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Capitalizing on their extraordinary specificity, monoclonal anti-
bodies (mAbs) have become one of the most reengineered classes
of biological molecules. A major goal in many of these engineering
efforts is to add new functionality to the parental mAb, including
the addition of cytotoxins and imaging agents for medical applica-
tions. Herein, we present a unique peptide-binding site within the
central cavity of the fragment antigen binding framework region of
the chimeric, anti-epidermal growth factor receptor mAb cetuximab.
We demonstrate through diffraction methods, biophysical studies,
and sequence analysis that this peptide, a meditope, has moderate
affinity for the Fab, is specific to cetuximab (i.e., does not bind to
human IgGs), and has no significant effect on antigen binding. We
further demonstrate by diffraction studies and biophysical methods
that the meditope binding site can be grafted onto the anti-human
epidermal growth factor receptor 2 mAb trastuzumab, and that the
antigen binding affinity of the grafted trastuzumab is indistinguish-
able from the parental mAb. Finally, we demonstrate a bivalent
meditope variant binds specifically and stably to antigen-bearing
cells only in the presence of the meditope-enabled mAbs. Collec-
tively, this finding and the subsequent characterization and engi-
neering efforts indicate that this unique interface could serve as
a noncovalent “linker” for any meditope-enabled mAb with applica-
tions in multiple mAb-based technologies including diagnostics, im-
aging, and therapeutic delivery.
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Monoclonal antibodies (mAbs) are indispensable tools in
research laboratories and have become a central compo-
nent in modern medicine. Thousands of antibodies are routinely
used in research to detect and/or label specific proteins in a va-
riety of settings. In recent years, dozens of mAbs that block
signaling pathways, sequester growth factors, and/or induce an
immune response have been successfully implemented in the
clinic to treat cancer and other diseases, with hundreds still in
active development (1, 2). Antibodies are being reengineered to
best capitalize on their extraordinary ligand specificity to add
new functionalities for a broad range of applications, mostly for
clinical use, such as antibody-drug conjugates (ADCs), antibody-
directed enzyme prodrug therapies (ADEPT), immune system
engagement [e.g., Fc modifications (3), chemokine fusion, bispe-
cific T-cell engagers (4)] and disease imaging (e.g., immunoPET
and pretargeted radionuclide imaging; refs. 5 and 6).

Invariably, these engineering efforts have been achieved either
through posttranslational chemical modifications or manipula-
tion of the gene sequence (7-9). Many of the chemical mod-
ifications lead to undesirable consequences that are detrimental
to therapeutic and imaging applications (10). For example, to
create ADCs to target cytotoxins to disease sites with the mAb,
the chemical conjugation of the toxin (typically involves lysines,
reduced cysteines, or sugars on the mAb) produces a heteroge-
neous mixture, which can adversely affect the specificity and
stability of the mAb and alter its biodistribution (11). Reducing
the size of the mAb to Fab fragments [e.g., single-chain Fab
variable domain (scFvs)] to facilitate tumor penetration and
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enhance imaging reduces the valency and, thus, affects both the
affinity and the tissue specificity compared with the original
mADb. In other cases, as part of a pretargeted imaging protocol to
enhance detection, mAbs conjugated with streptavidin or multi-
ple Fabs/scFvs stitched together through a scaffold (e.g., “lock-
and-dock”; ref. 12) can be immunogenic (13), unstable in serum
(14), and technically difficult and expensive to produce, especially
at scales necessary for clinical use (15, 16). Although significant
advances in antibody engineering have been achieved, practical
challenges remain, many requiring alternative approaches.

Herein, we present a unique interaction that has the potential
to overcome some of the difficulties in mAb engineering. We
identified a binding site for a small peptide in the center of the
Fab cavity of cetuximab via diffraction studies. Because of the
position of the binding interface, we have named the peptide
“meditope” (medius, middle; topos, place). We demonstrated that
the meditope does not interfere with antigen binding. Based on
structural and biophysical analysis, we identified key residues
within the meditope binding site of the Fab and observed that the
combination of these residues is absent in other clinically relevant
mAbs, including a humanized mAb framework. To confirm the
structural model and determine whether we could enable medi-
tope binding in other mAbs, we grafted selected residues onto
trastuzumab, a humanized anti-HER2 mAb, and demonstrated
by diffraction and biophysical studies that the meditope binds to
this meditope-enabled trastuzumab in a similar manner and af-
finity compared with cetuximab. Finally, we created a bivalent
analog of the meditope to demonstrate that this interaction can
be used to specifically target antigen-bearing cells in the presence
of a meditope-enabled mAb that binds to the specific antigen.
Opverall, these results establish the basis for an alternative mAb
platform that offers unique opportunities to improve mAb-based
delivery systems for cancer and other diseases.

Significance

The identification and subsequent grafting of a unique peptide
binding site within the Fab domain offers a unique means of
adding functionality to monoclonal antibodies through a non-
covalent interaction including improved pretargeted imaging,
alternative payload delivery, and cross-linking of mAbs on cell
surfaces to enhance their therapeutic potential.
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Fig. 1. Meditope binds to cetuximab Fab framework. (A) Ribbon repre-
sentation of cetuximab Fab (light chain, blue-white; heavy chain, white) with
a stick representation of the cyclic CQFDLSTRRLKC meditope (green). (B)
Electron density maps of cQFD meditope, in stereo and contoured at 1c. (C)
Superposition of the cetuximab-EGFR (1YY9) structure to Fab framework
ligands: protein L (1HEZ), protein A (1DEE), protein G (1QKZ), and cQFD
meditope (4GW1).

Results

Identification of the Meditope Binding Site on Cetuximab Fab
Framework. In our efforts to create tumor activated antibodies
(17), we cocrystallized two peptides, CQFDLSTRRLKC (cQFD)
and CQYNLSSRALKC (cQYN), individually with the Fab do-
main of cetuximab. These peptides were originally identified by
phage display (18) and thought to mimic the tumor epitope
EGFR domain III. The initial diffraction data indicated that the
unit cell dimensions of each cocrystal were the same as that of the
apo cetuximab Fab [Protein Data Bank (PDB) ID code 1YYS;
ref. 19]. Because the complementarity determining region (CDR)
loops in the published structure make extensive lattice contacts,
the data suggested that the peptides were either absent or bound
to a different region of the Fab. To rule out the latter case, we
solved both structures by molecular replacement. After the first
round of refinement, we observed a continuous stretch of
unmodeled electron density that was consistent with the cyclic
peptides not at the CDRs, but within the cavity formed by the Fab
light and heavy chains (Fig. 1 4 and B). We built the peptides into
the electron density and the R and Rg.. dropped accordingly.
Detailed description of crystallization and structural refinement
procedures is found in SI Appendix, and diffraction and re-
finement statistics of the final models are presented in SI Ap-
pendix, Table S1.

This study shows that a molecule can specifically dock to this
cavity in the Fab framework, despite being apparent in any sur-
face rendered Fab structures. Contrary to known Fab binding
proteins such as proteins A (20), L (21), or G (22), which all bind
to only a single domain of the heavy or light chain of the Fab (e.g.,
protein L binds only to the kappa variable light chain domain),
the meditope—Fab interface is distributed among all four domains
of the Fab and distinct from the solvent-exposed binding sites of
protein A, G, or L (Fig. 1C).

Binding Studies Support Structural Model. To ensure that this un-
anticipated binding site is not an artifact of crystallization, we
used surface plasmon resonance (SPR) and determined the
dissociation constant (Ky) between the cQFD meditope and
cetuximab Fab to be 430 (+ 30) nM and for the cQYN meditope
and cetuximab Fab to be 3.5 (= 0.1) pM (Fig. 24). Of note, these
Ky values are similar to those reported for protein A or L binding
to human Fab (23, 24). In addition, the buried surface area of the
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meditope-Fab interface, ~850 1&, is similar to the that of protein
A, G, and L. (23) (SI Appendix, Table S2).

As an additional confirmation of the structural model, we
identified key residues on the meditopes that enabled the in-
teraction with the Fab based on the superposition of the
cQFD-Fab and cQYN-Fab structures. We observed that the
hydrophobic side chains of Phe/Tyr3, Leu5, and LeulO of both
meditopes were positioned nearly identically, suggesting that they
make important contacts to the Fab (SI Appendix, Fig. S1). The
importance of these residues is confirmed by SPR experiments
showing alanine mutations at Phe3, Leu5, or Leul0 of the cQFD
meditope resulted in a 5- to 140-fold decrease in affinity (SI Ap-
pendix, Table S3). We also observed that the guanidinium group of
Arg8 of cQFD forms a hydrogen bond to the backbone carbonyl of
GIn111 of the Fab heavy chain. Accordingly, Arg8Ala substitution
decreased the affinity by 325-fold (SI Appendix, Table S3). The
extended conformation of Arg8 is sterically blocked by the hy-
droxyl group of Tyr3 of the cQYN meditope, which causes
a backbone rotation and eliminates the Arg8-Gln111 interaction
(SI Appendix, Fig. S1). The loss of this interaction partially
accounts for the nearly 10-fold difference in the binding affinity
between the two meditopes (Fig. 24 and SI Appendix, Table S3)
Thus, although the point mutations agree with the structural
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Fig. 2. Biophysical characterization of meditope-Fab interaction. (4) SPR
measurements of immobilized cetuximab Fab with 20, 4, 0.8, 0.16, and 0.032
uM cQFD meditope and 100, 20, 4, 0.8, and 0.16 pM cQYN meditope passing
over the chip. (B) SPR saturation experiments using immobilized cetuximab
Fab and scFv and passing EGFRdIIl (Upper) or cQFD meditope (Lower). Also,
Inset is a schematic representation of the scFv and the Fab. (C) SPR measure-
ments of immobilized EGFRdIIl with 10, 5, 2.5, 1.3, 0.63, and 0.31 nM cetux-
imab Fab passed over in the absence (Upper) or presence of 10 pM cQFD
meditope (Lower). (D) SEC of cetuximab Fab, EGFRdIIl, MFC, Fab-EGFRdIIl and
Fab—-MFC complexes and an admixture of all three. Each trace has been nor-
malized to one. Shown on Left is a nonreducing SDS/PAGE of the new peak
(shaded pink on SEC chromatogram) formed from the admixture.
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model, there are other subtle differences (e.g., electrostatics)
between the two peptides and their interactions with the Fab that
would require further study.

To provide further evidence that the meditopes do not bind to
the CDRs of cetuximab, we measured the affinity of the medi-
tope to a cetuximab single-chain Fab variable construct (scFv).
Specifically, the scFv is generated by linking the variable domains
of the light and heavy chains through a 19-residue linker (VL-
SGSTSGSGKPGSGEGSTKG-VH), which keeps the CDRs in-
tact (see schematic in Fig. 2B) but causes a partial loss of the
meditope cavity because of the removal of the constant domains
of the light and heavy chains. Thus, if the meditope binds to the
CDR loop region, it should bind to the scFv and the Fab with
similar binding affinity; however, if the meditope binds to the
cavity, a significantly decreased affinity to the scFv should be
observed. We first demonstrated by SPR that EGFR domain 11
(EGFRAJIII), the antigen of cetuximab, readily saturated both
immobilized Fab and scFv, indicating that the CDRs of the scFv
are intact and functional. Next, we demonstrated that the med-
itope saturated the Fab as expected, but did not saturate the scFv
at concentrations up to 100 uM because of the partial loss of the
meditope binding in the scFv construct, indicating that the
meditope does not bind to the CDRs, consistent with the crystal
structure (Fig. 2B).

Meditope Occupancy Does Not Interfere with Antigen Binding. Multiple
studies indicate that the interaction between a Fab (or mAb) and
protein A, G, or L does not affect antigen binding. However,
because the meditope interacts with all four domains of the Fab
(Fig. 1C), it is possible that meditope binding may affect the
orientation and/or the conformational dynamics of the Fab and,
thus, interfere with antigen binding (25).

To test whether meditope binding affects the affinity of
cetuximab for its antigen, we measured the affinity and kinetics
of cetuximab binding to EGFR in the presence and absence of
meditope by SPR. We tethered EGFRAIII to an SPR chip and
first determined, in the absence of meditope, the Ky of the
Fab-EGFR interaction to be 0.76 nM, similar to the reported
value (19). Next, we added a saturating concentration of 10 pM
of the cQFD meditope (~20-fold the meditope—Fab binding
constant) to cetuximab Fab and all buffers (thus holding the
meditope concentration constant throughout the experiment)
and determined the K4 of the Fab and EGFRAIII to be 0.82
nM (Fig. 2C), approximately the same value as the Fab-
EGFRAJIII interaction in the absence of the meditope. Had
meditope binding strongly affected antigen binding of cetux-
imab (either facilitating or interfering with antigen binding),
we would expect a significant difference in the kinetics (26);
instead, we observed the association and dissociation kinetics
of cetuximab-EGFR are approximately the same both in cases:
the association constants were 2.5 x 106 M~'.s™! in the pres-
ence and 2.6 x 106 M~'-s™! in the absence of the meditope; the
dissociation constants were 2.1 x 107 s™! in the presence and
2.0 x 107 57" in the absence of the meditope.

Furthermore, we demonstrate by size exclusion chromatogra-
phy (SEC) that cetuximab Fab, EGFRJIII, and meditope form
a complex. To facilitate monitoring, we increased the mass of the
cQFD meditope by fusing to the N terminus of an Fc domain via
a polyglycine-serine linker (denoted “MFC” hereafter). We
added this construct to a stoichiometric complex of EGFRAIII
and cetuximab Fab and observed a new peak, which eluted much
earlier than the Fab-EGFRAIII complex, consistent with an in-
crease in the hydrodynamic mass (Fig. 2D). SDS/PAGE of this
new peak showed the presence of all three proteins.

Taken together, the SPR and SEC experiments indicate that the
meditope does not significantly interfere with antigen recognition.

Meditope Binding Site Is Unique to Cetuximab. To understand how
the original phage display experiment (18) identified a unique
peptide binding site distinct of the CDRs, we sought sequence
differences between cetuximab and the decoy mAb CH14.18
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(also a human-murine chimeric mAb) used in the experiment to
filter out false positives. Such differences provide additional in-
formation concerning the specificity of the interaction from the
point of view of the Fab. Because there is no experimental
structure of CH14.18, we aligned the sequences of cetuximab
and CH14.18 light and heavy chains (CH14.18 sequences 2 and 5
found in patent US 7169904). In addition, we aligned these
sequences with: rituximab, another murine-human chimeric
mAb; trastuzumab, a humanized anti-HER2 mAb; and M425,
a murine anti-EGFR mAb (Fig. 34). Although the CDR loops
are expectedly different, there are several significant differences
between cetuximab and the other mAbs at the meditope binding
site, the most apparent being the cetuximab light chain residues
Thr40, Asn4l, and Asp85 (Fig. 34). Asp85 (Val in CH14.18)
makes hydrogen bonds to the guanidinium group of Arg9 and
the backbone amide of Leul0 in the meditope (Fig. 3B); Thr40
(Gly in CH14.18) also makes a hydrogen bond to the guanidi-
nium group of Arg9 (Fig. 3B). Likewise, the amide nitrogen of
Asn4l (Pro in CH14.18) makes a hydrogen bond to the amide
carbonyl of Thr7 in the meditope (Fig. 3B), and Thr40 averts the
steric interference posed by the proline ring in CH14.18. Other
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Fig. 3. Critical framework residues that confer meditope binding. (A) Align-
ment of cetuximab, CH14.18, trastuzumab, rituximab, and M425 light and
heavy chain residues within 5 A of the meditope-binding site. Magenta bars
denote the combination of residues unique to cetuximab in Kabat notation. (B)
A stereoview highlighting Arg9 of the cQFD meditope (green) and its occu-
pation of a distinct pocket in cetuximab (yellow). Trastuzumab Fab (1N8Z; gray
carbons) is superimposed onto cetuximab. Red dotted lines indicate salt bridge
from Asp85 to the meditope Arg9 and Leu10. (C) Rotated by ~90°, the hy-
drogen bond between Asn41 of cetuximab Fab to Thr7 of the meditope is
shown. Also shown is the extended side chain of Arg8 of the meditope making
a backbone hydrogen bond to GIn111 in the heavy chain.
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sequence differences such as the loop defined by residues 39-44
in the heavy chain of cetuximab also are likely to influence
meditope binding (ST Appendix, Fig. S2). These differences may
account for the selection of the meditopes in the phage dis-
play experiment.

Based on these observations, we performed a BLAST search by
using cetuximab in an attempt to find other mAbs containing this
combination of residues. Although occasionally a hit from this
query contained an individual substitution, the specific combi-
nation of Thr40, Asn41, and Asp85 was absent in the top 1,000
hits including human mAbs (alignment S1; Methods). In support
of these observations, SPR measurements showed that a synthetic
cQFD meditope coupled to the SPR chip bound cetuximab but
not to rituximab or trastuzumab (SI Appendix, Fig. S3). We could
not test CH14.18 because it is not commercially available. Col-
lectively, these observations indicate that the meditope site is
rare, if not all together absent, in human or murine mAbs.

Grafting of the Meditope Binding Site onto Trastuzumab. To better
understand the specificity of the interaction and to test whether
this interaction could be expanded to other mAbs, we attempted
to graft the meditope binding site of cetuximab onto a human
mAb framework. To do so, we aligned the sequences of cetux-
imab and trastuzumab and mapped the sequence identity onto
the atomic model of trastuzumab (PDB ID code 1N8Z; ref. 27).
Based on this mapping and the superposition of cQFD-cetuximab
and trastuzumab structures, we identified 13 residues that differ
between cetuximab and trastuzumab and whose side chains either
make direct contact with the meditope or may indirectly affect
meditope binding (Fig. 44). They are as follows: Thr40, Asn41,
and Asp85 as detailed above, Arg39 and Arg45 in the light chain
that coordinates a nonbonded phosphate group and may poten-
tially stabilize the loop containing Thr40 and Asn41 in the light
chain, Val9 and Ile10 that participates in forming a shallow hy-
drophobic surface near the side chain of Leul0 in the meditope,
and Gly42, Ser43, 11e83, and Alal00 of the light chain as well as
Ser40 and I1e89 in the heavy chain. We mutated the equivalent
positions in the trastuzumab sequence and produced and purified
the protein. Using SPR, we observed that the cQFD meditope
bound to the grafted trastuzumab Fab with similar affinity as
cetuximab (Ky = 1.2 pM) (Fig. 4B). We also observed that the
meditope-enabled trastuzumab Fab bound to soluble HER2 with
similar affinity as the Fab isolated from the commercial source,
indicating that the mutations have no deleterious effect on anti-
gen binding (SI Appendix, Fig. S44). Finally, we demonstrated by
SEC that the meditope-enabled trastuzumab, sHER?2, and med-
itope-Fc coeluted (SI Appendix, Fig. S4B). Hereafter, we will
refer to the meditope-enabled mAbs as memAbs.

To further confirm that the point mutations did not signifi-
cantly perturb the overall structure of the Fab, we crystallized the
Fab of the trastuzumab memAb with and without the cQFD
meditope. We obtained well-diffracting crystals in the presence
of protein A and protein L to aid crystallization. The structures
of the apo-memAb trastuzumab and the meditope-containing
complex were solved at 1.95 and 2.0 A, respectively (SI Appendix,
Table S1). The parental trastuzumab Fab bound to protein A
and protein L was also crystallized and solved to 2.08 A reso-
lution (SI Appendix, Table S1). Superposition of either the apo-
parental trastuzumab Fab or HER2-bound parental trastuzumab
Fab (27) onto apo-memAb trastuzumab revealed only minor
changes in the overall structure (rmsd = 0.22 A and 0.56 A over
433 and 431 Ca atoms, respectively). Superposition of the apo-
and meditope-liganded memAb trastuzumab showed that med-
itope occupancy stabilizes the heavy chain loop (residues 39-44)
in an open conformation, similar to what is observed for cetux-
imab and accounts in part for the slightly higher rmsd. More
importantly, critical residues (Thr40, Asn41, and Asp85) identi-
fied by the sequence mapping in the apo- and meditope-liganded
memAD were essentially in the same positions as their counter-
parts in cetuximab and formed similar interactions with the
meditope (Fig. 4C). Critical side chain rotamers of the meditope
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Fig. 4. Meditope-enabling of trastuzumab. (A) Sequence alignment of light
and heavy chains of parental and memAb trastuzumab showing residues, in
Kabat notation, mutated to confer meditope binding. (B) SPR sensogram
showing the binding of 16, 8, 4, 2, 1, 0.5, 0.25, and 0.063 pM cQFD meditope
to immobilized memAb trastuzumab ligand. (C) Superposition of memAb
(yellow carbons) and parental trastuzumab (cyan carbons) with expanded
view of critical mutations in meditope-enable trastuzumab. Cetuximab (white
carbons) is included for comparison. (D). Stereoviews of the superposition of
the meditope bound to memAb trastuzumab (yellow carbons) and cetuximab
(white carbons). Phe3 and Leu10 are highlighted in Upper; Leu5, Arg8, and
Arg-9 in Lower. The orientation of the disulfide bond between the terminal
cysteines, however, is slightly different in the memAb trastuzumab.

were also essentially the same as they were in the cQFD-cetux-
imab structure (Fig. 4D). As with cetuximab, we did not observe
significant alterations in the CDR loops (Fig. 4C).

Taken together, the binding data and structural information
demonstrate that it is possible to graft the meditope binding site
onto a human Fab framework without significantly affecting an-
tigen binding. The successful grafting of the meditope site further
validates the initial cetuximab-meditope model obtained through
diffraction data and the specificity of the interaction.

Engineering a Bivalent, High-Affinity Meditope. Although the med-
itope—-memAb interaction is specific and that the meditope did not
interfere with antigen binding, the moderate affinity of the medi-
topes preclude their potential use in antibody pretargeted imaging
and/or drug delivery through a monovalent interaction. Fortu-
nately, specificity and affinity are commonly gained through avid-
ity/multivalency (28). Thus, we tested whether the aforementioned
bivalent meditope-Fc construct would significantly enhance the
apparent affinity of the meditope to cell-associated cetuximab or
cell-associated trastuzumab memAb (Fig. 54). We observed that
the MFC bound to MDA-MB-468 cells (an EGFR-overexpressing
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breast cancer cell line) pretreated with cetuximab and remained
bound despite an extensive washing procedure (essentially an ~106-
fold dilution of the bivalent meditope). The meditope—Fc construct
did not bind to untreated cells or cells pretreated with M425,
amurine anti-EGFR mAb that does not have the meditope binding
site (Fig. 5B) (17, 29). We also demonstrated that an FITC-labeled,
monomeric cQFD meditope bound to cetuximab pretreated MDA-
MB-468 cells, but its signal, as measured by FACS, is reduced to
background levels after a single wash (~100-fold dilution and
consistent with its binding affinity) (SI Appendix, Fig. S5).

The stable and specific interaction of the meditope-Fc with
cetuximab is also clearly seen by their colocalization on the
surface of MDA-MB-468 cells (Fig. 5C). These in vitro studies
indicate that the avidity gained by creating a bivalent meditope
enabled its selective binding to cells that express pathological
concentrations of EGFR only in the presence of cetuximab.

Finally, we tested the memAb trastuzumab on HER2-over-
expressing SKBR3 breast cancer cells. By either FACS or fluo-
rescent microcopy, the grafted trastuzumab bound to the cells at
similar levels as the parental trastuzumab. FACS analysis showed
that the trastuzumab memAb and the parental trastuzumab we
produced had the same range of affinity to cell surface HER2 as
the commercial trastuzumab (SI Appendix, Fig. S6). As with
cetuximab, we used microscopy to show that the meditope—Fc
colocalized with memAb trastuzumab on SKBR3 cells (Fig. 5C).
The same specific binding was recapitulated. Most importantly,
the memAD trastuzumab and the parental control only differ at
the grafted residues, thus proving that the specificity originated
entirely from the meditope-enabling point mutations.

Discussion

Our structural investigations have led us to identify and charac-
terize a unique peptide interface within the Fab framework of
cetuximab. We demonstrated that the interaction does not perturb
the ability of the mAb to bind to its cognate antigen, and that the
site could be grafted onto a human IgG framework, exemplified by
our meditope-enabled trastuzumab, with similar specificity and
without compromise to antigen recognition. We also demonstrated
the feasibility of enhancing the meditope binding affinity through
avidity, and showed that a bivalent meditope is specific and binds
with high affinity, but only in the presence of the cognate memAb,
to cells overexpressing the antigen.

Beyond the description of a unique interaction in one of the
most intensely studied protein families, we suggest that this
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interaction has practical utility and can potentially overcome
hurdles facing mAb-based technologies. Specifically, many of the
advantages sought in reengineered mAb and Fab fragments of-
ten give rise to new issues. A common problem is that these
nonnative reagents expose new surfaces, which can be anti-
genic. Also, there are significant concerns with stability and the
scalability in the manufacturing of such molecules (30). We
note that cetuximab is already in the clinic and, thus, stable and
produced at scale. We also note that the unique combination of
residues that line the meditope binding site is distant in se-
quence (i.e., unlikely to be a peptide T-cell epitope) and lo-
cated within a deep cavity (i.e., unlikely to be a surface exposed
B-cell epitope) (Figs. 1C and 3B). Consequently, mAbs con-
taining the meditope binding site should not be immunogenic.

As demonstrated by the bivalent meditope-Fc’s stable in-
teraction with memAb-treated cells, we envision that the medi-
tope-memAb interaction will have applications in pretargeted
imaging and drug delivery methods (5, 6). We also envision that
the meditope-memAD interaction can be used to derive syner-
gistic tumor inhibition (17, 31, 32) as observed in the trastuzu-
mab-pertuzumab combination (33). The meditope-Fc could be
viewed as a second mAb, but with the flexibility of being able to
pair up with any memADb, hence potentially reducing the cost of
identifying and developing a second therapeutic mAb. It is also
possible to fine tune the properties of a multivalent meditope
(e.g., through valency and linker geometry) to further enhance
specificity and synergistic effects.

By using the meditope binding site as a specific point of conjuga-
tion, we propose that issues of heterogeneity and conjugation effi-
ciency that typically affect the development of effective ADCs can
be avoided. A toxin-bearing meditope can direct a reactive chemical
to the Fab cavity, favoring specificity and unit stoichiometry.

Although the moderate affinity of the cQFD and cQYN med-
itopes may be advantageous when considering a multivalent ap-
proach (28), we suggest that it is possible to incorporate different
unnatural amino acids, different cyclization strategies, and use
different screening methods to not only improve the affinity but
also address potential pharmacokinetics, pharmacodynamics, and
toxicity issues. In addition, as we have demonstrated by the med-
itope enabling of trastuzumab, it is equally possible to tailor the
meditope binding site to accommodate changes in the meditope.

In summary, this unanticipated interaction between the medi-
tope and a nonantigen binding surface of the Fab of cetuximab,
together with the demonstrated feasibility in grafting this peptide-

Parental

Fig. 5. Specific binding of meditope-Fc to memAb-labeled
cells. (A) A schematic demonstrating the proposed enhanced
affinity of the bivalent meditope to antigen overexpressing cells
that are pretreated with a meditope-enabled mAb. (B) FACS
analysis of AF488-labeled meditope-Fc (MFC) binding to un-
treated, AF647-labeled cetuximab-treated (C) or M425-treated
(M) MDA-MB-468 cells. Monomeric meditope (cQFD) did not
show appreciable binding. (C) Wide-field fluorescent micros-
copy showing meditope-Fc colocalization with cetuximab on
MDA-MB-468 cells, but not to M425 pretreated cells (left two
columns). Likewise, meditope-Fc colocalized with memADb tras-
tuzumab, but not to parental trastuzumab pretreated SKBR3
cells. (Scale bars: 10 pm.)
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binding surface on to other mAbs, have the potential to offer
opportunities to improve mAb-based technologies in general.

Methods

Materials. Meditopes were synthesized by the Drug Discovery and Structural
Biology Core at the City of Hope and by CS Bio except for the cQFD meditope and
its alanine point mutants used in the SPR experiment presented in S/ Appendix,
Table S3, which were produced bacterially by encoding the peptides at the C
terminus of SMT (34) with the corresponding codon changes generated by site-
directed mutagenesis. The peptides were oxidized by dialysis into buffer with-
out DTT, purified by SEC to obtain monomers and released from the SMT tag by
ubiquitin-like protease (Ulp1) before analysis. Cetuximab, rituximab, and tras-
tuzumab were purchased from the City of Hope pharmacy. The genes for the
light and heavy chains of memAb and parental trastuzumab were synthesized
by DNA2.0, cotransfected, and selected in NSO cells. Each Fab was generated
through the digestion of the IgG with immobilized papain (Pierce) and purified
by reverse purification with protein A (GE Healthcare) and SEC on a HiLoad 16/
600 pg Superdex 75 column (GE Healthcare). scFv of cetuximab was expressed in
Sf9 cells and purified as described (35). The gene for the meditope-Fc was
constructed by DNA2.0 (cQFD meditope connected to human IgG gamma heavy
chain 3; accession no. AAWG65947) residues 22-241 via a 37-residue linker,
cloned into pAcGP67A vector (BD Biosciences), and produced in Sf9 cells. The
protein was purified by using protein A and SEC. His-EGFRdIII (residues 309-512)
and His-sHER2 (residues 1-630) were expressed in Sf9 cells and purified by using
standard methods. The sequences of Fab binding domains of protein A (N-
terminal Ser-Tyr, 1804-1855) and protein L (N-terminal Ser, residues 820-880, C-
terminal Gly) (20, 21) were obtained from the crystal structure Fasta files, syn-
thesized by Genscript, and purified in a similar manner as the cQFD mutants.

Crystallization and Diffraction. Please see S/ Appendix, S| Methods or the PDB
entries for crystallization, structure determination, and refinement details. The
structures have been deposited in the PDB as: 4GW1 (cetuximab with cQFD),
4GWS5 (cetuximab with cQYN), 4HKZ (parental trastuzumab with protein A and
L fragments), 4HJG (memAb trastuzumab with protein A and L fragments), and
4101 (memAb trastuzumab with cQFD and protein A and L fragments).
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Analytical SEC. Ten micromolar cetuximab Fab, EGFRdIIl, and 5 pM medi-
tope-Fc were used for the individual runs and for the binary complexes.
The complex of the three components was formed with stoichiometric
complex of the Fab and EGFR added to the meditope-Fc. The proteins were
mixed and incubated at room temperature for 20 min and applied to
a Superdex 200 10/300 column (GE Healthcare) at 4 °C. Similar procedures
were used with the parental or meditope-enabled trastuzumab IgGs, sHER2
and meditope-Fc.

BLAST Search. Using the nonredundant database and filtering for Homo
sapiens, we used the cetuximab and trastuzumab sequences as search
sequences and aligned the top 1,000 sequences returned from each. A
multisequence alignment of light chain residues 26-89, starting with
cetuximab (1YY8_A), is presented as Alignment S1 with Thr40, Asn41,
and Asp85 highlighted in magenta.

SPR Binding Experiments. All SPR experiments were performed on a GE Biacore
T100 instrument at 20 °C, and analysis was performed by using Biacore T100
Evaluation software version 2.0.1. Ligands were amine coupled to CM5 chips
at low densities suitable for kinetics. Concentrations of analytes were pre-
pared in HBS-EP+ buffer (10 mM Hepes at pH 7.4, 150 mM NaCl, 3 mM EDTA,
and 0.05% vol/vol surfactant P20), which was used as a running buffer in all
experiments. For saturation analysis, cCQFD meditope or EGFRdIII affinities to
immobilized cetuximab scFv or Fab were assessed by equilibrium methods at
20 °C and fit to the equation: RU = (RMAX e [L])/([L] e K4) + ROFFSET.
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