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Epitope mapping is the process of determining the major
antibody binding sites on an antigen and can provide valuable
information to one who is attempting to understand an
antigen�s mode of action or produce an antiviral vaccine.
There are established techniques for the mapping of an
antigen, including Western Blot analysis, X-ray crystallogra-
phy, NMR spectroscopy, antibody competition assays, site-
specific mutagenesis, and flow cytometry.[1–4] Each of these
techniques have advantages and disadvantages and tend to
excel in one particular aspect of epitope mapping. Many of
these experiments place emphasis on distinguishing between
discontinuous epitopes (contact points are far apart in amino
acid sequence but proximal through space) and continuous
epitopes (sequential amino acid sequence).[5] Unfortunately,
these techniques often ignore conformations intrinsic to
sequential epitopes. Consequently, many mapping techniques
lack the ability to maintain the secondary structure (local
conformation) of antigens or ignore it entirely despite the
tremendous impact secondary structure can have on the
location of contact points and, ultimately, antigenicity.
Peptide epitopes are another tool for mapping sequential
epitopes and have traditionally been used in the creation of
synthetic peptide libraries and in phage display methods.[1,6]

Again, these methods preclude the study of secondary
structure, although they offer the best potential to incorporate
conformation.

Research herein has established a method for the study of
secondary-structure conformational effects on monoclonal-
antibody binding to peptide epitopes. According to this
method, we have effectively mapped monoclonal antiprotec-
tive antigen (anti-PA) antibodies to a protein conformational-

loop region through the assembly of a conformational-loop
epitope on a nanoparticle. Previously, cyclization of peptides
has approximated loop structures with limited success,[7] but
the development and presentation of a peptide that recon-
stitutes a physiological conformation is paramount (Figure 1).

We have emphasized loop structures for several reasons:
1) surface accessible loops are abundant in many protein
antigens, 2) previous epitope-mapping experiments have
revealed loops as common antibody binding sites,[1, 5,8, 9]

3) loops are more amenable to nanocluster recapitulation
when compared with other types of secondary structures.
Surface accessible loops also lack steric interference and are
highly solvated.

An example of a loop-rich protein is the protective
antigen (PA) of B. anthracis, which is one of three protein
precursors to the anthrax toxin. Edema factor (EF) and lethal
factor (LF) depend on PA for membrane transport and
activation and as a result, the binding of PA to the cell
membrane is crucial for toxicity. PA has been a target for
immunological studies that have shown that levels of anti-PA
antibodies correlate well with an immunity to anthrax.
Further examination has identified two loops and the
C terminus as cell-receptor binding sites, and therefore,
possible sites for toxin neutralization by immunoglobulin G
(Figure 1).[2, 4,8–11] Recent studies[3] with denatured and non-
denatured PA confirm the necessity of conformation in loop
structures and also suggest the presence of a linear epitope,
such as the C terminus. The identification of these loops, and
the high priority that anthrax has received owing to its
potential as a bioterrorism agent make PA an excellent model
for the design of complex, conformational nanostructures that
mimic an antigen and have the ability to interface with
biological systems.

Research at this interface between biology and nano-
materials is of recent interest and has produced a number of

Figure 1. X-ray crystal structure of the protective antigen of B. anthracis
(middle) and illustrations of PA mimics highlighting the conforma-
tional and linear epitopes. Three known epitopes are highlighted in the
crystal structure: amino acids 680–692 (red), 703–722 (blue), 730–735
(magenta).[3,4, 8–11] Composition of antigen mimics are as follows:
A) PA680B–MPC=Au807Tiop290Pep4; B) PA680M–
MPC=Au807Tiop294Pep4; C) PA703B–MPC=Au807Tiop282Pep8;
D) PA730M–MPC=Au807Tiop288Pep10.

[*] A. E. Gerdon, Dr. D. W. Wright, Dr. D. E. Cliffel
Department of Chemistry
Vanderbilt University
Station B 351822
Nashville, TN 37235 (USA)
Fax: (+1)615-343-1234
E-mail: david.wright@vanderbilt.edu

d.cliffel@vanderbilt.edu

[**] This research was funded in part by a Vanderbilt Institute of
Chemical Biology fellowship (A.E. Gerdon), the Chemical Biology
Interface training grant (AE Gerdon, T32 GM065086), and the
Vanderbilt Institute of Nanoscale Science and Engineering (A.E.
Gerdon). DWWacknowledges support from the SouthEast Regional
Center of Excellence for Biodefense (NIH U54 AI57157-03).

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Zuschriften

608 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 608 –612



exciting and successful examples of well-defined interfa-
ces.[12,13] Progress towards specifically interfacing immunology
with nanoparticles is highlighted by an important approach
that made use of a peptide epitope that is known to bind
monoclonal antibodies associated with the human malarial
parasite, P. falciparum. This was the first example of antigen-
encapsulated nanoclusters that assemble with antibodies
through the antibody/epitope interface.[14] A more-recent
example used glutathione-encapsulated nanoclusters and
polyclonal antiglutathione antibodies. This approach con-
firmed the ability to assemble single-component monolayer
nanoclusters with antibodies and provided an analytical
technique for rigorous evaluation of interface assembly by
using the quartz crystal microbalance.[15]

More-complex nanostructures, which specifically present
peptide epitopes in a dual-component monolayer, require
scaffold properties that are common to monolayer-protected
clusters (MPCs). MPCs capped with a tiopronin ligand are
water soluble, their average diameter (ranging from approx-
imately 2 to 5 nm) is on the order of small proteins,[15–17] they
are easily characterized by conventional techniques and have
convenient optical and electronic properties,[18] the ligand (a
thiolated derivative of glycine) is relevant to biological
systems and provides the cluster with an overall negative
charge.[17] Further functionalization of the cluster through
ligand coupling or place-exchange reactions is facile and has
been well studied.[19]

Presentation of peptide epitopes on the surface of Tiop–
MPC can provide functionality and has been carried out
through well-characterized place-exchange reactions.[19,20]

This provides the ease of functionalization of MPCs, which
makes them attractive as protein mimics and as functional
nanostructures. An important feature of place-exchange
reactions and the presentation of conformational peptide
epitopes is the idea that fast-exchange sites are not static.
Evidence for this has come from the exchange of several
different ligands onto the same MPC[21,22] and from an
inability to completely remove ligands that had been pre-
viously exchanged onto a cluster.[19,22] A significant implica-
tion of these results is the ability of thiolate to migrate across
the monolayer of an MPC. This migration might allow for the
faithful reconstitution of a peptide epitope if the two ends of a
bidentate ligand are able to move and position themselves at a
distance similar to that in their physiological conformation.

The peptide epitopes, shown in Table 1, were synthesized
for presentation on MPCs. Cystein (cys) residues were added
at the N and/or C terminus to promote bidentate or mono-

dentate exchange and alanine (ala) residues were similarly
added for a lack of reactivity or presentation. Concurrently,
water-soluble, nanometer-sized, monolayer-protected clusters
were synthesized with tiopronin, a glycine derivative, as the
passivating ligand as was reported previously.[15, 17] Careful
characterization allowed for the calculation of a diameter of
3.5� 1.0 nm and an estimated composition of Au807Tiop298

(207 kDa; see the Supporting Information). This size is close
to the estimated optimal MPC size for the bidentate attach-
ment of peptide PA680B (see the Supporting Information).
The epitope and MPC scaffold were then brought together
through place-exchange reactions to produce functional
nanostructures.[19, 22] Following each exchange, the extent of
presentation was determined by 1H NMR spectroscopy (see
the Supporting Information). A cartoon schematic and final
composition of antigen mimics can be seen in Figure 1.

The faithful reconstruction of epitope loops in a physio-
logically relevant conformation is predicated based on the
ability to assemble loop peptides in a bidentate fashion. A
linear epitope, such as the C terminus of PA (PA730M), can
easily be attached to the MPC in a monodentate fashion that
affords the peptide a good chance of maintaining its correct
conformation. On the other hand, peptide epitopes from
flexible loop regions of proteins cannot undergo monodentate
attachment and be expected to adopt the correct conforma-
tion. Immobilization of both ends of the peptide in a
bidentate, bivalent model restrains the peptide and promotes
a conformation comparable with its native form. This is not an
attempt to “fold” the peptide, rather an attempt at placing the
peptide in an environment similar to that of the intact protein.

One challenge was in the characterization of the mode of
attachment. The diversity of particle size can affect loop
attachment and create a large combinatorial set of epitope
conformations. Techniques such as CD and two-dimensional
NMR spectroscopy have been successful in the evaluation of
peptide conformation. However, low concentration of pep-
tides on the surface of the MPC, cluster absorbance, and
characteristically broad NMR peaks limit the applicability to
this study. Instead, the mode of peptide attachment to the
nanocluster was probed with a free-thiol labeling molecule,
Ellman�s Reagent (ER).[23] The reaction of ER with free
peptide PA680M produced a characteristic yellow color and,
after purification, showed thiol derivatization in 1H NMR and
MALDI-MS spectra. Conversely, the reaction of ER with
PA680B–nanocluster complex did not show any indication of
derivatization (see the Supporting Information). Labeling
experiments with ER have supported bidentate attachment
through the indication of a lack of free, unattached thiol in an
MPC solution (see the Supporting Information) but provide
no information on conformation.

A further test of epitope conformation showed a differ-
ence in antibody binding between a linear and conformational
antigen mimic. As a result, the development of a sensitive,
selective, quantitative assay that allowed for 3D-nanocluster
substrates, multilayer adsorptions, and nonrigid biological
recognition was required. The quartz-crystal microbalance
(QCM) has recently been demonstrated to be well suited for
this type of assay.[15] It has been used in the study of a variety
of biological and nonbiological systems[15,24] and has numer-

Table 1: Amino acid sequences for peptides used in antigen mimic
design.[a]

Peptide Sequence MW [Da] Reference

PA680B C KYNDK LPLYI SNP C 1771 [3,4,8–11]
PA680M KYNDK LPLYI SNP C 1668 [3,4,8–11]
PA680A AA KYNDK LPLYI SNP A 1778 [3,4,8–11]
PA703B C KENTI INPSE NGDTS TNGIK C 2339 [8–11]
PA730M C KGYEI G 769 [4]

[a] Highlighted cys (C) and ala (A) were not part of the epitope but added
for functionalization and immobilization purposes.
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ous benefits over other techniques that compete for the study
of nanoscale assembly.[13] A sensitive and selective immuno-
sensor that involves a piezoelectric quartz crystal with a gold
electrode and sequential layering of polyelectrolyte,[25,26]

MPC, and blocking with bovine serum albumin (BSA),
leads to the immobilization of antigen mimics and thus
provides a foundation for antibody screening. The results of
representative adsorption and average binding of polyelec-
trolyte (0–30 min), MPC (30–60 min), and BSA (80–100 min)
can be seen in Figure 2 and Table 2, respectively (see also the

Supporting Information). MPC antigen mimics bound to the
sensor to varying degrees as a result of differences in peptide
presentation and ionic charge. Although this might affect the
density of the peptide available for antibody binding, it will
not affect the affinity (Ka) of the antibody/epitope interac-
tion.[20] Binding studies involved seven mouse monoclonal
anti-PA antibodies obtained from Biodesign International.
These antibodies were known to bind both the full-sized PA
(83 kDa) and the furin-cleaved PA (63 kDa) (according to
Western Blot) but had not been tested for their ability to
neutralize the toxin.[27] To map the antibodies to different

conformational and linear regions of the antigen, the anti-
bodies were screened at constant concentration against the
four PA mimics. At a relatively low concentration of antibody
(124 nm), screening experiments provided qualitative infor-
mation on the recognition or lack of recognition and as such,
guided further studies (Table 2). The results of the screening
experiments suggest cross reactivity for several antibodies,
and antibody 110 was identified as being potentially selective
for the conformational epitope spanning amino acids 680–
692.

This antibody was studied in more detail through variation
of the antibody concentration and the ionic strength of buffer
solutions. Seven experiments for each of the two antigen
mimics (PA680B–MPC and PA680M–MPC), differing only in
mode of peptide attachment (bidentate versus monodenate),
showed saturation of the immunosensor. The four-highest
concentrations for each mimic were fit to a logarithmic curve
(Figure 3). Equilibrium association constants (Ka) were

determined for each mimic by fitting the four-highest
concentrations to a Langmuir adsorption isotherm
(Table 3).[13,15,28] PA680B–MPC had a Ka of (5.9� 0.7) H
106

m
�1, which falls within a general range for immunoaffinity

Figure 2. Representative polyelectrolyte, PA680B–MPC, BSA, and anti-
body 110 binding in phosphate buffer solution.

Table 2: Results of immunosensor assembly (mg) and for screening
monoclonal anti-PA antibodies (124 nm) against four antigen mimics (in
ng).[a]

PA680B PA680M PA703B PA730M

Ave PolyE 0.16�0.03 0.16�0.03 0.16�0.03 0.16�0.03
Ave MPC 1.12�0.06 0.80�0.07 0.73�0.06 0.68�0.07
Ave BSA 0.06�0.05 0.13�0.05 0.14�0.02 0.21�0.02
mAb 110 20 10 0 0
mAb 201 15 0 10 14
mAb 301 0 10 0 0
mAb 410 10 0 10 16
mAb 501 10 10 0 11
mAb 601 10 10 0 10
mAb 613 13 0 10 10

[a] Screening was completed by using QCM and all values represent
changes in mass. Data suggest antibody 110 as having strong and
specific interaction with PA680B–MPC.

Figure 3. Plot of Dm against [anti-PA] for PA protein antigen (*) with
logarithmic fit to six doses (– -–), PA680B–MPC (&) with logarithmic
fit to four doses of high concentration (c), MPC–PA680M (~) with
logarithmic fit to four doses of high concentration (b), and
PA680B–MPC (^) in PBS with logarithmic fit (a) showing saturation
of the immunosensor in all cases.

Table 3: Results from equilibrium calculations for two antigen mimics
and the Protective Antigen protein.[a]

Antigen [NaCl] mm Equilibrium Constants Ka [ F106
m

�1]

MPC-PA680B 0 5.9�0.7
0 4.0�0.8[b]

150 2�1
MPC-PA680M 0 2.6�0.9

150 –[c]

Protective Antigen 0 12�6

[a] Experiments were conducted in phosphate buffer solution (no added
NaCl) or in phosphate-buffered saline solution (150 mm NaCl).
[b] Equilibrium constant calculated from kinetic constants, where Ka=
kf/kr. [c] Unable to calculate owing to a lack of binding.
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of 106–1010
m

�1 [29] and shows an increased affinity over a
previously reported glutathione-presenting nanocluster with
polyclonal antibody (Ka= 3.6 H 105

m
�1).[15] Antibody 110 had

a decreased affinity for the linear epitope-presenting nano-
cluster (PA680M–MPC, Ka= (2.6� 0.9) H 106

m
�1), which sug-

gests a real difference between peptide epitopes of identical
primary structure but different secondary structure.

These results were validated through control experiments
by using Tiop–MPC and buffer solutions of increasing ionic
strength (Figure 4). Salt gradients are typically used in affinity

chromatography and are known to decrease weak interac-
tions.[30] In initial studies, the background antibody binding to
Tiop–MPC and PA680M–MPC in phosphate buffer solution
(50 mm) was relatively high. The addition of NaCl (150 mm)

decreased the weak, nonspecific adsorption seen in Tiop–
MPC and PA680M–MPC but had a significantly lower effect
on PA680B–MPC. Furthermore, a decreased concentration of
NaCl (50 mm) had essentially no effect on antibody binding to
PA680B–MPC. This allowed for the study of concentration
dependence of antibody 110 binding to PA680B–MPC in
high-ionic-strength buffer solution. The association constant
(Ka= (2� 1) H 106

m
�1) was only slightly less than that calcu-

lated in low-ionic-strength buffer solution (Figure 3) and
confirmed strong recognition and limited nonspecific adsorp-
tion.

Kinetic information calculated for PA680B–MPC (kf=

(9� 2) H 103
m

�1 s�1 and kr= (2.3� 0.5) H 10�3 s�1) from the
time-dependent binding curves supports the equilibrium
data and the immunorecognition of antibodies to conforma-
tional mimics. The equilibrium adsorption constant, Ka, is
equal to the ratio of kf/kr and was calculated to be (4.0� 0.8) H
106

m
�1, which correlates well with the Ka found in the

previous method (Figure 3). Kinetic constants relate to the
kinetics of polyclonal antibody binding to glutathione–MPC,
with kf= 5.4 H 101

m
�1 s�1 and kr= 1.5 H 10�4 s�1.[15] It is reason-

able that this forward rate constant is less than that for

monoclonal anti-PA antibody owing to the heterogeneity of
the polyclonal anti-glutathione sample. The binding kinetics
for the snake neurotoxin, a-bungarotoxin, to synthetic
peptide mimotopes have been reported[31] with kf in the
range of 101–104

m
�1 s�1 and kr in the range of 10�3–10�4 s�1.

The kinetic rate constants for antibody 110 binding to
PA680B–MPC also fall within these ranges.

Antibody binding to an intact protein antigen was studied
for comparison with the antigen mimics. The antibody was
shown to specifically bind the protein with a Ka value slightly
larger than that calculated for the nanocluster antigen mimic
(Figure 3, Table 3). The antibody did display high background
adsorption to BSA in phosphate buffer solution (50 mm), but
decreased in high-ionic-strength buffer solution, whereas
antibody binding to PA was only slightly affected by an
increase in ionic strength. Furthermore, anti-hemagglutinin
(HA) antibody, which is not specific for PA, showed no
binding to PA in low-ionic-strength buffer solution. The
similarity between antigen and antigen-mimic Ka values
points to the exceptional reconstitution of the conformational
peptide epitope on the surface of the nanocluster.

The sum of these results suggests several things about the
efficacy of these complex antigen mimics. First, it is apparent
that we are able to successfully assemble peptides on nano-
clusters to produce functional, immunoreactive nanoscale
components. Second, we are able to employ functionalized
nanoclusters in the screening of available monoclonal anti-
bodies and effectively map an antibody to a peptide epitope.
Finally, we were able to differentiate between conformational
and linear epitopes and map a monoclonal antibody accord-
ingly. Antibody 110 has an apparent increased affinity (> 2 H )
for the conformational antigen mimic over the linear antigen
mimic and an even greater affinity difference when in isotonic
ionic-strength buffer solutions. Control experiments con-
firmed the enhanced affinity and placed the antigen mimic
in the same affinity range as the intact protein. These
antibodies could be used in the selection and isolation of
tight binding, conformationally relevant antigen mimics,
therefore providing information which could guide future
mimic assembly. The placement of artificial conformational
epitopes on a nanoparticle framework represents a significant
early advance in our ability to control immunomodulation at
the nanoscale.
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