Chapter 3
Biorecognition Molecules: Types and Molecular
Basis and Development of Specificity

Robert E. Collins and Aitziber L. Cortajarena

3.1 Introduction

As introduced in Chap. 1 many biomolecules are involved in molecular recognition
processes. These molecules include proteins, peptides, and nucleic acids. In the cur-
rent chapter we introduce in detail the different recognition molecules found in na-
ture. The chapter analyzes the recognition processes that they mediate and the key
aspects of such recognition, including affinity and specificity. Finally, we hint about
the tools that can be used in order to modify and expand the natural biorecognition
diversity. The chapter aims to provide an overview of the biomolecular complexity
and the array of biorecognition functions available in nature or by design, focusing
mostly into the two major recognition moieties: proteins and peptides and nucleic
acids. We cover some of the biorecognition pairs that are used in the applications
described in the following book chapters.

Most importantly, we aim to provide the basis for a thoughtful selection of ap-
propriate biorecognition moieties to add functionality to different polymeric plat-
forms considering the final application.
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3.2 Proteins

Proteins, also called polypeptides, are genetically encoded linear polymers built
from 20 standard amino acids. An amino acid contains an invariant backbone,
which consists of a carbon flanked by an amine and a carboxylic acid group. This
carbon attaches to the variable amino acid side chains, which include charged, polar
and nonpolar groups. Following dehydration during amino acid synthesis, a planar
peptide bond is formed. The resulting amide grants each amino acid residue in the
polymer a hydrogen bond donating and accepting group. Although the lowest en-
ergy state of some proteins is an extended unstructured form, most either assemble
colinearly with other polypeptides (e.g., collagen), or fold into a compact state.
Assembly and folding is typically driven by the so-called “hydrophobic effect,” the
sequestration of hydrophobic amino acid side chains away from water, in order to
minimize the entropically disfavored ordering of water around groups with which
it cannot interact. Folding maximizes the hydrogen bonding of main chain and side
chain polar groups. Although the peptide bond is planar, other bonds in the protein
can rotate in all conformations that do not result in clashes with other atoms. Pre-
dicting protein structure de novo solely from sequence remains difficult and has
unpredictable results.

Proteins are critical to life, serving as catalysts, structural supports, carriers, sen-
sors, and scaffolds. In this chapter, we focus on proteins that have been utilized as
binding platforms. Excluding covalent modification of proteins, protein—protein, or
protein—ligand binding is driven by the same fundamental forces that drive protein
folding: hydrogen bond formation, ionic bonding, the hydrophobic effect, and van
der Walls interactions. lonic bonds are generally (mis)taken to mean the interactions
of the monovalent positively and negatively charged side chains. Aromatic hydro-
phobic side chains have recently been recognized to have quadrupolar ionic nature,
as the pi orbitals above and below aromatic rings are negatively charged, leaving
the ring edges positively charged. This can provide a quite unique hydrophobic-yet-
charged interaction interface seen, for example, in nicotine binding to acetylcholine
receptor and proteins that bind methylated lysines [1, 2]. The presence of ions at
interfaces, and metal coordination chemistry is another consideration, as polyva-
lent cations are observed in protein—protein and protein—ligand interfaces, and have
been included in design strategies of polymeric assemblies and scaffolds [3-8]. Al-
though the forces are the same, the frequencies of amino acid pairings differ in pro-
tein cores and protein—protein interfaces. lonic bonds and hydrophobic interactions,
in particular, tryptophan-proline pairs, tend to be overrepresented in the latter [9].

At any given protein recognition site, any or all of these bond types may be
present. One might predict respective bond energies to sum evenly. In this case, in-
terface size would directly correlate with binding strength. The previously exposed
surface area that is buried when proteins interact does, in fact, correlate with affinity
up to a certain size; however, at any given size of buried area, there is an enormous
range of actual binding affinities, from very weak to quite strong interactions [10].
Clearly, not all interactions are equal. Considerations of the difficulty of accurately
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modeling the affinities of interactions have been extensively reviewed elsewhere
[11]. The four primary noncovalent bond types above are listed roughly in descend-
ing order of strength; however, local environments can alter bond strength. For
example, an ionic bond in a desolvated protein—protein interface is shielded from
water, and therefore binds with much greater strength than a solvent-exposed one.
This may, in part, explain why interfaces with the same buried surface area and
similar amino acid content can have affinities ranging across many orders of mag-
nitude. Binding free energy “hot-spots” that have unexpectedly large contributions
to binding affinities have been identified in natural complexes, and are a desirable
but elusive target in designed interfaces. Although different residue types (primar-
ily charged or aromatic amino acids) have been found in hot-spots, protection from
solvent by other residues is the feature that best appears to typify hot-spots [12—14].

Affinity, Avidity, and Specificity Affinity is a measure of strength of binding of a
molecule to its ligand. The affinity of a protein interaction with its ligand is quanti-
fied as a dissociation constant (Kd), in molar units (M). Quantitatively, Kd values
can be determined as the ratio of the off-rate constant (how quickly the protein dis-
sociates from bound ligand) and the on-rate constant (how quickly the protein binds
ligand). Alternatively, at equilibrium, Kd is the concentration of ligand that results
in equal concentrations of free protein and complex. As the inverse of an association
constant, it describes the susceptibility of a complex to dissociation. Lower values
indicate tighter binding. As described in Chap. 1, physiological binding constants
can range from the femtomolar to the millimolar. Complexes with femtomolar
affinities are long lived, for example, biotin-streptavidin complexes exhibit a half-
life of 35 h under physiological conditions [15]. Assuming diffusion-limited on-
rates, complexes with millimolar affinities will have millisecond half-lives at best.

While affinity properly refers to the binding of a single ligand to a single protein,
avidity is considered with multivalent binding. Avidity is the cumulative effects of
multiple affinities working together. In order for multivalent complexes to dissoci-
ate, each subunit must simultaneously reach the “off” state. Avidity is sometimes
referred to as functional affinity, in that the association and dissociation of multiple
binding units and their ligands can be measured. Avidity has been noted in the gen-
eration of engineered antibodies, where single-chain fragments (scFV) are selected
for, and then are later reassembled into IgG class antibodies, which have two bind-
ing sites, or are simply dimerized into “diabodies.” In these cases, the Kd values for
the affinity of the scFV (single unit) are hundreds to thousands times weaker than
the avidity of the diabody or antibody) [16]. With high starting affinities, bivalent
or higher order binding soon becomes practically irreversible. The degree to which
functional avidity assays can, therefore, obscure the true underlying affinity has led
to criticisms against these techniques (especially with indirect assays) [17]. Never-
theless, it is clear that conversion of monovalent binders to polyvalent binders may
boost effectiveness when engineering binding scaffolds for a target.

Specificity, as opposed to affinity and avidity, lacks a formal quantifiable unit.
It is simply the binding of one ligand to the exclusion of others. Specificity can be
experimentally assessed, for example by pull down, where hopefully one ligand and



48 R. E. Collins and A. L. Cortajarena

not many is isolated from the cellular milieu. In protein design, engineering, and
selection, specificity often seems to come about through the selection of functional
high affinity binders. The perfection of a binding site for one ligand should tend to
physically and chemically gate out others. Moreover, truly nonspecific binders may
be lost in purification or fail to behave in selection assays. In the following sections,
we highlight the development of high affinity binding platforms, and a few cases
where specificity was assessed and enhanced.

In the case studies we present in this chapter, as high-affinity binders are progres-
sively selected and refined, structural features that promote binding emerge. More
surface area is buried, and more fruitful bonds emerge, particularly in the satisfac-
tion of constrained hydrogen bond distances and geometries. Side chains become
better positioned, requiring less rearrangement (and entropic penalty) to bind. Fi-
nally, solvent excluding seals emerge around hot-spot residues, guaranteeing their
full, uninterrupted binding energies.

3.2.1 Common Natural Protein Recognition

As efforts to use proteins as polymeric platforms for recognition, and as therapeutic
agents began, the first source of tools were naturally occurring proteins. As detailed
in Chap. 1, the affinities of the protein ligand interactions found in nature range
from the transient to the near permanent. This is according to the physiological
role of the protein itself. Interactions of cellular signaling processes must be short
lived, so that when a signal is terminated, those complexes transmitting that signal
dissociate and return to a resting state. Antibody—antigen complexes should remain
intact until immune processes are recruited and complete their job. In this section,
we highlight some of the most commonly used naturally occurring protein—ligand
interactions.

3.2.1.1 Streptavidin—Biotin

Streptavidin is a protein isolated from bacteria that binds the small molecule biotin
with one of the strongest noncovalent interactions known (K, =10~'* M). This re-
markable affinity is achieved through an extensive network of hydrogen bonds with
the polar moieties of biotin and hydrophobic and van der Waals interactions medi-
ated by conserved tryptophans packing against biotin (Fig. 3.1b). These interactions
are reinforced by the closing of a loop over the pocket. For streptavidin to release
biotin, concerted loop movement, solvation of apolar surfaces, and the breaking of
the hydrogen bond network must occur [23, 24].

Because of the high affinity and specificity of this interaction, the biotin—strep-
tavidin interaction is often used in scaffold engineering and protein isolation. Bio-
tin can be synthetically attached to DNA, RNA, or proteins in vitro, and in vivo,
proteins can be tagged with biotin acceptor peptides which are posttranslationally
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modified with biotin in the presence of biotin ligases [25-27]. A small peptide se-
quence has also been selected for streptavidin affinity in the absence of biotin [28,
29]. Additionally, engineered streptavidins of varying affinities and valence (mono-
mers, tetramers, monovalent tetramers) have been developed, allowing control of
scaffold design [30, 31]. These features have been used to generate biosensors, fa-
cilitate nanotube assembly in controlled orientation, and the controlled assembly of
extended protein lattices, for example [3, 32, 33].

3.2.1.2 Antibody—Antigen

Antibodies are the protein products of the adaptive immune system that exist as
either secreted or cell-bound forms. Antibody diversity is far greater than the num-
ber of genes in a genome. This diversity comes about by combination of several
genetic cassettes and somatic mutation of the sequence in those cassettes. Antibod-
ies (Fig. 3.1a) consist of conserved structural regions and variable antigen-binding
regions. Typically, antibodies used in research are IgG, which contain two binding
sites per antibody complex (Fab) (Fig. 3.1a), but other antibody classes contain
more. Upon introduction of an antigen, the basal diversity of the immune system al-
lows weak recognition of an antigen. Cells displaying antibodies that recognize the
antigen are stimulated to proliferate, and their antibodies further diversify. The ex-
pansion and diversification of successful binders is termed affinity maturation, and
this term has been adopted to describe synthetic selection processes that proceed
by genetic diversification and selection of superior binders [34]. Figure 3.2 depicts
methods for the affinity maturation process. In short, loose contacts are replaced by
more fruitful, direct interactions that bury additional hydrophobic surface area, and
protect inner binding contacts that may constitute a solvent-shielded “hot-spot.”

Antibodies are typically generated in one of two ways. Polycolonal antibodies
are the product of all cell lineages that recognize an antigen. An animal is injected
with antigen (often in one primary and several booster injections). Following de-
velopment of high-affinity antibodies, serum is harvested, and antibodies purified.
Polyclonal antibodies may recognize different sites on a large antigen, and will
range in affinities. Conversely, monoclonal antibodies are produced by a single cell
lineage. An animal (typically mouse) is injected with antigen, and immortal hybrid-
oma cell lines are generated from the animal’s spleen cells. Cloning of antibody
producing cells allows for isolation of a single antibody against the antigen.

Protocols for the chemical modification of antibodies are abundant and have
nearly a 60 year history. Additionally, in the design of antibody-based binding
scaffolds, antibody-binding modules have been borrowed from bacteria that use
them as countermeasures to the adaptive immune system. Protein A is derived from
Staphylococcus aureus and has high affinity for the conserved (Fc) region of most
antibodies. Protein G is produced by Streptococcal species and has Fc and Fab
affinities. Physiologically, these block conserved regions of antibodies from their
normal immune functions, but antigen binding should be unimpaired. Both are used
in antibody purification and immobilization [35, 36].
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Fig. 3.1 Collection of structures that represent different types of biorecognition interactions medi-
ated by proteins. a Crystal structure of Herceptin monoclonal antibody antigen-binding fragment
(Fab) represented as ribbons in yellow and orange for the light and heavy chains respectively.
The structure shows the Herceptin antibody bound to the extracellular region of Her2 shown as
cyan surface (PDB ID: IN8Z) [18]. The right panel shows the structure of a complete antibody
with the light and heavy chains displayed as yellow and orange surfaces, respectively. The two
antigen recognition regions Fab, and the constant region (Fc) are shown. The Herceptin anti-Her2
antibody example represents a high affinity interaction between two proteins with a dissociation
constant of 0.1 nM. Heceptin is commonly used in breast cancer treatment. b Crystal structure of
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Human antibodies against therapeutic targets are desirable as drugs (called
biologics), as they should avoid immune responses to nonhuman immunoglobins
(Fig. 3.1a). As conventional development of human or humanized antibodies would
be impossible, in vitro approaches were developed. Libraries of the isolates variable
fragments of an antibody (scFv) were expressed on the surface of phage (viruses
that infect bacteria) or bacteria. Physical isolation of successful binders was fol-
lowed by rounds of diversification and reisolation. The result produced antibodies
with affinities comparable to antibodies produced by affinity maturation in vivo.
When reconstituted into antibodies, even higher apparent affinity (avidity) was
observed. The highly successful biologic Humira (human monoclonal antibody in
rheumatoid arthritis) was developed by this approach [37-40].

3.2.1.3 Integrin—RGD

Proteins that contain the Arg-Gly-Asp peptide sequence (RGD) are recognized by
the integrins that serve as receptors for them and constitute a major recognition
system for cell adhesion [41]. The RGD sequence is the cell attachment site of a
large number of adhesive extracellular matrix, blood, and cell surface proteins, and
nearly half of the over 20 known integrins recognize this sequence in their adhesion
protein ligands. The integrin-binding activity of adhesion proteins can be repro-
duced by short synthetic peptides containing the RGD sequence (Fig. 3.1d). The
binding affinity of this interaction is relatively low with dissociation constant val-
ues of 1075—10~3 M. The structural basis of the interaction provides insights on the
promiscuity of RGD-binding integrins [42]. Many ligands are shared by this subset
of integrins, but the ligand affinity varies, presumably reflecting the fit of the ligand
RGD conformation with the specific a-§ integrin binding pockets. RDG is a ubiqui-
tous adhesion sequence, therefore numerous new biomaterials and surfaces coated
with RGD peptides have been used to control the cell adhesion in vitro and in vivo.

the streptavidin-biotin complex. The streptavidin protein is a tetramer shown in green ribbons.
Each barrel binds one biotin molecule the small biotin molecules (one per streptavidin barrel) are
shown as yellow sticks. (PDB ID: 1MKS5) [19]. This interaction represents a high affinity interac-
tion with a dissociation constant of K, =10~'* M between a protein and a small molecule. ¢ Crys-
tal structure of a small designed protein binding module in complex with its target peptide. The
designed tetratricopeptide repeat (7PR) module is shown in green as ribbon representation. The
target C-terminal Hsp90 peptide is shown as spheres in purple (PDB ID: 3KD7) [20]. This is an
example of a low affinity interaction with micromolar dissociation constant and therefore a short
half-live, these interactions mediate transient and dynamic interactions. d Crystal structure of the
integrin-RGD peptide biorecognition complex. The Integrin alpha 5 chain head piece recognition
fragment is shown as magenta ribbon and the RGD peptide shown in yellow spheres (PBD ID:
3VI4) [21]. e Crystal structure of the lectin Concanavalin A in complex with sugar ligands. The
four subunits of the Concanavalin A tetramer are shown in different colors: green, blue, orange,
and yellow. Each subunit binds through specific hydrogen bonds and van der Waals interactions a
trimannoside molecule shown as cyan spheres. PDB ID: 1CVN) [22]
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Fig. 3.2 Examples of the most commonly used methods for in vitro evolution methods for selec-
tion of high-affinity binders. a Schematic of yeast display technology, in which a protein of inter-
est is expressed on the surface of yeast. From a library of potential ligand molecules high-affinity
protein ligands can be isolated [52]. Iterative rounds of cell sorting by fluorescence activated cell
sorting (F4CS) and expansion by cell culture are applied to yield enrichment of binders from a
combinatorial library. The cells recovered are expanded and subjected to multiple rounds of FACS/
expansion. Figure reproduced from [53]. b Schematic of phage display technique for affinity-
based selection of protein—protein, protein—peptide, and protein-DNA interactions. A protein or
library of variants of a protein of interest is displayed on the surface of phage. The phages display-
ing the proteins are then screened against the target molecule of interest. After several screening
and amplification rounds new or high-affinity ligands can be developed. Figure reproduced from
[54]. ¢ Schematic representation of ribosome-display selection methodology. A DNA of the library
encoding the protein variants of interest is transcribed in vitro and the resulting mRNA is used for
in vitro translation to synthesize the encoded proteins. The absence of the stop codon at the end
of the protein results in the protein connected to the tRNA. The mRNA-ribosome-protein ternary
complexes are used for affinity selection on an immobilized target. The genetic information of
binders is rescued by RT-PCR yielding a PCR product. After several cycles highly specific and
pure binders are selected [55]. Figure reproduced from [56]. d Schematic of systematic evolu-
tion of ligands by exponential enrichment (SELEX). SELEX is used for the selection of nucleic
acids including single-stranded DNA, RNA, or aptamers that specifically bind to a target ligand.
Synthetic libraries of nucleic acids are screened to select for nucleic acids that bind the target mol-
ecule. After several cycles of selection and PCR-amplification specific high affinity binders are
identified. Figure reproduced from [57]
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3.2.1.4 Lectins

Lectins are proteins that bind carbohydrates and mediate cell to cell contacts. These
contacts are strong by the combination of many individual lectins—sugar weak and
specific interactions. Similarly, these interactions can open many doors in their use
in biotechnology and for the generation of specific biorecognition surfaces [43—45].
For example, concanavalin A (ConA) is a commercially available lectin that binds
specifically to defined glycosyl moieties found in various sugars, glycoproteins, and
glycolipids (Fig. 3.1e). ConA is widely used as a tool in sugar biorecognition, de-
tection, and sensing applications [46-49]. Recent works on the carbohydrate—lectin
recognition mechanisms open the door to the efficient design of new lectin-based
sugar recognition modules [50, 51].

3.2.2 Engineering to Expand the Binding Repertoire and Affinity
of Natural Scaffolds

Protein engineers soon exhausted the natural repertoire of protein—ligand in their
designs, and sought to engineer new ones. In this section, we describe approaches
that take a protein scaffold from nature, and functionalize it with new amino acids
that allow binding to a new target. Typically, this is done by repeatedly generat-
ing large libraries of variants and selecting for increasingly high-affinity binders.
Figure 3.2 summarizes methods used to accomplish this goal. Successful binding
proteins displayed on the surfaces of phage, bacteria, or yeast, or attached to ri-
bosomes, can be physically isolated by binding to immobilized ligand. Proteins
displayed on cells can be mixed with fluorescent ligand and sorted in a fluorescent
activated cell sorter (FACS). As the gene that produced the protein is coisolated in
all cases, DNA sequences are obtained, allowing for determination of successful
substitutions across many clones, and serves as a foundation for the next round of
variation and selection.

Scaffold choice itself is important. Scaffolds with sufficient surface area to bury
and, in particular, ones with loops that project into their target, seem to frequent
studies that successfully isolate high-affinity binders. Stable scaffolds that express
well, that are stable, and that are structurally predictably are desirable. To this end,
consensus sequence design has been used. Many sequences of the same domain are
aligned, and the consensus construct is generated. Consistent with the evolutionary
hypothesis that the most conserved residues are responsible for structural cohe-
sion of the domain, these consensus designs are often extremely stable, even more
so than their natural counterparts [58—60]. The least-conserved hypervariable posi-
tions are what define the different binding functions of each member of the protein
family, and are, therefore, varied in the libraries in order to obtain novel functions
(Fig. 3.1¢).

Another deliberate design feature that improves binding is the incorporation of
charges complimentary to the ligand being bound. Long-range electrostatic interac-
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tions apparently attract and position the ligand before the specific interactions of the
binding site lock it in. On rates, and therefore affinities, are dramatically increased
in electrostatically optimized systems of very different folds [61-63].

The success of these approaches cannot be understated. Several scaffolds have
emerged into mature technologies with commercial and even some clinical success.
They demonstrate antibody-like affinities in the nanomolar to picomolar range.
Their specificities are precise. Further, they can be engineered with modules cou-
pled together for avidity effects. Modules with different affinities can be coupled for
bi- or multi-specific binding.

The basis of higher and lower affinity binders are not fully understood, but the
structural biology work on many biorecognition complexes has provided valu-
able information to decipher the key elements in the biorecognition interactions.
Figure 3.3 provides detailed structural comparison between high- and low-affinity
binders.

Affibodies are based on a Protein A scaffold. This is a helical bundle which origi-
nally had positions on two alpha helices randomized. Selection primarily has been
performed by rounds of phage display (Fig. 3.2b). Affibodies have been commer-
cialized, resulting in over 200 publications with applications ranging from protein
capture and purification to enzyme inhibition to a clinical trial for an anti-Her2neu
imaging reagent [66—70].

DARPins (designer ankyrin repeat proteins) are based on a consensus ankyrin
repeat scaffold. A single ankyrin repeat is typically 33 amino acids and consists of a
B-turn, followed by two antiparallel a-helices and a loop leading to the next repeat.
Hydrophobic and polar interactions within a repeat, and with neighboring repeats,
form a stable, extended hydrophobic core mediated by the stacking of the a-helices,
while the more flexible loops project out [58, 71, 72]. Like other consensus designs,
DARRPins are very stable [58]. Their ability to accept any residue type in loop posi-
tions has allowed the development of DARPin libraries, from which high-affinity
binders of therapeutic and diagnostic targets have been selected by ribosome dis-
play (Fig. 3.2¢; [73-75)).

Adnectins are based on a fibronectin iii fold, resulting in antibody-like loops
projecting out of a core comprised of sheets. They have been selected by a variety
of methods including yeast display (Fig. 3.2a) and phage display (Fig. 3.2b). Ad-
nectins are commercialized and have entered clinical trials [76—78]. Many other
scaffolds have been designed and selected for novel binding affinities. The goal of
this review is to highlight a few cases and their development. Other scaffolds, de-
sign principles, and structural considerations [79] have been extensively reviewed
elsewhere [80].

3.2.2.1 Computationally Designed Proteins
Rather than randomizing the amino acids on a scaffold, the Baker lab has selected

scaffolds to complement a computer-designed binding site [65]. DIG (digoxigenin),
a drug and easily incorporated DNA/RNA modification commonly used by mo-
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c

Fig. 3.3 Structural comparisons of higher and lower affinity binders. a A potential natural hot-spot
versus surface binding is apparent when comparing the natural protein—protein complexes in pro-
teinase—proteinase inhibitors (PDB ID: 10PH) and a SNARE-adaptor complex (PDB ID: 2V§S).
Both are protein complexes that bury almost the same surface area (1359 and 1333 A2), respec-
tively. The two complexes have similar hydrophobic content at their interfaces. However, 10PH
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lecular biologists was selected as a target. “Disembodied” amino acids were aligned
with DIG and optimized for binding using the ROSETTA program. Potential scaf-
folds from the protein database were computationally screened for their ability to
harbor the desired amino acids in favored orientations. Designer proteins comprised
of the selected amino acids mated to the scaffold were generated, and selected using
surface display on yeast and fluorescent-activated cell sorting. From an initial affin-
ity of ~10 uM, additional rounds of design, randomization, and selection resulted
in pM to low nM affinities (Fig. 3.3c). Specificity for DIG versus other steroids
of similar shapes and chemistry was developed by positive designs that inserted
residues incompatible with binding undesirable ligands. Although the Baker lab
sampled known protein backbone conformations in this study, it seems totally de
novo protein designs are imminent [81].

3.2.3 Peptides

Peptides are distinct from proteins in their small size and general lack of folding
or even secondary structure. Specific high-affinity interactions do not necessarily
require protein-sized molecules. For example, antibody epitopes that mediate nano-
molar binding with precise specificity can be as short as 6 amino acids. The biotin
acceptor peptide (described in 2.1.1) has high affinity and specificity for strepta-
vidin. The short lengths of peptides allow comprehensive sequence libraries to be
generated. Peptide binding can be selected for by panning phage-display libraries.
Libraries of random or near random sequence can also be queried as fusions to
proteins in yeast-two hybrids or functional screens. Alternatively, libraries can be
plated on glass, generating peptide microarrays. In these microarrays, target binding
to immobilized peptides of known identity can be directly detected [82]. Peptides
selected for binding are often referred to as “aptamers”, which can cause some

(left) features binding 4000 times tighter than seen in 2V85 (right). A potential hot-spot (inser)
is formed by a salt bridge. This interaction is clearly isolated from bulk solvent by surrounding
polar and hydrophobic interactions. The SNARE-adaptor complex features as many interactions
along long helices, but side chain and main chain interactions are solvent adjacent. Values from
[10]. b During antibody affinity maturation, antibody affinity for lysozyme (green left) improved
36 times, resulting in nanomolar affinities. Only a few of the amino acid substitutions that occur
during affinity maturation are at the antibody—antigen interface (shown as sticks). The immature
(right top, PDB ID: INDM) and fully matured (right bottom, PDB ID: INDG) complexes bury
a similar solvent-accessible surface area (overlay, /eff). The major change observed is due to the
mutation of a noncontact residue that allows a key loop to move closer to the antigen. This allows
replacement of tyrosines that participate in loose water-mediated hydrogen bond networks with
phenylalanine that directly bind the antigen, burying additional nonpolar surface area and pro-
tecting a neighboring hot-spot. Other substitutions in the same region provide some additional
contacts [64]. ¢ Selection of a picomolar affinity small molecule (DIG) binding (right, PDB ID:
4J9A proceeded through lower affinity units (/eft, PDB ID: 4J8T). Substitutions are colored red.
A 16-28X improvement in affinity cannot be accounted for by the single substitution that contacts
DIG. Noncontact mutations, in particular a leu to trp substitution help position binding residues in
optimal geometries, and lock them into binding conformations, decreasing the entropic and kinetic
penalty on binding affinity if residues need to reorient prior to binding [65]
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confusion as DNA and RNA modules are also called aptamers in some contexts.
Peptide aptamers have been generated to inhibit cellular processes and to act as bio-
sensors and diagnostics ([83], reviewed in [84]). Interestingly, peptides have been
developed with specificity and fairly high affinity for different surfaces, including
polystyrene, carbon nanotubes, and glass [85].

3.3 Nucleic Acids

Nucleic acids in addition to their fundamental role to encode the genetic informa-
tion in living systems have some intrinsic features that make them useful biorecog-
nition molecules. The Watson—Crick base pairing between G and C and A and T
bases by hydrogen bonds permits the formation of stable double-stranded nucleo-
tide chains (Fig. 3.4a). These interactions are very specific and follow very simple
rules with only 4 blocks A, T, G, and C and two possible interactions G—C and A-T,
therefore can be easily used to engineer and program interactions based on the DNA
base pairing.

In order to generate different binding specificities, nucleic acids present less
chemical functionality than proteins but large libraries of oligonucleotides with dif-
ferent sequences can be generated relatively easily. In addition to the simple base
pair complementarity, nucleic acids can fold into complex three-dimensional struc-
tures (Fig. 3.4b, 3.4c). Those structures have been shown to be able to bind spe-
cific target molecules (Fig. 3.4c; [86, 87]). Large libraries of nucleotide sequences
will potentially encode binding molecules to almost any potential target. Advanced
selection tools including Systematic Evolution of Ligands by EXponential Enrich-
ment (SELEX) are used to select from complex libraries DNA molecules that bind
specifically the different targets of interest (Fig. 3.2d; [88]). Aptamers are small
single-stranded nucleic acids that fold in defined structure (Fig. 3.4d). High-affinity
aptamers have been developed to bind a wide variety of molecules and even complex
systems such as live cells [82, 89]. The affinity and specificity of those molecules
can be evolved and selected to match the desired properties. The expansion of the
natural repertoire of nucleotides by the introduction of unnatural nucleotides can
increase the functionality and affinity of aptamers by providing additional chemical
and structural diversity beyond that available with modified natural nucleotides [90].

In addition, to use nucleic acids as stapling and binding molecules, there are new
advanced technologies for the generation of complex structures based on the as-
sembly of DNA molecules exploiting the same simple base paring complementarity
[91]. Nowadays using these methodologies, that include the DNA origami, scientist
can create almost any type of DNA-based shapes [92]. The DNA structures could
be functionalized primarily through selective attachment of functional groups, such
as biotin [93-95]. These novel technologies will allow not only to generate complex
biorecognition platforms but also to pattern chemical reactions at the surfaces.
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Fig. 3.4 Nucleic acids-based interactions. a A typical B-DNA helix and Watson—Crick A:T and
G:C base pairs. (PDB ID: 2VAH). Hydrogen bonds are drawn as black dashed lines. Bases stack
in a regular orientation, and traditional geometries are observed. b Quadruplex DNA from side on
and top orientations. (PDB ID: 139D). Base pairing in quadruplex DNA is extensive, and involves
additional hydrogen bonds not seen in double stranded DNA helices. ¢ The S-adenosylmethionine
binding domain of an RNA riboswitch (PDB ID: 2QWY). S-adenosylmethionine is rendered with
grey carbons. The structure is an RNA helix formed by one RNA that loops back on itself. Non-
Watson—Crick base pairs stabilize the binding site (upper right). S-adenosylmethionine binding
includes extensive hydrogen bond with the nucleotides, and base stacking of the adenosine ring
(lower right). d Crystal structure of an aptamer, a structure oligonucleotide, recognizing its molec-
ular target. The figure shows the overall structure of the best-known aptamer, the thrombin-binding
aptamer (7BA) in complex with thrombin. Thrombin molecule is representedin purple. TBA mol-
ecule is represented on fop as cyan sticks (PDB ID: 3QLP) [96]
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3.4 Summary and Conclusions

In summary, the natural variety of molecular recognition modules provides a wide
tool-set for encoding and grafting specific biorecognition activities into polymeric
surfaces. The versatility of the modules permits the construction of biorecognition
platforms with unique binding properties in terms of affinity and specificity. The
key aspects of biorecognition including binding affinity, avidity, and specificity,
need to be comprehended and considered for the selection of the optimal molecu-
lar pairs for each application. The fast development of biomolecular engineering
techniques is expanding the natural diversity even more and allows exploring a new
landscape of molecules. The near future will deliver a complete new collection of
tailored interactions and biorecognition molecules with fine-tuned properties that
will allow scientist to build biorecognition systems “a la carte”.
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