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ABSTRACT: There is considerable interest in understand-
ing how multiple binding events can be mediated through a
single protein interface. Here, a synthetic library approach
was developed to generate a novel dual-specific antibody.
Using a combinatorial histidine-scanning phage display li-
brary, potential metal binding sites were introduced through-
out an anti-RNase A antibody interface. Stepwise selection
of RNase A and metal binding produced a dual-specific
antibody that retained near wild-type affinity for its target
antigen while acquiring a competitive metal binding site that
is capable of controlling the antibody�antigen interaction.
Structure analysis of the original antibody�RNaseA complex
suggested peripheral interface residues and loop flexibility
are key contributors for obtaining the dual specificity.

Biology employs a number of strategies to regulate protein
binding events (e.g., oligomerization and protein allostery);

however, the underlying principle behind most regulation is
simply linked equilibria. A minimalist example of such linked-
equilibria-based regulation involves a single (common) protein
interface that is capable of recognizing more than one target.
Such promiscuous protein binding can serve to enhance or
preclude secondary binding events and frequently plays a role
in regulating signaling pathways.1 In general, the underlying
structural properties of such dual-specific protein interfaces are
not well understood as the types of interactions that are necessary
for each binding event may be significantly different.

Metal binding proteins are among the most commonly
observed dual-specific proteins. Metal binding sites play roles
in events such as substrate recognition and binding site stabiliza-
tion. Consequently, there has been considerable interest and
success in developing novel protein metallorecognition sites.2,3

In particular, histidine side chains play a prominent role in metal
binding sites and can bind metal ions (e.g., nickel, zinc, and
cobalt) with as few as two histidine side chain groups. Such bi-
histidine sites have been engineered to regulate enzyme activity,4

examine folding,5 and enhance protein stability.6 Whether the
metal binding site is physiological or engineered, metal coordina-
tion and protein scaffoldingplay an essential role in determining the
protein’s affinity for metal ions. Consequently, traditional efforts
to design novel metal binding sites rely heavily on knowledge of
the protein’s three-dimensional structure. Furthermore, most
design efforts introduce metal binding sites within rigid protein

scaffolding, such as helices5 or at the interface of oligomeric states
of helical bundle proteins7,8 and not typically within loop regions.

On the basis of the frequently observed “plastic” nature of
protein�protein interfaces, where many interface residues can
tolerate substitutionswithout a significant loss of binding affinity,9�11

we explore the hypothesis that such interface residues could be
designed to possess new function (i.e., metal binding), without
the loss of the original function (i.e., protein binding). Specifi-
cally, using a novel, library-based technique, we sought to
introduce a competitive metal binding site within the CDR loops
of a model antibody�antigen interface. The engineered dual
specificity would thereby serve as a metal switch that could
modulate the antibody�antigen interaction through the pre-
sence of metal ions. Figure 1A depicts the underlying linked-
equilibria model, where Kint and Kmetal are the antigen and metal
binding equilibrium constants, respectively. Antibody recogni-
tion of the two targets, antigen and metal, is mutually exclusive,
which results in an overall observed antigen binding constant,
Kobs, that is dependent on metal concentration.

A combinatorial approach was developed that would (1)
“saturate” the antibody interface with metal binding ligands
and (2) allow the retention of residues that are energetically
critical to RNase A binding. This approach, termed combinatori-
al histidine scanning, screened 22 residue positions within the
antigen binding interface of anti-RNase A VHH.13 Using degen-
erate oligonucleotide-directed mutagenesis,14 each residue posi-
tion was allowed to sample the original wild-type residue and
histidine (Figure 1B). Consequently, every possible combination
of histidine and wild-type residue was sampled throughout the
interface. This corresponds to 222 (or 4� 106) unique His/wild-
type variants. The histidine-scanning anti-RNase A VHH library
was then displayed on the surface of M13 phage and subjected to
a coselection strategy (Supporting Information). To maintain
the anti-RNase A VHH’s high affinity (Kd ∼ 20 nM), the first
round of phage panning selected variants that solely recognized
RNase A. Over the next three rounds of selection, VHH-
presenting phage were initially selected for RNase A binding,
followed by competitive selection of metal sensitive VHH clones
using a metal ion mixture (i.e., cobalt, nickel, and zinc). To
increase the stringency of selection of binding both RNase A and
metal, the concentrations of VHH and metal were decreased
each round. After four total rounds of selection, immunoassay
screening allowed identification of ametal sensitive anti-RNase A
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VHH clone. This clone, VHH-metal, possessed three histidine
substitutions, Y29H, Y33H, and Q110H (Figure 2A).

To examine VHH-metal’s specificity, circular dichroism (CD)
was used to monitor thermal stability in the absence or presence
of each metal (1 mM) used during screening (i.e., cobalt, nickel,
and zinc). An increase in the melting temperature, Tm, of
approximately 7 �Cwas observed in the presence of 1 mM nickel
(Figure 2B), whereas smaller shifts in Tm were observed in the
presence of either zinc or cobalt. Consequently, nickel was used
for all subsequent experiments. Control experiments revealed the
thermal stability of the wild-type anti-RNase A VHH was un-
changed in the presence and absence of 1 mM nickel (Figure 2C),
indicating the nickel binding was due to the remodeled interface.
Similarly, control experiments with the antigen, RNase A, with
and without metal, displayed no change in Tm (data not shown).
Comparison of the thermal unfolding of VHH-metal to the
original anti-RNase VHH, in the absence of metal, revealed that
the remodeled metal interface resulted in a decrease in Tm by
∼4 �C (Figure 2B,C).

Isothermal titration calorimetry (ITC) was used to evaluate
the thermodynamic basis for VHH-metal’s dual function. Figure 3A
displays titrations of nickel into VHH-metal, which revealed a
metal binding dissociation constant, Kd, of 30 ( 10 μM. This
value is comparable to affinities reported for other nickel binding
proteins.15 As expected, titrations of nickel into wild-type anti-
RNase A VHH produced no measurable binding. In the absence
of metal, VHH-metal possessed a slightly decreased binding
affinity for RNase A (Kd = 155( 5 nM) compared to that of wild-
type anti-RNaseAVHH(Kd = 19( 1 nM), which corresponds to
an ∼8-fold decrease in binding affinity (ΔΔG� = 1.2 kcal/mol).
Overall, the thermodynamic basis for binding to RNase A did not
dramatically change versus the wild-type anti-RNase A VHH,
where recognition of RNase A is primarily based on a favorable
enthalpic contribution overcoming an unfavorable entropic

penalty (Supporting Information). To determine whether metal
binding could compete with RNase A binding, VHH�RNase A
binding was examined over a range of nickel ion concentrations
(10 μM to 10 mM). As displayed in Figure 3, the observed
binding constant, Kobs, is clearly influenced by the presence of
increasing concentrations of nickel. Fitting the model (Figure 1A)
to the data revealed a metal binding constant, Kmetal, of (4.3 (
0.8)� 104 (Kd = 23( 5 μM), which is within error of the metal

Figure 1. (A) Linked-equilibria model for a dual-binding anti-RNase A
VHH. (B) Interface view of the 22 positions included in the combina-
torial histidine/wild-type library: CDR1 (cyan), CDR3 (orange), and
RNase A (white sticks).

Figure 2. (A) Interface view of anti-RNase A VHH. Potential metal
binding residues are shown as sticks. Positions are color-coded according
to the change in accessible surface area upon binding RNase A. Values
based on the wild-type anti-RNase A VHH�RNase A complex structure.12

(B and C) Thermal unfolding of the VHH-metal variant and wild-type
anti-RNase A, respectively, with and without 1 mM Ni2þ.

Figure 3. (A) ITC titration of nickel into the metal binding VHH-metal
(200 μM). Dilution heats are offset in the top panel. (B) Observed
binding constant for VHH-metal as a function of nickel concentration.
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binding constant measured independently. Overall, this suggests
that formation of themetal binding site must significantly perturb
and/or block the RNase A binding site.

Existing knowledge of the wild-type anti-RNase A VHH�
RNase A complex structure12,13 helps provide insight into how
the VHH interface may accommodate a metal binding site yet
retain the ability to bind RNase A. Overall, the distances between
the CR atoms for the three inserted histidines, H29, H33, and
H110, all fall between 11 and 14 Å. These distances are within
commonly expected ranges for metal binding sites.15 In addition,
it is possible that residue(s) preexisting in the interface may
contribute as metal ligands, e.g., Q1, D52, D73, E102, and D105
(see Figure 2A). Consequently, the engineered metal binding site
is likely to use at least two histidines and may include preexisting
residues. Of the three histidine substitutions, Y29H and Q110H
are located in solvent accessible positions, while Y33H would be
predicted to participate in significant intramolecular contacts at
the C-terminal end of CDR1 (Figure 2A). Consequently, it is
predicted that the Y33H substitution would be conformationally
restricted in its ability to form a metal binding site, while Y29H
and Q110H substitutions would be better posed to form a metal
site. Finally, it is worth noting that the metal site is specific for
nickel as titrations performed in the presence of calcium ions did
not show any appreciable change in the observed binding constant
(data not shown).

Perhaps the most interesting feature of the engineered metal
binding complex is that it must induce significant structural
change and/or steric restriction that is capable of prohibiting
RNase A binding, while not adversely affecting RNase A binding
in the absence of metal. Clearly, conformational flexibility of the
CDRs appears to be advantageous for the acquired dual speci-
ficity. Furthermore, of the three substitution sites (Y29H,
Q110H, and Y33H), two of the substituted residues are tyro-
sines. Such isosteric substitution may be common when acquir-
ing dual-specific binding properties, as long as the replacement
residues serve as useful “filler” residues. Also, all substituted His
residues are located in peripheral positions. For instance, upon
formation of the wild-type complex, only Y33 buries significant
surface area (through van der Waals contacts). Future structural
and biophysical studies will be necessary to investigate the role
that specific residues and loop conformation play in metal binding
affinity and specificity.

Overall, a combinatorial histidine-scanning library approach
was developed that introduced a metal switch into an existing
antibody interface with minimal effects on antigen target affinity.
This approach is analogous to a combinatorial histidine scanning
library approach that has been used successfully to insert proton
binding sites within a VHH interface to engineer pH sensitive
binding (M. L. Murtaugh and J. R. Horn, unpublished results).
These combinatorial approaches are robust and do not require
knowledge of the protein structure (other than knowledge of the
binding loops). The resulting metal binding affinity was deter-
mined to be comparable to those of several previously engi-
neered metal binding sites. However, unlike metal binding site
design for engineering metal cofactors in catalytic antibodies,16

regulating enzyme activity,4 or enhancing protein stability,6 here,
the engineered metal binding site was capable of successfully
inhibiting a protein�protein interaction. It is perhaps somewhat
surprising that only a single metal binding VHH clone was
identified. This may due to excessively stringent selection.
Alternatively, it is likely that the introduction of additional
interface metal ligands (e.g., Glu, Asp, etc.) may ultimately be

necessary to develop higher-affinity metal binding sites. Such
metal binding sites will provide new routes in which to modulate
protein binding. Finally, these results, along with two other
known multispecific antibodies,17,18 may suggest antibody inter-
faces are ideally suited to acquiring multispecific target binding,
whether naturally or engineered.
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