(31) showed acceptable values for a crystal structure at 2.4 Å
resolution (Table 2).

Overall Structure of the C219 NBD Peptide Complex. In the final model
of the C219-peptide complex, the two molecules that were found in the
asymmetric unit (throughout the text referred to as molecules I and II)
displayed electron density for all 112 light chain and 120 heavy chain
residues. Continuous and unambiguous density was also seen for the
complete peptide (14 residues) in scFv C219 molecule II (Fig. 1). For
molecule I, electron density was readily interpretable for residues 1–7.
For residues 8–11, only backbone and Cb atom density was observed;
therefore, the side chain atoms of these residues were excluded.
Electron density was poor for peptide residues 12, 13, and 14 in
molecule I, and these were not included in the model.

At the N terminus of the light chain, three residues of the OmpA
leader sequence (Phe-2L, Val-1L, and Arg 0L) could be identified
in the electron density of both molecules. (For reference to residue

numbers, the suffices L and H refer to antibody light and heavy
chains, respectively, P refers to epitope peptide, and S refers to
solvent atoms.) Near the C terminus of the heavy chain, additional
electron density was observed for residues belonging to the carboxy-
terminal c-myc epitope tag: Ser 121H, Gly 122H, and Ser 123H in
molecule I and, additionally, Glu 124H and Gln 125H in molecule
II. No density was seen for residues of the histidine tag. Although
the linker peptide that connects the Fv C219 light and heavy chain
was intact in the crystallization experiments (data not shown), no
corresponding electron density was observable.

The C219 scFv molecules in the asymmetric unit are virtually
identical. The individual light and heavy chains show rms deviations
for a-carbon atoms of 0.35 and 0.39 Å, respectively, and a rms
deviation of 0.52 Å was found when the complete C219 Fv
fragments were superimposed.

Peptide Structure. In accord with the peptide’s propensity in solu-
tion (20), both NBD-epitope peptides in the structure of the
liganded scFv C219 exist in an amphipathic a-helical conformation.
In molecule II, the peptide forms a 3.5-turn helix (Fig. 2) stabilized
by additional intrapeptide hydrogen bonds between the N«2 nitro-
gen and the carbonyl oxygen of Gln 3P and the Od2 of Asp 7P (Fig.
3A) and a salt bridge between the side chain Od1 of Asp 7P and the
guanidinium nitrogen NH1 of Arg 10P. The 2.5-turn helical peptide
in molecule I is virtually identical to the corresponding portion of
the peptide in molecule II: Superposition of the epitope residues 1–7 of
both peptides resulted in a rms deviation of 0.195 Å for Ca atoms.

The C219 NBD-Peptide Interface. The binding of the 14-residue NBD
peptide to the C219 binding site buries 700 Å2 (compared with
900–1,100 Å2 in other Fab-peptide complexes) of highly comple-
mentary, predominantly hydrophobic surface area from both bind-
ing partners (342 Å2, from the peptide; 354 Å2 from the binding site
in molecule II). The C219 binding site is a shallow groove that is
flanked on one side by an aromatic wall composed of tyrosine
residues (loop H1 and H3) and by an open basic patch (loops H1
and H2) on the other side (Fig. 2). (Complementarity determining
regions from the heavy chain are indicated by the prefix H, and from
the light chain by the prefix L.) The floor of the groove is composed

Fig. 1. Electron density cor-
responding to the helical pep-
tide epitope in molecule II.
Density is calculated with co-
efficients uFobs 2 Fcalcuph(calc)
before incorporation of the
peptide into the model. The
final conformation of the
epitope is superimposed in
thick bonds. Residues in the
epitope are identified by sin-
gle letter residue type. This
figure was prepared with the
program O (28).

Table 1. Data collection statistics

Resolution, Å 2.4
Space group P212121
Cell dimensions, Å 68.8, 82.7, 94.0
Reflections, n, overall; shell 2.46–2.40 Å 142245; 5585
Unique reflections, n, overall; shell 2.46–2.40 Å 21637; 1267
Completeness, %, overall; shell 2.46–2.40 Å 98.7; 88.8
I/sI , 2, %, overall; shell 2.46–2.40 Å 16.0; 44.0
Rsymm 5 SuI 2 ^I&uyS^I& overall; shell 2.46–2.40 Å 0.084; 0.472

Table 2. Refinement statistics

C219-peptide
complex, 2AP2

Unliganded C219,
1AP2

Resolution, Å 500–2.40 500–2.36
R, % 23.1 22.0
Rfree, % 27.4 27.3
Atoms, n 3956 3722
Residues, n 501 468
Water molecules, n 164 102
rms deviation bonds, Å 0.006 0.005
rms deviation angles 1.19° 1.02°
Residues with unfavorable f, C 4 0
rmsd improper dihedrals 0.68° 0.71°
Average B-factors, Å2 36 16
Crossvalidated sA error, Å 0.50 0.51
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of residues Leu 102L, Tyr 100L, Arg 99H, Phe 33H, and Val 101H.
The binding side is lined by residues Ser 99L, Tyr 98L, Tyr 38L, Tyr
105H, Tyr 104H, and Ser 103H. The C219 binding site mainly
interacts with the hydrophobic face of the NBD-peptide formed by
the side chains Val 1P, Val 2P, Leu 6P, and Ala 9P (Fig. 3 B and
C). The side chain of Val 2P at the N-terminal side of the peptide
is deeply embedded in a hydrophobic slot, making van der Waals
contacts with the side chains of hypervariable loop L3 residues Ser
99L, Tyr 100L, and Leu 102L (Fig. 3B). The side chain of Leu 6P
is similarly isolated within the C219 binding groove and makes van
der Waals contacts with the side chains of Phe 33H, Arg 99H, and
Tyr 105H. The side chains of Val 1P and Ala 9P face the
hydrophobic patches on either side of the binding groove (Fig. 2).
The aromatic wall of the binding side composed of tyrosine residues
Tyr 38L, Tyr 98L, Tyr 104H, and Tyr 105H interacts with the N
terminus of the peptide through hydrophobic stacking interactions
and by hydrogen bonding (Fig. 3A). The backbone oxygen of Tyr
98L is involved in a capping interaction with the N-terminal
nitrogen of the peptide and forms a hydrogen bond with the amide
nitrogen of Val 2P; the O«1 oxygen of Gln 3P forms a hydrogen
bond with the hydroxyl oxygen of Tyr 38L and with the carbonyl
oxygen of Tyr 104H. In molecule I, the latter interaction involves
the N«2 nitrogen of Gln P3 (Fig. 3A). Two water molecules are
found to contribute to the shape complementarity between the N
terminus of the peptide and the aromatic wall. Both interact with
the backbone of the peptide, forming a hydrogen bond with the
amide nitrogen of Gln 3P and a capping interaction with the
terminal nitrogen of Val 1P (Fig. 3 B and C).

In the two noncrystallographically related molecules, different
interactions are seen in the hydrogen bonding pattern of Asp 7P
(Fig. 3C). In both molecules, a hydrogen bond interaction exists
between the Od1 group of Asp 7P and Tyr 104H, mediated by a
water molecule. In molecule I, this water molecule (37S) bonds with
the hydroxyl oxygen of Tyr 104H; in molecule II, the water molecule
(16S) interacts with the carbonyl oxygen of the same tyrosine
residue (Fig. 3C). In molecule II, the Od1 oxygen of Asp 7P is
furthermore involved in an intrapeptide charge interaction with gua-
nidinium nitrogen NH1 of Arg 10. In addition, the aliphatic moiety of
the Arg 10P forms a hydrophobic stacking interaction with the back-
bone of loop H3 residue Ser 103H. Only sparse density was seen for the
Arg 10P side chain in molecule I. At the C-terminal end of the peptide
in molecule II, the helix is tightly anchored to the C219 binding site
through a salt bridge between the guanidinium group of Arg 13P and

the side chain of Asp 52H. The interaction is strengthened further by
hydrogen-bonding interaction with the backbone Lys 30H and by
van der Waals interactions with Val 101H. The two different
conformations of Tyr 102H (loop H3) in molecule I and II shown
in Fig. 3C are attributable to different crystal packing interactions.

The minimal epitope of C219 has been mapped to the amino acid
sequence VQEALD in the C-terminal half of Pgp and VQAALD
in the N-terminal half (6). These epitope mapping results corre-
spond well with the electron density seen in the crystal structure for
the peptide in C219 molecule I. It is very likely that the binding
motif seen in molecule I is a more typical binding mode for the
epitope because it is not biased by the involvement of its peptide
residues in crystal contacts, as is the case in molecule II.

Crystal Contacts. The C terminus of the peptide in molecule II is
involved in 13 crystal contacts, which is 10% of all of the crystal packing
interactions. Heavy chain residues of three symmetry-related copies of
molecule I play a dominant role in the contacts with the peptide. The
packing interactions mediated by the peptide residues from molecule II
include nine van der Waals interactions with Lys P8, Glu P11, Gly P12,
Arg P13, and Thr P14; two hydrogen bonds with the carbonyl oxygen
of Gly P12 and Og1 oxygen of Thr P14; and two charge interactions
with the Nz nitrogen of Lys P8 and with the O«2 oxygen of Glu P11.

Comparison Between Unliganded and Complexed C219 Structures.
Superposition of the variable light chain framework regions (Fig. 4)
reveals a 4° rotation between the variable heavy chains of the
unliganded C219 Fv (PDB ID code 1AP2) and the C219 Fv peptide
complex (PDB ID code 2AP2) about an axis parallel to the VL-VH
pseudo-two-fold axis. This rotation leads to backbone rms devia-
tions of 3.7 Å when the complete Fv fragments are superimposed.
The largest coordinate displacements are found in loops H1 and
H2. Backbone atoms of hypervariable loop H3 maintain their
position on peptide binding except for Tyr 102H.

In the uncomplexed scFv C219 an initial stage of a so-called
‘‘false floor’’ is seen in the binding site in the shape of a salt bridge
between Arg 99H of hypervariable loop H3 and Asp 97L of loop
L3 (20). Water molecule 38S is involved in hydrogen bonding
interactions orienting Arg 99H toward Tyr 100L (L3) and His 35H
(H1). Another water molecule (12S) mediates a hydrogen bond
between Tyr 100L and Arg 99H. On peptide binding, all three
residues move into direct hydrogen bonding distance with each
other, thereby coordinating a water molecule (1S in molecule I and

Fig. 2. Molecular sur-
face representation of
the scFv C219 (molecule
II) binding site with the
bounda-helicalP-glycop-
rotein epitope peptide.
The molecular surface is
colored for electrostatic
potential (red for nega-
tive charge, blue for pos-
itive charge). Peptide res-
idues and the approxi-
mate locations of C219
heavy (H) and light chain
(L) hypervariable loops
are indicated. Fig. 2 was
produced with the pro-
gram GRASP (32).
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63S in molecule II) in a plane (Fig. 3C). This water molecule is
located in the same position as 38S in the uncomplexed scFv C219.
The water molecule mediating this false floor formation is very well
defined in both complexed C219 molecules and is associated with
the lowest B-factors found in the structure (1S, 13.8 Å2; 63S, 5.21
Å2). In molecule I, a fourth residue (Arg 50H) is involved in the
formation of this false floor (Fig. 3C). The formation of the false
floor, directed by Arg 99H, locks hypervariable loops L3, H1, H2,
and H3 into a highly stable and highly complementary conforma-
tion holding the peptide in a tight grip.

Discussion
The structure of the scFv C219-peptide complex is characterized by a
very unusual recognition of an a-helical peptide by an antibody. In

previous structures of antibody Fab-peptide complexes, the ligand takes
up either an extended or b-turn secondary structure (36). Antibodies
are known that bind to protein epitopes that are a-helical [lysozyme (37,
38) and Taq DNA polymerase (39)] or mostly a-helical [myohe-
merythrin (40)]. In the structures of Fabs HyHEL10 and F9.13.7 in
complexwithheneggwhite lysozymeandGuineafowl lysozyme,ahelix
is involved as part of a discontinuous epitope and contributes exposed
side chains, as the helix is largely buried within the lysozyme structure.
In contrast to the antilysozyme antibodies, C219 interacts largely with
the nonpolar face of the amphipathic helix. Crystal structures of epitope
peptides from myohemerythrin and Taq DNA polymerase in complex
with an antibody binding site display little or no a-helical character (41)
andmostlyadopt tight turnconformations.Othercomplexesofproteins

Fig. 3. Interactions between the a-helical
peptideandtheC219bindingsite. (A) Two-
dimensional LIGPLOT (33) representation of
the interactions between residues of the
minimal NBD-epitope peptide (P), C219
heavy (H) and light chain (L) residues, and
solvent molecules (S), as seen in molecule I.
The residues that form van der Waals con-
tacts with the peptide are depicted as la-
beled arcs with radial spokes pointing to-
ward the peptide atoms with which they
interact. C219 residues that form hydrogen
bonds are shown in a ball-and-stick repre-
sentation, and the hydrogen bonds are
presented as dashed lines. Of all of the
intrapeptide hydrogen bonds present in
the structure, only the bonds between Gln
3P and Asp 7P are shown. (B) Stereoplot of
the Fv-peptide interactions seen in mole-
cule II. (C) Comparison of the bound NBD-
epitope peptide in molecule I and II. In B
and C, light (L) and heavy chain (H) residues
and backbone positions of the scFv C219
are shown in green and magenta. Peptide
backbone and side chains are shown in
khaki for molecule I and in gold for mole-
cule II. Positions of water molecules are
indicated as red spheres. Different posi-
tions of binding site residues and water
molecules in molecule I are also colored
khaki. B and C were generated by using
MOLSCRIPT (34) and RASTER3D (35).
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and helical peptides are characterized by the formation of a compact
globular assembly of a-helices, as seen in the calmodulin–target com-
plexes (42).

A VL-VH domain rotation has been identified previously on binding
of ligands to antibody fragments, illustrating the intrinsic flexibility of
antibodies in adapting to the shape of an antigen. In most structures of
Fab-peptide complexes, this conformational change is accompanied by
a loss of VL-VH interface contacts that is mainly ascribed to the
movement of the H3 loop out of the binding site (40, 43, 44). In the case
of the binding of an epitope peptide by antimeningococcal antibody
MN12H2 (45), the relative disposition of the variable domains resulted
in a closer association of the binding site without major backbone
rearrangements of the H3 loop, as is seen in the C219 Fv peptide
complex. As in the MN12H2-peptide complex, the VL-VH domain shift
and the resulting closure of the binding site is facilitated by the
formation of a false floor at the bottom of the binding site.

Cross-Reactivity. It has been recognized previously that anti-P-
glycoprotein antibody C219 shows cross-reactivity with Pgp-related
and unrelated proteins (6, 46). The discovery of C219’s cross-reactivity
with a 185-kDa transmembrane oncoprotein (p185c-erbB2), which is
overexpressed in several carcinomas, imposes complications in the use
of C219 for detection of P-glycoprotein and diagnosis of multidrug
resistance (14, 15). Liu et al. (14) compared peptide sequences and
identified a C219 epitope-like region in p185c-erbB2 (Fig. 5A). The
expected cross-reactivity of C219 with this epitope-like sequence
VVQGNLE is consistent with our observations and the results from
binding studies with amino acid substituted epitope peptides (6, 19).
These studies showed that the first (Val 2P), second (Gln 3P), and final
(Asp 7P) residues of the epitope are the least tolerant of sequence
change. One, two, or multiple substitutions are tolerated at position 4
(Ala 5P), 5 (Leu 6P),and 3 (Glu 4P), as is shown in Fig. 5B.

Sequence differences between MDR Pgps and cross-reactive
non-MDR Pgps are located at position 3 (Glu 4P) of the minimal
epitope. According to the results from binding studies with these
epitopes, the binding of C219 is slightly more efficient to the
N-terminal half (VQAALD) than to the C-terminal half
(VQEALD) of Pgp. The substitution of valine for Glu 4P in the
N-terminal half of human class I Pgp (VQVALD) reduces its
binding to the antibody (6). As seen in the crystal structure, Glu 4P
is not involved in any interaction with the C219 binding site and can
be substituted by multiple amino acids. However, substitution of
Glu 4P by glycine (as in p185c-erbB2), histidine, lysine, methionine,
asparagine, proline, and glutamine shows significant decrease in
binding (19). A possible explanation for these results may lie in the

disruption of the helical conformation of the peptide by these
residues. Residues such as proline and glycine are known to be poor
helix formers. The slight differences in binding affinity observed
between the NBD epitopes described above are also very likely related
to the helix stabilizingydestabilizing properties of the substituted amino
acids. The crucial determinants of binding are identical in all cross-
reactive Pgps, except for the Asp7Glu substitution in p185c-erbB2. In the
crystal structure, Asp 7P appears to play a crucial role in internal
hydrogen bond interactions stabilizing the a-helical conformation,
thereby emphasizing the importance of the secondary structure of
the eptide in the recognition by C219. Substitution of Asp 7P by any
other amino acid resulted in a substantial loss of affinity (19). Thus,
the p185c-erbB2 sequence predicted to be recognized by C219 should
bind with a significantly lower affinity compared with the native
epitope sequence. Nevertheless, reports of immunodetection of
P-glycoprotein in breast carcinoma, a tumor that can also express
p185c-erbB2, could confound the interpretation of P-glycoprotein
detection and diagnosis of multidrug resistance

ATPase Inhibition. The NBD epitope sequence aligns with an
a-helical segment (residues 192–205; Fig. 5C) in a recent crystal
structure of HisP (47) corresponding to helix a6 (Fig. 6). Helix a6,
located in arm II of the HisP structure, is surface-exposed and has
continuous amphipathic characteristics similar to the NBD-epitope
peptide in the C219 binding site. However, in the HisP structure, the
hydrophobic side of the amphipathic a6 helix is partially buried. A
superposition of the helical NBD-epitope peptide on its homolo-
gous sequence in HisP is shown in Fig. 6. If the structure of Pgp’s
nucleotide binding domain is indeed similar to HisP and the
sequence alignment is representative of the structural superposi-
tion, this implies either that the C219 epitope is flexible or that
binding of C219 to helix a6 disrupts the NBD structure by its
interaction with this partially buried epitope. In fact, the accessi-
bility of the C219 epitope might be related to conformational
differences between the apo and ATP-bound state of the NBD.
Strong evidence supporting this idea is provided by the results from
studies by Georges et al. (7) and Kokubu et al. (8) showing inhibition
of P-glycoprotein’s ATP-binding capacity caused by the binding of
C219. Other evidence for a possible connection between confor-
mational changes in helix a6 and the ATP-binding site is found in
G proteins and molecular motors, such as myosin and kinesin. The
analogous helix in G proteins appears to be linked to nucleotide-
induced conformational changes (48, 49). In NBDs, this confor-
mational switching might involve the highly conserved LSGGQ
motif C sequence located in helix a5, which is partially buried by
helix a6 in HisP (Fig. 6). Welsh et al. (50) postulate that ATP-
induced conformational changes in helix a6 might expose the
LSGGQ motif, allowing interactions with the membrane-spanning
domains. The possible shielding of this motif on binding of C219 to
its epitope in helix a6 might explain its capacity to inhibit the
binding of calcium channel blocker azidopine to Pgp (7). In a
reverse manner, the results from a surface plasmon resonance study
on the recognition of Pgp by C219 show an increased binding of Pgp
by the antibody after preincubation with cyclosporin A (CsA),
suggesting that binding of CsA, a competitive inhibitor of drug
efflux, to Pgp could bring about a conformational change in the Pgp
molecule such that its C219 epitope would become more readily
available for interacting with the antibody (51). The binding sites of
azidopine and CsA have both been located on predicted transmem-
brane regions 11 and 12 (52, 53), suggesting that ATP-induced
conformational changes in NBD’s arm II, drug binding, and
transport occur in concert with these transmembrane domains.

Our results interpreted in the framework of the HisP structure
permit us to postulate that the C219 epitope, the a6 helix in HisP
nomenclature, is an indicator of the linkage between ATPase
activity and drug binding. When the conformation of this region
is fixed—for example, by C219 interaction—this linkage is
broken and drug efflux is inhibited.

Fig. 4. Relative positions of the variable light and heavy chains in the dimers
of the unliganded scFv C219 and the scFv C219-peptide complex, after super-
position of the variable light chain framework regions. Light and heavy chain
backbone positions of the C219-peptide complex are shown in green and
magenta. The backbone of the unliganded scFv C219 is represented in yellow.

van den Elsen et al. PNAS u November 23, 1999 u vol. 96 u no. 24 u 13683

BI
O

CH
EM

IS
TR

Y



Conclusions
The structure of the scFv C219 in complex with its P-glycoprotein
epitope shows that continuous a-helical epitopes can give rise to
specific recognition of linear peptides in a helical conformation. In
the structure reported here, the recognition is mostly driven by tight
shape complementarity of nonpolar interactions between aromatic
and long aliphatic side chains. Only a small number of electrostatic
contacts are involved. Furthermore, binding affinity depends on the
stability of the helical secondary structure; introduction of helix
destabilizing residues can weaken the interaction.

When a peptide is bound in a helical conformation, its backbone
cannot easily engage in hydrogen bonding to its binding protein, in
contrast to peptides in an extended or b-turn conformation, be-
cause of the lateral intrapeptide hydrogen bonding along the helix.
Because the antibody fold does not permit dramatic conformational
transformations, as seen in calmodulin-target complexes (42), the
binding of the helical NBD epitope is very superficial, covering only
30% of the peptide’s surface. As 70% of the bound peptide is

exposed, considerable variation in sequence can be tolerated with-
out disrupting C219 binding, thus explaining the variability of the
context of the C219 epitope in crossreacting molecules.

Nevertheless, C219 is an important tool for studying the
structural aspects of NBDs and their role in ATP-hydrolysis and
drug transport. In the future, our results, together with the
availability of the recombinant scFv, will be used to investigate
the potential of improving the affinity and specificity of the
interaction between C219 and its NBD epitope.
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Fig. 5. (A) Alignment of the human MDR1 and MDR3 sequences of P-
glycoprotein with the C219 epitope homologous sequence in c-erbB2. The
position of the C219 epitope sequence is indicated. (B) Amino acid positions of
the minimal C219 epitope sequence and their tolerance for sequence change
(19). (C) Sequence alignment of HisP with the C-terminal ATP-binding domain
of P-glycoprotein (MDR3). The position of helix a6 is indicated. Black and gray
boxes indicate identical and homologous residues, respectively.

Fig. 6. Superposition of NBD helix onto HisP helix a6. Only a monomer of HisP
is shown. The figure was produced with MOLSCRIPT (34) and RASTER3D (35).
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