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ABSTRACT: Accumulating evidence shows that many particular proteins have evolved to bind multiple targets,
including other proteins, peptides, DNA, and small molecule substrates. Multispecific recognition might be not
only common but also necessary for the robustness of signaling and metabolic networks in the cell. It is also
important for the immune response and for regulation of transcription and translation. Multispecificity presents
an apparent paradox: How can a protein encoded by a single sequence accommodate numerous targets?
Analysis of sequences and structures of multispecific proteins revealed a number of mechanisms that achieve
multispecificity. Interestingly, similar mechanisms appear in antibody—antigen, T-cell receptor—peptide,
protein—DNA, enzyme—substrate, and protein—protein complexes. Directed evolution and protein design
experiments with multispecific proteins offer some interesting insights into the evolution of such proteins and
help in the dissection of molecular interactions that mediate multispecificity. Understanding the basic prin-
ciples governing multispecificity could greatly assist in the unraveling of various complex processes in the cell.
In addition, through manipulation of functional multispecificity, novel proteins could be created for use in
various biotechnological and biomedical applications.

For many years, specificity has been considered essential to
the functional mechanism of proteins. A widely accepted belief
related a particular amino acid sequence to a particular three-
dimensional (3D) protein structure, which in turn defined protein
function. In the past decade, this hypothesis has been widely
challenged by many counter examples of intrinsically disordered
proteins and proteins that undergo large conformational changes
during their life cycle. Accumulating experimental evidence
shows that promiscuity and multispecificity are not rare phenom-
ena in the protein world as previously thought. On the contrary,
they are universal properties of molecular recognition and
are manifested in protein—protein, protein—DNA, antibody—
antigen, and T-cell receptor—peptide interactions (Figure 1).
Multispecificity might be required to account for the robustness
of signaling networks and for the efficiency of cellular metabo-
lism and immune response. The necessity for multispecificity in
molecular recognition changes our understanding of protein
evolution and has far-reaching implications for protein and drug
design.

Multispecificity raises a number of interesting questions.
How can a protein encoded by a single sequence recognize
multiple binding partners? What are the evolutionary com-
promises that allow binding promiscuity? What sequence and
structural characteristics distinguish multispecific proteins
from those that perform only a single function? What molec-
ular interactions give rise to multispecificity? How can we
incorporate the information described above when designing
such multispecific proteins? These and some other questions
are discussed in this review.
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MULTISPECIFICITY IN PROTEIN—PROTEIN IN-
TERACTIONS

Several proteins play a highly important role in the cell be-
cause they bind to and regulate a large number of partners. Some
famous examples are p53, p2l, p27, calmodulin, ubiquitin,
thioredoxin, and Ras. In the past decade, several high-through-
put experiments that aimed to identify all possible protein—
protein (PP)" interactions in several organisms have been con-
ducted (/—8). Although the obtained data are noisy and far from
exhaustive, they instigated many theoretical studies of PP interaction
networks. Interestingly, PP networks resemble many other complex
networks such as the Web, power grids, and manuscript citations.
The main characteristic of these “scale-free” networks is that they are
not randomly connected (9). Most of the nodes in such networks have
very few interactions, while only a small number of nodes have many
interacting partners. These highly connected nodes in PP networks
correspond to multispecific proteins, which are usually termed
protein hubs in the interaction network language.

In the past, many groups have worked to identify the
unique characteristics of protein hubs (reviewed in ref 10).
Protein hubs are essential to the network topology, so deleting
them should result in the destruction of the network. Indeed,
it was shown experimentally that deletion of a hub is lethal to
the organism (/7). From the network viewpoint, hub proteins
should exhibit lower evolutionary rates. However, several

'Abbreviations: PP, protein—protein; TCR, T-cell receptor; CDR,
complementarity-determining region; MHC, major histocompatibility
complex; VPS9, vacuolar protein sorting-associated protein; TSG101,
tumor susceptibility gene 101 protein; CBP, CREB binding protein;
HIFla, hypoxia inducible factor la; NK receptor, natural killer
receptor; PXR, human pregnane X receptor; HER2, Human epidermal
growth factor receptor 2; VEGF, vascular endothelial growth factor;
AbrB, antibiotic resistance protein B; BRCA1, breast cancer 1 suscept-
ibility protein; HSL, homoserine lactone.
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FiGURrE 1: Examples of multispecific recognition. (A) Multispecific protein Ras interacts with many effectors through the same binding interface.
Shown from left to right are complexes of Ras (cyan) with Ras-binding domains from Raf (magenta), Byr2 kinase (green), RalGDS (yellow),
phospholipase Ce (red), and Norel A (orange). (B) Multispecific recognition in TCRs. The top panel shows the structure of TCR in complex with
the MHC—peptide complex (Protein Data Bank entry 2CKB). The bottom panel zooms into the TCR—peptide interface and superimposes CDR
loops on BM3.3 TCR when interacting with two different peptides: VSV8 (RGYVYQGL) and pBM8 (SQYYYNSL). CDR loops are colored
green for the TCR—VSV8 complex and blue for the TCR—pBMS8 complex. Because the conformation of both peptides is very similar, only one
peptide is shown in red. The MHC presenting the peptide is at the top (not shown). (C) The top panel shows structures of an engineered bispecific
antibody (cyan) in complex with vascular endothelial growth factor (VEGF) (left) and human epidermal growth factor receptor 2 (HER?2)
(right) (42). The bottom panel shows the binding interface on the bispecific antibody when it interacts with VEGF (left) and HER2 (right).
The residues contacting each antigen are colored magenta and labeled. (D) Comparison of nonspecific and specific protein—DNA interactions.
The NMR structures of the lac repressor dimer (green) in complex with nonspecific DNA (top left) and with its specific DNA site (bottom left).
The DNA is shown as an orange ribbon. In the nonspecific complex, the hinge region of the lac repressor is unfolded and the DNA remains in the
canonical B form. In the specific complex, the hinge region folds up into an a-helix and the DNA is bent by ~36°. On the right, is the schematic
diagram depicting molecular interactions in the specific and the nonspecific lac repressor—DNA complex. The bases that are specifically
recognized by lac repressor are colored yellow. Red, green, and dashed blue lines indicate hydrogen bonding, hydrophobic, and electrostatic
contacts, respectively. Part of panel D was reproduced from the work of Kalodimos et al. (48). Copyright 2004 American Association for the
Advancement of Science. This figure was generated with PyMOL (/12).

theoretical studies reached different conclusions (/2—14).
This controversy was resolved when structural information
was incorporated into the study and revealed two possible
scenarios for a hub’s high connectivity. In the first scenario, a
group of hubs can interact with many proteins at the same
time by using multiple binding interfaces. These hubs are
usually large multidomain proteins that participate in perma-
nent interactions, such as in macromolecular assembly. In the
second scenario, hubs termed “single-interface hubs” bind to
many potential partners at different times through the same or
highly overlapping binding interface, participating in transi-

ent interactions. The evolutionary mechanism of these two
groups of hubs is likely to be different; thus, merging them
could eliminate important signals. Indeed, Kim et al. (19)
determined that the evolutionary rate of multi-interface hubs
is significantly slower than that of the whole proteome, de-
creasing in proportion to the increasing surface area of the
interacting regions. In contrast, the evolutionary rate of the single-
interface hubs does not differ significantly from that of the whole
proteome (15). These findings are not surprising because con-
straints that slow evolution are applied only to the binding
interface area and not to the whole protein sequence (/6).
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MULTISPECIFICITY IN ENZYME CATALYSIS

For many years, enzymes have been considered proteins that
evolved to catalyze a single reaction with high efficiency and high
specificity. During the past decade, the dogma of “one enzyme—
one catalytic reaction” has become obsolete because many en-
zymes have been shown to catalyze more than one reaction for
more than one substrate. Several reviews on the subject of enzyme
promiscuity have recently been written (17—21).

In contrast to PP interactions, the promiscuous functions
of enzymes are difficult to identify in high-throughput experi-
ments. One reason for this is that no available experimental
technique can detect the whole range of different substrates and
reactions. Another reason is that the efficiency of promiscuous
reactions is usually low in comparison to that of the native reac-
tion (20). Despite this, promiscuous reactions can be physiolog-
ically relevant under certain conditions. While at normal con-
ditions promiscuous enzymes generate an undetectable quantity
of their secondary products, with a sudden change in the sub-
strate or enzyme concentration, alternative pathways could be-
come more important and even preferred (22). Pathway promis-
cuity may be a form of adaptive plasticity for the generation of
new metabolic capabilities with no genetic changes. This “under-
ground” network is one reason why organisms can often be much
more robust than expected after deletion of genes involved in
major metabolic pathways. For example, Kim et al. found that
80 of 227 genes encoding metabolic enzymes involved in glucose
metabolism are not essential for growth of Escherichia coli on
glucose (23). Analysis of the data showed the emergence of alter-
native pathways in which the missing enzyme was substituted
with a different enzyme. In another study, the authors screened
104 single-gene knockout strains and discovered that 20% of
these auxotrophs were rescued by overexpression of at least one
noncognate gene, which was usually unrelated to the deleted
gene (24).

Because extensive experimental data on enzyme promiscuity
are unavailable, computational predictions could help in under-
standing the scale of this phenomenon. Recently, several algo-
rithms for predicting enzyme promiscuity were developed either
on the basis of structural comparison between active sites and
substrates of various enzymes (25) or on the basis of molec-
ular docking of substrates (26, 27) and transition-state ana-
logues (28, 29) into various enzymes. Computational predictions
identified a large number of potential promiscuous enzymatic
reactions and interesting bypasses and cross-links in metabolic
pathways (25, 29) that have yet to be verified experimentally.

MULTISPECIFICITY IN IMMUNE RESPONSE

While the extent of multispecificity in enzymes has not been
appreciated until recently, the importance of multispecificity in
the immune system was realized four decades ago (30, 37). The
immune system has to recognize an apparently limitless variety of
antigenic determinants. A very large number of unique anti-
bodies and TCRs could be generated through gene rearrangement
and N region substitution. However, there are far more potentially
immunogenic peptides compared to the number of T-cells in the
animal (32). Similarly, the number of B-cells that produce anti-
bodies appears to be insufficient to cover an enormous diversity of
various antigens. This implies that antibodies, TCRs, and other
immune system receptors must bind to multiple ligands (33).

Multispecificity in TCRs and antibodies has a distinct physio-
logical role in immune response. TCRs recognize antigenic
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peptides presented by class I and II MHC proteins and hence
contact both a linear antigenic peptide and the surface of the
MHC molecule (Figure 1B). Binding of a TCR to the MHC—
peptide complex is required for initiation and propagation of the
cellular immune response and for generation and maintenance
of the T-cell repertoire (34). TCR’s ability to recognize various
antigenic peptides is crucial to T-cell development (32, 35). In
addition, TCR’s multispecificity has been implicated in several
autoimmune pathologies and is the main cause of transplant
rejection (36).

Multispecific antibodies serve as a first line of defense against
infection by bacteria or viruses by recognizing various anti-
gens without being exposed to them previously. Additional pro-
posed biological roles for such antibodies include the clearance of
cellular antigens after tissue damage or remodeling and preven-
tion of tumor growth (33, 37). In many cases, multispecific anti-
bodies have not yet undergone somatic mutations that are asso-
ciated with high-affinity antibodies (38, 39). It has been established
that multispecificity in antibodies is conveyed by the variable do-
main (40). However, no differences in physicochemical properties of
multispecific and monospecific antibodies have been detected (41).
Very recently, it was suggested that engineered multispecific anti-
bodies could become promising therapeutical agents against
various diseases (Figure 1C) (42).

A number of mechanisms have been proposed to explain multi-
specificity in immune recognition (reviewed in ref 43). These
mechanisms are only a subset of all possible ways available to
proteins accommodating various binding partners.

MULTISPECIFICITY IN DNA-BINDING PROTEINS

Protein—DNA interactions are critical for regulation of key
biological functions such as transcription, translation, replica-
tion, and recombination. Hence, the high specificity of protein—
DNA interactions would be a likely strategy for avoiding errors
in these vital processes. Nevertheless, a recent high-throughput
experiment showed that approximately half of the 104 examined
DNA-binding proteins recognize several distinctly different
DNA sequence motifs (44). Furthermore, some transcriptional
regulators are known to bind specifically to a set of DNA tar-
gets that show little or no obvious consensus sequence. Such
recognition allows them to regulate the expression level of
many genes simultaneously in response to an environmental
change. One example of these regulators is the antibiotic resis-
tance protein B (AbrB) from Bacillus subtilis (45) that controls
the expression of more than 60 different genes. Some additional
bacterial DNA-binding proteins with similar properties have
been identified in the past few years (46, 47). These findings
challenge our general understanding of how proteins recognize
their DNA-binding sites.

In addition to several examples of specific binding to more
than one DNA site, most if not all DNA-binding proteins bind
DNA nonspecifically with appreciable affinity (48). This non-
specific binding is essential for accelerating a protein’s search for
its target DNA site through one-dimensional diffusion (49, 50).
The nonspecific protein—DNA interactions are mostly electro-
static in nature, resulting in both fast association and fast dis-
sociation rates and allowing the protein to hop along the DNA
molecule. Recent high-resolution structures of nonspecific and
specific protein—DNA complexes help to reveal the mechanisms
for multispecificity in protein—DNA recognition (48, 51, 52)
(Figure 1D).
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FIGURE 2: Mechanisms for multispecificity. (A) A different orientation of the binding loop provides an opportunity for binding to different
partners colored orange and blue. (B) An intrinsically disordered protein can bind different targets by folding into different structures. It binds the
orange partner in an open conformation and the blue partner in a helix—loop—helix conformation. (C) Some proteins use disordered linkers for
changing relative orientations of the binding domains, thus accommodating different binding surfaces in various targets. (D) Charged residues
give multispecific binders opportunity to make long-range nonspecific interactions with many partners before the specific interactions take place.
(E) Partial ligand recognition [reproduced from the work of Babtie et al. (20); copyright 2010 Elsevier]. The binding site is optimized to bind one
ligand (native substrate) with a few energetically important residues (indicated by 1—3). In most cases, promiscuous ligands show similarities with
the native ligand and are able to make use of some of the same binding interactions and functional groups (1 and 2).

MECHANISMS FOR MULTISPECIFIC RECOGNI-
TION

Multispecific recognition presents a certain paradox: “How
has one protein evolved to accommodate many targets that are
different in primary, secondary, and three-dimensional struc-
ture?” The simplest way to achieve multispecificity is to recognize
each target through a distinct binding interface, providing simul-
taneous binding sites for various targets. The main strategy for
such proteins is to use a large surface area and/or multiple bind-
ing domains. This mechanism has been observed for protein—
protein, protein—DNA, and protein—small molecule interactions.
For example, cytosine C5 DNA methyltransferase is able to bind
to and methylate more than one DNA sequence because of the
presence of several target-recognizing domains (53). The use of
multiple domains is common in PP interactions, where the num-
ber of hub connections positively correlates with the number of
domains present in the hub (/0). Similarly, recognition of struc-
turally different antigens by germline antibodies could be achieved
by utilizing different binding interfaces (paratopes), giving rise to
the “differential ligand positioning” mechanism (38).

Another group of mutispecific proteins utilize the same or
overlapping residues for various target recognition (Figure 1A).
Such proteins are frequently small or single-domain proteins;
hence, they need to be more inventive when achieving multispeci-
ficity. Conformational flexibility is the most frequent explanation
for multispecificity in PP and protein—small molecule recogni-
tion (54). Flexible proteins could easily adjust their structures to
provide most favorable interactions with each of the interaction
partners. Conformational flexibility could manifest itself at
different levels starting with small changes such as reorientation
of side chains, continuing with medium-range movement of loops
and local alterations in the secondary structure, and finishing
with large conformational changes, including disorder-to-order

transitions. In PP interactions, all the levels of flexibility men-
tioned above are observed. In small molecule recognition, where
binding is achieved through only a few residues, large-scale con-
formational changes do not usually occur.

Small conformational changes at the side chain level are fre-
quently manifested in multispecific binding. It is thus not surpris-
ing that interfaces of hub proteins are enriched in flexible amino
acids that can convey varying types of interactions (e.g., Arg, Tyr,
His, and Met) (55). Arg, for example, can form salt bridges, hydro-
gen bonds, and cation— interactions and can anchor into a
binding groove of an interacting partner. Different positioning of
the same Arg in ubiquitin permits this protein to recognize two
targets: a vacuolar protein sorting-associated protein (VPS9) and
tumor susceptibility gene 101 protein (TSG101) (55). The flex-
ibility and mobility of Arg residues on the HoxD9 homeodomain
are crucial for its interactions with nonspecific DNA, allowing the
protein to slide along DNA without complete dissociation (36).
Met is another example of a flexible amino acid that can pack
differently in hydrophobic pockets, while complementing each
particular target. This happens in calmodulin, which accommo-
dates different targets by using a number of Met residues in its
binding interface (57).

Movement of flexible loops is another evident strategy for
accommodating various partners (Figure 2A). A recent NMR
study of ubiquitin in solution revealed that this protein assumes
an ensemble of conformations, differing by the orientation of sev-
eral loops. The ensemble completely covers the structural hetero-
geneity observed in the X-ray structures of the ubiquitin—target
complexes, suggesting that the conformational selection mecha-
nism is responsible for target recognition (58). A similar mecha-
nism is observed in antibody—antigen interactions, e.g., in dini-
trophenyl antibody SPE7, which can exist in at least six different
conformations in the unbound form. Two of these conformations
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are selected upon binding to two different targets (59). In anoth-
er example, adjustments of hypervariable loops are respon-
sible for the binding of TCR molecules to different antigenic
peptides. While CDR1 and CDR?2 usually exhibit small rigid
body movements, CDR3a and CDR3f exhibit larger changes to
provide favorable interactions with each particular peptide (60)
(Figure 1B).

Recent studies found that intrinsically disordered regions are
frequent in protein hubs (67), and especially in single-interface
hubs (62). Disordered regions in proteins could be readily pre-
dicted from protein sequences on the basis of amino acid com-
position, flexibility, hydropathy, charge, coordination number,
and other factors (63—65). Dunker and colleagues analyzed se-
quences of hub proteins and divided them into several groups,
including those that are entirely disordered, those that have
medium-size disordered regions, and those that have little or no
disorder (66). Interestingly, proteins in the latter group frequently
bind to targets that are disordered.

Why are intrinsically disordered regions common to multi-
specific proteins? It turns out that disorder might provide certain
advantages for the multispecific binding function. Disordered re-
gions frequently fold upon target recognition and hence could
take up different structures when binding to different targets
(Figure 2B) (67, 68). For example, hypoxia inducible factor la
(HIF1a) is a mammalian transcription factor that lacks a 3D
structure in its unbound state (69). It folds upon binding to the
TAZ1 domain of the CREB binding protein (CBP) forming a
helical structure and binds hydroxylase FIH using an open ex-
tended structure (70).

Disordered regions in protein hubs could be simple flexible
linkers that allow the other binding domains to assume different
orientations with respect to each other (Figure 2C). This mecha-
nism is observed in E2 ubiquitin ligase (7/) and in calmodulin (72).
Breast cancer 1 susceptibility protein (BRCA1) has a central dis-
ordered domain of ~1500 residues that binds to several proteins
and DNA at the same time. This domain serves as a flexi-
ble linker between its N-terminal RING domain and the two
C-terminal BRCT domains (/0).

Disordered regions are useful in inducible reactions where
binding could be turned on or off by an appropriate signal. For
example, the KIX domain of the CBP interacts with many
transcriptional activation domains, including the phosphorylated
KID domain of CREB (73). Binding of KIX to the intrinsically
disordered KID is usually impeded by the large entropic penalty
associated with folding upon binding (74). However, when KID
is phosphorylated at Ser 133, new hydrogen bonds and electro-
static interactions lead to a large negative binding enthalpy, mak-
ing the binding thermodynamically favorable (75). In contrast to
KID, the proto-oncogene c-Myb, which is structured in its un-
bound state, binds constitutively to KIX, without requiring acti-
vation by phosphorylation (74).

Structural disorder appears also to be useful for chaperones
because their function requires them to bind to multiple partners.
Disordered segments in chaperones provide a significant solubi-
lizing effect upon binding to proteins [as was demonstrated in
o-synuclein (76, 77), a-casein (78), and a-crystallin (79, 80)] and a
long-range steric repulsive effect that prevents aggregation [as
observed in HSP25 (817)]. Such chaperones utilize an ancient
mechanism, termed “entropy transfer” (82), in which an intrinsi-
cally disordered chaperone rescues misfolded proteins by binding
to them, inducing folding of the chaperone and unfolding of the
protein.

Erijman et al.

Conformational changes in multispecific proteins are often
caused by prior allosteric events such as binding to metal ions
and/or cofactors, allowing recognition of one set of targets in
one physiological state and another set of targets in another state.
For example, calmodulin assumes different target-bound confor-
mations depending on how many of its four calcium sites are
occupied. With all four calciums bound, it recognizes one set of
targets assuming a so-called “closed” conformation (83). It binds
to another set of targets when two calcium sites are occupied in an
extended conformation and binds to some targets without any
calciums in yet another conformation (83).

Conformational flexibility and intrinsic disorder are important
for binding multispecificity; however, they are not the only strat-
egies for accommodating different targets. Most small hubs such
as ubiquitin, ferredoxin, and Ras show low level of disordered
residues. One apparent mechanism for such proteins to mediate
interactions with many binding partners is a highly polar and
charged surface (Figure 2D) (55). Such multispecific proteins,
either positively or negatively charged, select targets that display
the same charge, opposite to the multispecific protein (84, 85).
Here, long-range electrostatic forces play a major role in the for-
mation of the initial encounter complex with any of the electro-
statically suitable partners. Then, small conformational changes
might occur to optimize the orientation of the receptor protein
for a particular partner. Here, short-range interactions such as
hydrogen bonding, van der Waals forces, and hydrophobic inter-
actions become important. Finally, one of the two proteins can
anchor a specific side chain in a groove of the binding partner
to stabilize the nativelike complex (86, 87). A similar mechanism
of electrostatic attraction is observed in the initial nonspecific
complexes of proteins with DNA. The residues that convey
specificity in the complex with the target DNA sequence interact
mostly with the negatively charged phosphate groups on DNA in
nonspecific DNA complexes. This results in a change of protein
conformation, facilitating its rapid search for the specific DNA
site (48) (Figure 1D).

In addition to a high surface charge and conformational
flexibility, multispecificity could be achieved through the “rigid
adaptation” mechanism with the protein retaining the most im-
portant chemical interactions across the binding interface. For
example, anti-lysozyme antibody D 1.3 binds to two different
targets, lysozyme and idiotypic antibody ES.2, in the same con-
formation. In both complexes, the important hydrogen bonds are
structurally conserved but are conveyed through different resi-
dues on each of the two target proteins (88). In another case,
multispecific natural killer (NK) receptor NKG2D can recognize
three distantly related targets (MICA, RAE-1b, and ULBP3)
without undergoing backbone conformational changes. To bind
to each target, the receptor uses the same hot-spot Tyr residues
as well as a number of additional residues that differ in each com-
plex (89).

Conformational changes are also not necessary for binding to
multiple small molecule targets. Here, recognition can be partial,
achieved through imperfect complementarity between the li-
gand and the binding site of the protein (Figure 2E). The human
pregnane X receptor (PXR), for example, detects a broad range
of structurally diverse compounds using a mostly rigid frame-
work (90). The binding site of this receptor contains five hot-spot
residues. Different PXR ligands interact with two, three, four,
and five hot spots depending on their size and shape (91).

Lastly, Tsai et al. suggested post-translational modifications and
alternative splicing as major explanations for multispecificity (92).
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Post-translational modifications are frequently used to alter bind-
ing affinity for different targets, allowing modulation of PP inter-
action networks. p53, for example, undergoes an extensive phos-
phorylation on S46 and T55, which leads to substantially increased
affinity of this protein for its binding partners, p62 and TFBI (92).
Alternative splicing could lead to deletion of some domains or
parts of binding sites and to changes in domain architecture. This
would most probably decrease the number of interacting partners.
It remains unclear, however, if deletion or rearrangement of
protein domains could give rise to new binding sites, which should
be an important part of evolution in multispecific binders.

DIRECTED EVOLUTION EXPERIMENTS WITH
MULTISPECIFIC PROTEINS

Many recent studies demonstrated that directed evolution
could mimic the natural evolution of multispecific proteins.
Directed evolution experiments demonstrated that only a few
mutations can readily increase promiscuous activity of enzymes
by 10—1000-fold (see ref 27 for a review). So, if a promiscuous
function becomes more physiologically relevant during the
natural evolution, it could become a dominant function through
only a small number of mutations. Interestingly, substantial en-
hancement of the promiscuous activity could be achieved with
only a small decrease in the native activity. For example, a single
mutation in p-allose kinase improved its activity for the promis-
cuous substrate p-glucose 62-fold, decreasing its activity toward
the native substrate p-allose by only 1.25-fold (93). This leads to a
“generalist” intermediate exhibiting both the native and the
promiscuous activities at relatively high levels. In some cases,
this intermediate even gains additional activities that were never
selected for (94). These results are consistent with the hypothesis
that modern enzymes diverged from parent enzymes that dis-
played a range of activities at a low level (95).

In PP interactions, promiscuous low-level activity could be
also enhanced by directed evolution. This was demonstrated in
colicin—immunity protein interaction (96). In nature, there are
several closely related pairs of colicins and their inhibitors,
immunity proteins. An immunity protein binds with extremely
high affinity to its cognate colicin and binds with low affinity
to noncognate colicins. Directed evolution and selection experi-
ments with an immunity protein led first to a generalist inter-
mediate capable of efficient binding to both the original
and the new colicin partner and further led to the full switch in
specificity (96).

In another example, directed evolution was used to increase
the affinity of a transcriptional activator LuxR for its promiscu-
ous signal molecule, octanoyl-HSL (C8HSL) (97). Only three or
fewer mutations were required to create generalist LuxR variants
that bind strongly to several different homoserine lactones
(HSLs), including C8HSL and the native ligand, 3-oxohex-
anoyl-HSL (30C6HSL). One generalist LuxR variant was fur-
ther changed through one mutation into a variant that binds to
C8HSL with high specificity (98).

The small compromise in the native activity for generalist
proteins could be explained by the fact that the acquired muta-
tions are usually located not directly at the active site of the en-
zyme or at the binding interface but at their periphery (second or
third shells). They are hence not part of the catalytic machinery or
hot spots for binding. These mutated residues typically exhibit
high conformational flexibility (93, 99) that might allow the for-
mation of the generalist intermediate (100).
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Directed evolution could also be used to generate multispe-
cific proteins from molecules that exhibit a single specificity. For
example, a combination of rational and random mutagenesis
converted a low-specificity dehydrogenase into an enzyme with
broad substrate specificity. This new enzyme is capable of pro-
ducing various p-amino acids via the reductive amination of the
corresponding 2-keto acid with ammonia (/01). Recent work by
Fuh and colleagues (42) reports a dual-action antibody that was
optimized by phage display to recognize with high affinity two
targets, human epidermal growth factor receptor 2 (HER2) and
vascular endothelial growth factor (VEGF) (Figure 1C). This
antibody uses mostly overlapping binding interfaces to interact
with each of the targets. However, it displays slightly different
conformations when bound to each target and conveys the most
energetically favorable interactions with each partner by a
different set of residues. This work not only presents a proof of
principle that antibodies could be generated for simultaneous
recognition of multiple targets but also reveals the great potential
of such antibodies as future drugs.

COMPUTATIONAL DESIGN OF MULTISPECIFIC
PROTEINS

Protein design predictions can offer some interesting insights
into evolution of multispecific proteins and help in the dissec-
tion of molecular interactions that mediate multispecificity in
binding. Some recent studies introduced multiconstrained or
multistate protein design protocols for the redesign of multispeci-
fic proteins (57, 102—105). In these works, a binding interface
sequence of a given multispecific protein is first designed con-
sidering interactions with each binding partner individually in a
single-state design procedure and then considering interactions
with several binding partners together in a multistate design pro-
cedure (Figure 3A). The sequences generated from the two pro-
cedures are then compared to each other as well as to the native
binding interface sequence of the given protein. Humphris and
Kortemme (/04) designed and analyzed sequences of 20 multi-
specific proteins that have available X-ray structures with two to
seven binding partners. Fromer et al. (106) used a more sophis-
ticated algorithm to generate not one but 100 best sequences
for three multispecific proteins also used by Humphris and
Kortemme (/04). Furthermore, Fromer and Shifman (57) utilized
the same algorithm and 16 X-ray structures of the calmodulin—
target complexes to generate 100 lowest-energy calmodulin
sequences for almost 700 design scenarios: calmodulin interacting
with each individual target, calmodulin interacting with all
possible combinations of two and three targets, and calmodulin
interacting with all 16 targets. All the above protein design studies
reached similar major conclusions. Optimizing a protein for
interaction with only one partner generates interface sequences
with the lowest interaction energy for this particular partner
and high interaction energies for alternative interaction par-
tners. On the other hand, the multistate design protocol pro-
duces protein sequences that have fairly low interaction energies
with each of the considered binding partners. Most importantly,
incorporating more constraints into the design procedure pro-
duces binding interface sequences closer to those found in the
native multispecific interfaces, whose sequence is a compromise
for interacting with all targets (Figure 3B) (57, 103, 104). Fromer
and Shifman compared sequence profiles resulting from single-
state and two-state designs and demonstrated several scenarios
showing how the amino acid identity at each position trades off
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A

Sequence 1

>SSD1
AFGCQIAEFKEAFSLFDAGY
DGTITTKELGTVMRSLGQNP
TEAELQDMINEVDADGNGTI

Sequence 2

>SSD2
LTEEQIAEFKEAFSLFDKDG
DGTITTKRSATVMRSMLKNP
TEAELQDMINEVDADGNGTI

Sequence 3

>MSD
LTEEQILKFEAFSLFDKDG
DGTITTKELGTVMRSLGQNP
TEAELQDMINEVDDEENGTI

T

Single-state
design for
structure 1

1

Single-state
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structure 2

1

Multispecific
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structures 1 and 2

Erijman et al.
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F1GURE 3: (A) Multistate design procedure. Structures 1 and 2 differ in both their backbone structures (blue vs purple) and the amino acid
sequences of their binding partners (red vs cyan). Three design scenarios are shown: designing solely for structure 1, designing solely for structure 2,
and simultaneously designing for both. Sequence 1 is stable only in structure 1 (binds the red ligand) and sequence 2 only in structure 2 (binds the
cyan ligand), but not vice versa. On the other hand, sequence 3 is explicitly optimized to be stable in both structures (binds both ligands), yielding a
multispecific protein sequence. Note that sequence 3 is not optimal for either structure, because there is some compromise of stability for structure
1 so that it can be stable in structure 2, and vice versa (downward-pointing arrows). Nevertheless, sequence 3 is significantly more stable (upward-
pointing arrows) than sequence 1 for structure 2, and vice versa. Panel A reproduced from the work of Fromer et al. (103). Copyright 2010 Wiley-
Interscience. (B) Number of mutations from the wild-type calmodulin sequence observed in the single lowest-energy sequence when redesigning
20 positions in the calmodulin binding interface in 16 calmodulin—target complexes. The average number of mutations is 9.5 for single-state
designs (52% native sequence recovery), 7 for the two-state designs (65% recovery), 6 for the three-state designs (70% recovery), and 4 for the
design of all 16 states (80% recovery). Panel B reproduced from ref 57. Copyright 2009 Public Library of Science. (C) Logos of sequence profiles
individually optimized in the context of the calmodulin—target complex structures with Protein Data Bank entries 2F3Y and 3BXL (one-state
design), compared to the profile resulting from simultaneous optimization for interaction with both targets (two-state design). We observed five
trade-off scenarios when comparing the amino acid distributions at each of the calmodulin interface positions obtained in single-state designs with
those resulting from two-state design calculations. Dark blue indicates that both individual states have similar profiles and the two-state design
chooses this profile. Light blue indicates that two-state design yielded a profile that is a combination of the two distributions obtained for each
single-state design. Green indicates that two-state design yielded a distribution of amino acids that was similar to that of only one of the single-state
designs. Orange indicates that an amino acid distribution for the two-state design was chosen that is different from that of both of the individual
single-state designs. Maroon indicates that despite the individual states having similar profiles, the two-state profile is different. Interface positions
are marked on the horizontal axis. Panel C reproduced from ref 57. Copyright 2009 Public Library of Science.

upon addition of interaction constraints from an additional tar-
get (Figure 3C). The protein design studies mentioned above argue

enzyme stability (110, 111). They tested their approach by de-
signing an esterase activity into a thioredoxin, introducing muta-

that multispecific proteins are evolved to provide reasonable but
not the highest possible affinities for each of the target proteins.
Affinity for each of the targets could be further enhanced, however,
at the expense of the affinity for alternative targets. Experimental
verification of this fact was demonstrated by our previous redesign
of calmodulin (07, 108). Computational enhancement of cal-
modulin binding specificity for a specific target was also utilized
to create more efficient calmodulin-based calcium sensors for
biotechnological applications (109).

Computational design of enzymes still presents a major
challenge. Hence, design of multispecific enzymes has not been
widely approached. Nevertheless, in a recent study, Suarez et al.
reported a multistate computational design protocol for enhancing
the promiscuous activity of an enzyme without compromising

tions at the periphery of the enzyme’s active site (/17). The re-
sulting protein exhibited a 100-fold enhancement of the catalytic
rate when compared to the rate of the uncatalyzed reaction and
did not compromise the original function. With further develop-
ment of computational methods, we expect more multispecific
proteins to be rationally designed in the near future.

CONCLUDING REMARKS

Multispecificity in molecular recognition is a widely observed
phenomenon, which has a different physiological role in each of
the discussed groups of proteins. In PP interactions, many signal-
ing proteins have evolved to interact with a large number of tar-
gets often with similar affinity. Their affinity for each specific target
is not optimal and could be further improved. Multispecificity in
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PP interactions is hence an essential part of a cell’s everyday life.
Multispecific antibodies and TCRs are necessary for the proper
functioning of the immune system; however, the affinity of such
proteins for their antigens is relatively low. This affinity could be
improved through somatic mutations, however, at the expense of
reducing the number of recognized antigens. Enzymes are geared
to perform a single reaction, while the secondary reactions could
be catalyzed with low efficiency. The promiscuous activity of
enzymes is thus not a part of the organism’s regular physiology
but could become important under certain conditions such as
a high excess of substrate or a shortage of the native enzyme. In
DNA-binding proteins, promiscuous recognition is crucial to ac-
celerating the search for the specific DNA-binding site. In addi-
tion, some DNA-binding proteins can recognize a specific set of
target DNA sequences. The precise molecular mechanism for this
kind of recognition has yet to be determined.

The mechanisms of multispecific recognition are similar in all
the mentioned groups of proteins. Promiscuous enzymes have the
ability to bind a broad range of substrates using flexible active
sites and alternative binding residues. Similarly, antibodies and
protein hubs frequently utilize conformational diversity to ac-
commodate different targets. While in enzymes, TCRs, and anti-
bodies, differences in binding modes are usually limited to small
to medium-range conformational changes, in some PP interac-
tions, conformational diversity goes to its extreme, involving
folding upon binding. Additional mechanisms for multispecifi-
city include high surface charge, posttranslational modifications,
incorporation of cofactors, and rigid adaptation. Finally, several
mechanisms could be utilized in tandem to achieve multispecific
recognition.

Recent studies showed that multispecificity could be manipulated
through directed evolution and computational protein design. In
some experiments, multispecific proteins have been converted
into more specific ones, yet in other experiments, the low-level
promiscuous function of the protein has been amplified to yield a
broad-specificity molecule. Evolution and design experiments in
both directions not only unravel the molecular mechanisms of
multispecificity but also assist in the creation of molecules with
great potential for various biotechnological and pharmaceutical
applications.
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