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Impact statement

Low-affinity protein interactions, while
biologically essential, have been difficult to
visualize by traditional methods in struc-
tural biology. In this review, we describe a
series of innovative molecular engineering
strategies that have been used to stabilize
weakly bound protein complexes for
structure determination. By highlighting
several examples from the literature along
with potential advantages and disadvan-
tages of the individual approaches, we
hope to provide an introductory resource
for structural biologists studying low-
affinity systems.

Abstract

The growing availability of complex structures in the Protein Data Bank has provided key
insight into the molecular architecture of protein—protein interfaces. The remarkable diver-
sity observed in protein binding modes is paralleled by a tremendous variation in binding
affinities, with interaction half-lives ranging from days to milliseconds. Within the protein
interactome, low-affinity binding events have been particularly difficult to visualize by tradi-
tional structural methods, which has spurred the development of innovative strategies for
reconstituting these short-lived yet biologically essential assemblies. An important take-
away from structural studies of low-affinity systems is that there is no universal solution
for stabilizing protein complexes, and approaches such as single-chain fusions, biochem-
ical linkages, and affinity-maturation have each been successful in certain contexts. In this
article, we review how advances in molecular engineering have been used to capture weakly

associated complexes for structure determination, and we provide perspectives on how the continued application of these
methods can shed new light on the “hidden world” of low-affinity interactions.
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Introduction

A vast network of physical and functional protein interac-
tions maintains the survival of all biological organisms.
Among these interactions, certain protein binding events
may be classified as “low-affinity”, which generally refers
to complexes with dissociation constants (Kp) in the micro-
molar range (>1uM) or to complexes with fast kinetic off-
rates (half-lives<0.1s)."* Compared to tightly bound com-
plexes, low-affinity protein associations are more sensitive
to variations in their environment and rapidly respond to
changes in temperature, pH, and solvent composition. The
biochemical sensitivity of weak interactions is important
for their function and enables them to fine-tune processes
such as receptor signal transduction and stress adaptation
mechanisms.> Low-affinity interactions have also been
well-characterized for their roles in controlling receptor-
ligand promiscuity,® immune discrimination between
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“self” and “non-self”’,” enzyme turnover,? and protein
phase transitions.’

Despite the fundamental importance of low-affinity pro-
tein interactions in molecular biology, visualizing these
complexes by X-ray crystallography, nuclear magnetic res-
onance (NMR), and cryoelectron microscopy (cryoEM) has
been a major challenge. The main bottleneck in the pipeline
for determining low-affinity structures is the reconstitution
of stable complexes. In contrast to high-affinity complexes,
which may remain stable for hours or even days, low-
affinity complexes have fast off-rates and dissociate rapidly
in solution. Specific technical difficulties are also associated
with each of the structure determination methods men-
tioned above. For example, in X-ray crystallography, crys-
tallization solutions often contain harsh chemicals (e.g.
high salt concentrations, acidic pH) that further diminish
binding affinity, or one component of a weakly bound
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complex may dissociate and crystallize in the absence of its
binding partner. In cryoEM studies, samples are diluted to
low concentrations to optimize particle separation on
cryoEM grids, which may lead to the dissociation of low-
affinity complexes prior to immobilization.

A variety of molecular engineering strategies have been
employed to ensure that low-affinity complexes remain
stable and homogeneous during structural analysis.
Established approaches for enforcing weak interactions
include the generation of single-chain fusions and the use
of chemical crosslinkers, although engineering advances
such as site-specific crosslinking and directed evolution
have greatly expanded the structural biologist’s toolkit for
capturing low-affinity complexes. In this review, we high-
light published examples in which protein engineering has
enabled structural studies of low-affinity interactions, with
a focus on recent breakthroughs that have led to the deter-
mination of high impact structures. Additionally, we dis-
cuss the advantages and disadvantages of existing
approaches along with emerging methods for protein
stabilization.

Single-chain fusions

Single-chain fusions were among the earliest approaches
used to stabilize low-affinity protein complexes for struc-
ture determination. These constructs connect two binding
partners via a genetically encoded linker such that the pro-
teins are expressed as a single polypeptide.
Mechanistically, single-chain fusions favor complex forma-
tion by forcing the linked proteins into close proximity,
which enhances binding affinity by maintaining a high
local concentration. An ideal linker is long enough to
allow proteins to adopt their native binding mode, yet
short enough that they substantially enforce interactions,
and reported lengths have ranged from 0 (direct fusion)
to >30 amino acids.'® The majority of linkers used in struc-
tural biology incorporate glycine residues for their flexibil-
ity and serine residues to enhance solubility. This prevalent
“Gly-Ser” linker design was inspired by the (GGGGS); link-
ers that were originally used to generate single-chain vari-
able fragments (scFvs).""'> The scFv linker facilitates
heterodimerization of variable heavy (Vy) and variable
light (V1) domains, which bind weakly outside the context
of the full-length antibody, so that the two domains adopt
the proper conformation for antigen binding."> Crystal
structures of scFvs have confirmed that scFv Vi and Vi,
domains are oriented equivalently to those of antibodies'*
(Figure 1(a)), thus providing early validation for the single-
chain fusion strategy in structural studies of low-affinity
interactions.

Although the development of scFvs was an important
breakthrough in antibody engineering, it was unclear
whether the single-chain fusion approach would be broad-
ly applicable in structural biology. However, in 1999
Wilodawer et al. '* successfully used a single-chain con-
struct in a non-scFv system to co-crystallize the low-
affinity complex between the phage minor coat gene 3 pro-
tein (g3p) and the bacterial co-receptor TolA (Figure 1(b)).*®
Following this report, single-chain fusions have facilitated

structure determination of several other weakly bound
complexes, including crystal structures of T-cell receptors
(TCRs) bound to peptide-loaded major histocompatibility
complexes (pMHCs; Figure 1(c)),"” a cryo-EM structure of
the Escherichia coli signal particle (SRP) bound to its recep-
tor FtsY (Figure 1(d)),'® and the NMR structure of the YES-
associated protein (YAP) of the Hippo signaling pathway
bound to PPXY peptides from large tumor suppressor
(LATS) kinase (Figure 1(e))."* A comprehensive overview
of linkers in structural biology is discussed in a review from
Reddy Chichili ef al.'

Advantages and disadvantages. Compared to other
methods for stabilizing low-affinity interactions, an advan-
tage of the single-chain design is its simplicity, as both pro-
teins are expressed from a single plasmid and will be
present in equimolar quantities during structural analysis.
In some cases, single-chain fusions have also been shown to
enhance solubility, folding, and expression yield.?**" A dis-
advantage of single-chain fusions is that, without a priori
knowledge of the orientation of subunits in the complex, it
may be difficult to optimize linker position (e.g. N- vs. C-
terminus) and length. Linkers may also impair bioactivity if
they sterically occlude functionally important regions of a
protein, such as active sites or ligand-binding interfaces.

Site-specific crosslinking

Chemical crosslinkers have been widely used to stabilize
intra- or intermolecular interactions for structural studies.
Common crosslinking agents such as glutaraldehyde or bis
(sulfosuccinimidyl)suberate contain amine-reactive groups
at either end of a spacer arm. When mixed with a protein
complex of interest, the crosslinkers react with N-termini or
solvent exposed lysine residues to form covalent bonds
between spatially adjacent regions. The non-specific
reactivity of chemical crosslinkers often yields unpredict-
able results and necessitates a large degree of empirical
optimization, which has led structural biologists to develop
“site-specific” crosslinking solutions. In the sections below,
we discuss innovative crosslinking methodologies that
have led to the determination of various low-affinity com-
plex structures.

Disulfide trapping

Disulfide trapping is a method for covalently stabilizing
transient or low-affinity protein complexes through the
genetic incorporation of cysteine residues. In this approach,
two cysteines are introduced at opposing positions within
protein binding interfaces to induce the formation of inter-
molecular disulfide bonds following co-incubation in an oxi-
dizing environment® (Figure 2(a)). Disulfide trapping has
been particularly effective in studies of extracellular pro-
teins, as intracellular proteins often contain free cysteines
that can form non-specific crosslinks with mutated resi-
dues.” Thus far, disulfide trapping has facilitated structural
studies of numerous macromolecular interactions, including
enzyme-substrate complexes®*® and receptor-ligand com-
plexes.?*? In addition to assisting with structure determi-
nation, disulfide trapping has also been used in the absence
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Figure 1. Structures of low-affinity protein complexes stabilized through single-chain fusion. (a) Schematic of an antibody and an scFv fragment (left) and crystal
structure of the “Se155-4” scFv (right), PDB ID: 1MFA. CH1-3: heavy chain constant domains 1-3; CL: light chain constant domain; VH: heavy chain variable domain;
VL: light chain variable domain. (b) Crystal structure of the g3p (blue)-TolA (red) complex linked by an 18 residue glycine-rich linker, PDB ID: 1TOL. (c) Schematic of a
single-chain strategy used to stabilize an «f5TCR/pMHCII complex. The antigen-derived peptide (HA306-318) was fused to the N-terminus of the TCR f-chain and
binds in trans to the MHCII groove to enforce interactions (TCR Ca and Vo domains, gray; Cf and V8 domains, green; MHCII «1 and «2 domains, yellow; MHCII 1 and
f2 domains, pink), PDB ID: 1FYT. (d) CryoEM structure of the Escherichia coli SRP protein Ffh (green) bound to its receptor FtsY (yellow), PDB ID: 2XKV. To stabilize the

Ffh-FtsY complex, the FtsY C-terminus was fused to the Ffh N-terminus via a 31

-residue Gly-Ser linker (red). () NMR structure of YAP2 WW domains (WW1, orange;

WW?2, teal) bound to the LATS1 PPxY motif (cyan), PDB IDs: 5YDX and 5YDY. The complex was stabilized using a 4xGly linker (depicted as a red line).

of structural information to map pairwise residue proxim-
ities based on the efficiency of crosslink formation.*®

Disulfide trapping has proven to be a powerful tool for
understanding G-protein coupled receptor (GPCR) signal-
ing”?® and has enabled two landmark structural studies of
GPCR-ligand interactions. In the first study, Rosenbaum
et al. reported the crystal structure of an agonist bound to
the f, adrenoceptor GPCR in the absence of a cognate G
protein.”® When interacting with agonists, GPCRs adopt
either a low-affinity “G-protein free” conformation or a
high-affinity “G-protein bound” conformation, and struc-
tural insight into both conformations is essential for under-
standing the complete mechanism of GPCR activation.
To reconstitute the low-affinity complex, the authors
introduced a cysteine residue in an extracellular loop of
the f, adrenoceptor adjacent to the ligand-binding pocket
(Figure 2(b)). The purified f, adrenoceptor was then cou-
pled to an engineered f agonist containing a reactive ligand
disulfide moiety (named FAUC50), which prevented
FAUCS50 from dissociating during co-crystallization.”

In the second study, Qin et al. used disulfide trapping to
determine the crystal structure of the C-X-C chemokine

receptor type 4 (CXCR4; a GPCR) bound to the viral
chemokine viral macrophage inflammatory protein-II
(VMIP-IT).” Although vMIP-II binds tightly to cellular
CXCR4, recombinant CXCR4 did not stably interact with
vMIP-II when reconstituted in detergent. To solve this
problem, cysteines were introduced at the predicted
CXCR4:vMIP-II binding interface to generate a total of 37
possible cysteine pairs. Each mutant pair was then
co-expressed and the pair that formed the highest percent-
age of covalent complex, CXCR4(D187C):vMIP-I[(W5C),
was purified and co-crystallized. The resulting structure
(Figure 2(c)) revealed how the N-terminal chemokine
“tail” extends into the GPCR “pocket” to fine-tune signal-
ing and was a major breakthrough as it described one of the
first visualizations of a GPCR bound to a protein ligand.**

Advantages and disadvantages. One benefit of disulfide
trapping is that the introduction of a single, solvent-
exposed cysteine residue is unlikely to distort the overall
protein fold. Disulfide trapping is also advantageous
because disulfide bonds (~2A) are much shorter than the
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Figure 2. Disulfide trapping and site-specific crosslinking through unnatural amino acids. (a) Schematic describing the disulfide trapping method. Cysteine residues
are introduced at opposing positions within the binding interface between two interacting proteins. Co-expression or co-incubation of the two binding partners then
leads to the formation of disulfide bonds that covalently “trap” the complex. (b) Crystal structure of the 2 adrenoceptor (green) bound to the cysteine-reactive

agonist molecule, FAUC50 (orange), PDB ID: 3PDS. (c) Crystal structure of the viral chemokine vMIP-II (dark green) bound to the chemokine receptor CXCR4 (wheat),
PDB ID: 4RWS. The mutant cysteines, D187C (CXCR4) and W5C (vMIP-Il), are highlighted in yellow. (d) Engineered orthogonal tRNA/aminoacyl-tRNA synthetase pairs
allow for the genetic incorporation of UAAs. Proteins containing UAAs bearing reactive moieties may undergo site-specific, proximity- or photo-inducible crosslinking
reactions. (e) Crystal structure of the transient, GDP-bound Rab1b-DrrA complex (Rab1b, dark red; DrrA, dark blue), PDB ID: 5074. A native Arg79 residue of Rab1b

was replaced by the proximity-reactive UAA R79-BrC6K.

spacers found in chemical crosslinkers, making them less
likely to generate non-specific crosslinking artifacts. A dis-
advantage of disulfide trapping is that the approach is less
effective on intracellular proteins containing free cysteines,
as these unpaired residues may non-specifically bind to the
mutant cysteines, and introduction of cysteines may cause
protein misfolding due to improper disulfide bond forma-
tion. Furthermore, the method may be tedious if several
mutants must be screened to identify an efficiently
bonded pair.

Crosslinking via unnatural amino acids

The engineering of orthogonal tRNA/aminoacyl-tRNA
synthase pairs® has allowed unnatural amino acids
(UAAs) to be genetically incorporated within a protein
sequence. At present, more than 70 different UAAs have
been added to the genetic code of various strains of bacte-
ria,®° yeast,31 or mammalian cells.*> When introduced at
protein interfaces, UAAs bearing proximity- or photo-
reactive moieties such as aryl azide, diazirines, and benzo-
phenones®>** can be used as site-specific crosslinkers, and
this technology has developed into a promising approach
for determining low-affinity complex structures (Figure 2
(d)). In a proof-of-principle study designed to show that
UAA-mediated crosslinking does not distort protein bind-
ing modes, Sato et al. determined the crystal structure of
gankyrin crosslinked to its binding partner S6 proteasomal
protein (S6C).*> When compared to the native gankyrin-

S6C structure, there were no substantial structural differ-
ences in the “photobridged” complex despite the incorpo-
ration of 16 photoreactive p-benzoyl-L-phenylalanines
(¢Bpa) in the gankyrin protein.

Cigler et al. recently outlined a method by which
UAA-mediated crosslinking may be used to determine
structures of weakly bound complexes. In this study,
proximity-reactive UAAs enabled the capture of a complex
between the Ras-related GTP-binding (Rablb) G-protein
and the DrrA exchange factor from the bacterial pathogen
Legionella pneumophila. When bound to GDP, Rablb has a
very low affinity for DrrA (Kp 10-30 M) and the complex
cannot be easily purified without additional stabilization.
To crosslink GDP-Rab1b and DrrA, the authors introduced
UAAs bearing bromoalkyl moieties (BrCnK) within the
DrrA-binding region of Rablb, and a BrCnK-reactive cys-
teine residue (D512C) was introduced within the Rablb-
binding region of DrrA.*® Co-expression of Rablb-BrC6K
and DrrA-D512C with an orthogonal RNA synthetase then
yielded a stable complex that was subsequently co-
crystallized (Figure 2(e)).

Advantages and disadvantages. A practical advantage of
UAA-mediated crosslinking is that the reactions may be
tightly controlled to minimize crosslinking artifacts. For
example, photoreactive UAAs only crosslink proteins fol-
lowing UV irradiation, and UAAs such as BrCnK selective-
ly react with cysteine residues. However, a significant
disadvantage is the complexity and low-throughput



nature of UAA-based systems, as genes encoding for UAA-
containing proteins must be customized to account for the
expanded genetic code and expressed in engineered cell
lines. The position and selection of UAAs must also be
optimized to minimize steric clashes between the bulky
UAA side chains and nearby interface residues.

Sortase ligation

Sortase A (hereafter referred to as sortase) is a transpepti-
dase from Streptococcus aureus that catalyzes the removal of

Ming et al. Low-affinity structure review 1563

the C-terminal glycine from an LPXTG motif, followed by
subsequent linkage to an N-terminal polyglycine repeat on
second protein®” (Figure 3(a)). The sortase reaction has been
developed as a protein engineering tool to create C-to-N
fusions between recombinant proteins, with LPXTG and
polyglycine sequences functioning as C- and N-terminal
tags, respectively. In biotechnology, sortase has been used
for attaching non-native peptides to proteins, protein
circularization, and cell surface labeling.”® The ability to
ligate proteins at a post-purification step is also a viable
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Figure 3. Sortase and SpyCatcher ligation for tethering protein complexes. (a) Schematic describing the sortase ligation reaction. The sortase transpeptidase enzyme
covalently links peptides harboring a C-terminal LPXTG motif (where X is any amino acid) with N-terminal polyglycine sequences. (b) Crystal structure of the peptide:
MHCII:DM “peptide selection” complex, PDB ID: 4GBX. A disulfide bond was introduced between the P6 position of a truncated HA peptide (GKQNCLKLAT) and
residue 65 of the MHCII a-chain to prevent dissociation of the peptide (orange, stick representation) from the MHCII molecule (blue) and sortase ligation was used to
enforce low-affinity interactions between the ECDs of MHCII and DM (red). To facilitate the sortase reaction, an LPATG sequence was fused to the C-terminus of the
MHCII -chain and a peptide with a polyglycine N-terminus was conjugated to the C-terminus of the DM f-chain. (c) Crystal structure of PlexinC1 (blue) bound to
human Rap1B-GDP (brown), stabilized through sortase ligation. In this case, an LPTEG motif was attached to Rap-GDP C-terminus and a GG sequence was
introduced at the N-terminus of PlexinC1, PDB ID: 4M8N. (d) Schematic describing the formation of an isopeptide bond between a Lys residue of SpyCatcher Partner
(green) and an Asp residue of SpyTag (magenta), PDB ID: 4MLI. (e) The successful reconstitution of asymmetric WT:mutant zTRAP1 heterodimers was achieved using
SpyCatcher. WT protomers (orange) with C-terminal SpyTags (magenta) were mixed with R417A mutant protomers (grey) with C-terminal SpyCatcher partners (green)

to stabilize the WT:R417A zZTRAP1 complex for co-crystallization PDB ID: 5TTH.
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alternative to the single-chain constructs used in structural
biology, especially in cases in which protein folding is
impacted by the presence of the linker. Indeed, structural
biologists have recently used sortase ligation to capture
multiple intractable low-affinity protein complexes for
co-crystallization.

In a breakthrough immunology study, Pos et al.
employed both sortase ligation and disulfide trapping to
capture a transient MHC class II (MHCII) “peptide selec-
tion complex” for co-crystallization.” MHCII molecules
contribute to immune discrimination between “self” and
“non-self” by presenting antigenic peptides to circulating
T cells, and efficient peptide loading depends upon the
concerted functions of two accessory proteins: class-II-
associated invariant chain peptide (CLIP) and DM (HLA-
DM in humans). CLIP fits into the MHCII peptide groove to
prevent the binding of self-peptides during trafficking, and
DM catalyzes the exchange of CLIP for foreign peptides in
the endosome.*®*! Reconstitution of a stable peptide:
MHCII:DM complex for structural studies is difficult for
two reasons: (1) the binding of DM to MHCII destabilizes
peptide binding and (2) the soluble extracellular domains
(ECDs) of DM and MCHII bind weakly in the absence of
their transmembrane domains. To solve the first problem,
the authors used disulfide trapping to prevent a partial HA
peptide from dissociating from the MHCII peptide-binding
groove. To solve the second problem, the authors devel-
oped a sortase-based method to link the C-termini MHCII
and DM, thereby mimicking their parallel orientation in the
membrane. This atypical C-to-C linkage was generated by
fusing a C-terminal MHCII sortase tag to the N-terminus of
a polyglycine peptide that was conjugated to DM (Figure 3
(b)). Following covalent stabilization, the peptide:MHCII:
DM complex was crystallized and the structure revealed
how DM-induced rearrangements drive peptide release
and stabilize the empty MHCII groove.

Sortase ligation also played a role in visualizing
low-affinity interactions between the zebrafish neuronal
signaling receptor PlexinCl and the human intracellular
signaling protein RaplB (a Ras homolog). In this study,
Wang et al. used the sortase system to fuse the C-terminus
of Rap to the N-terminus of the plexin GTPase activating
protein (GAP) domain.** This fusion protein was validated
in a GTP hydrolysis assay and exhibited improved catalytic
activity relative to mixtures of the individual proteins.
The sortase-ligated Rap-plexin complex was then
co-crystallized to reveal how Rap binding improves GTP
hydrolysis by promoting closure of the GAP domain active
site (Figure 3(c)).

Advantages and disadvantages. The principal advantage
of sortase ligation is that it provides a means of unidirec-
tional coupling, as opposed to the bidirectional coupling of
methods such as disulfide trapping and chemical crosslink-
ing. Bidirectional crosslinking has a much higher probabil-
ity of generating undesirable crosslinking artifacts,
especially in systems where proteins may adopt homo- or
heterodimeric conformations. A disadvantage of sortase
ligation is the high temperature requirement for the

reaction (37°C), which may lead to the denaturation or pre-
cipitation of some protein samples. As with other site-
specific crosslinking methods, sortase ligation also requires
prior knowledge of the approximate location of the pro-
tein-protein binding interface.

SpyCatcher linkage

SpyCatcher is a unidirectional protein coupling system that
covalently links protein tags called SpyCatcher partner
(a 15-kDa protein fragment) and SpyTag (the peptide
AHIVMVDAYKPTK; Figure 3(d)). When mixed together,
these tags reconstitute a domain from the Streptococcus pyo-
genes protein FbaB that forms a spontaneous Lys-Asp iso-
peptide bond.**** Unlike sortase tags, which only generate
N-to-C fusions, SpyTag is reactive at N-terminal, C-termi-
nal, and internal sites within target proteins. In the first
structural study to employ SpyCatcher, Elnatan et al.
fused asymmetric heterodimers of the zebrafish Hsp90
(zZTRAP1) chaperone to determine whether the zZTRAP1
ATP-hydrolysis mechanism is cooperative, independent,
or sequential.*> Obtaining complexes that contain one
“hydrolysis-dead” mutant (R417A) and one wild-type
(WT) protomer was key to dissecting the roles of the indi-
vidual subunits, yet R417A:WT heterodimers were difficult
to separate from WT:WT or R417A homodimers during
purification attempts. By attaching SpyCatcher partner
and SpyTag to the C-termini of the mutant and WT proto-
mers, respectively, the authors were able to successfully
purify and co-crystallize the R417A:WT complex (Figure 3
(e)). The structure revealed that the ATP-sensing WT sub-
unit adopted a “buckled” conformation, while the inactive
R417A mutant adopted a “straight” conformation, which
supported experimental observations indicating that ATP
hydrolysis is sequential and deterministic. Although
SpyCatcher has not yet been used to visualize low-affinity
interactions, the above study demonstrates the potential of
the system for future efforts in complex stabilization.

Advantages and disadvantages. A major strength of the
SpyCatcher system is its versatility, as linkages may be
introduced at either terminal or internal sites within pro-
teins. Additionally, SpyCatcher reaction conditions are very
mild (pH range of 5 to 8, temperature range of 4 to 37°C)
when compared to those recommended for the comparable
sortase method (37°C). A notable downside to the
SpyCatcher system is that the linker contains an entire pro-
tein domain, which may make it less crystallizable than the
small peptide or chemical linkers introduced through alter-
native methods.

Affinity-maturation by directed evolution

Directed evolution recently emerged as a powerful tool for
determining  structures of low-affinity —complexes.
In contrast to the methods highlighted above, which func-
tion through covalent tethering, directed evolution may be
used to non-covalently enforce interactions through the
introduction of affinity-enhancing mutations. This
“affinity-maturation” process begins with the generation
of a mutant library, typically containing thousands to



billions of variants, of the protein of interest. When no
information about the binding interface is known, library
mutations are randomly introduced using an error-prone
polymerase chain reaction (PCR). Alternatively, when a
binding surface has been identified, mutations may be
introduced at specific hot-spot residues by using assembly
PCR with degenerate primers. In either case, the library will
then be expressed on a directed evolution platform such as
bacteria,*® yeast,47 phage,48 mRNA,* or ribosome dis-
plays™ and subjected to several rounds of selection against
the protein’s binding partner (Figure 4(a)). Following the
selections, high-affinity clones are sequenced, subcloned
into expression vectors, and purified for structural analysis.

Affinity-maturation has played an instrumental role in
visualizing receptor-ligand complexes from the Notch and
interferon (IFN) pathways. In the Notch pathway, signaling
is initiated when a transmembrane Delta-like or Jagged
ligand engages a Notch receptor on an opposing cell. On
the surface of cells, these low-affinity interactions are
potentiated by catch bonds,” clustering,” and avidity-
enhancement effects. However, Notch receptor and ligand
ECDs bind with nearly undetectable affinities in solution,
making the complexes difficult to capture for structural
studies. To overcome this obstacle, Luca et al. used yeast
surface display to evolve variants of Delta-like 4 (DII4) and
Jagged1 (Jagl) with enhanced affinity for the Notch1 recep-
tor.”"*® The high-affinity D1l4 “SLP” (G28S, F107L, L206P)>*
and Jagl “JV1” (S32L, R68G, D72N, T87R, Q182R)*" var-
iants were selected from unbiased mutant libraries

(a) (b)
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generated through error-prone PCR. The DLL4®*" and
Jagl!V! proteins were each co-crystallized with Notchl to
reveal ligand-specific binding modes with distinct
“signatures” of Notchl O-linked glycans contributing to
the interfaces.’™® Interestingly, multiple affinity-
enhancing mutations were located in hinge-like regions
outside of the receptor-binding interface, suggesting that
they function by allosterically stabilizing the receptor-
bound conformation® (Figure 4(b)).

IFNs are immune cytokines that signal by multimerizing
high- and low-affinity receptors on the cell surface. For both
type II (IFN-y) and type III (IFN-1) IENs, the rapid dissoci-
ation of low-affinity receptors had confounded attempts to
determine structures of fully intact signaling complexes.
Mendoza et al. solved this problem by using yeast display
to evolve an IFN-Z variant, H11 (Q15R, E73D, H120R,
T150A, V163E), with enhanced binding to the low-affinity
receptor IL-10Rf.>* The stabilized IFN-AIL-10Rf complex
was then co-crystallized with IFN-AR1, the high-affinity
receptor, to reveal how IFN-/ binding coordinates interac-
tions between receptor juxtamembrane domains to activate
intracellular Jak kinases.”* Recently, Mendoza et al. used a
similar directed evolution-based approach to visualize
interactions between IFN-y and its receptors IFN-yR1 and
IFN-yR2. In this case, the authors engineered a high-affinity
IFN-yR1 variant, FO5 (T149], M161K, Q167K, K174N,
Q182R, H205N) to stabilize the complex for co-crystalliza-
tion.”® The hexameric IFN-yR1:IFN-p:IFN-yR2 structure
revealed an IFN-y binding mode nearly identical to that

£ L )
M““*?E“* Yeast or Bacteria Notch1 l > 628S
s surface display (EGF11-13) ’h L206P
DNA recombination \f A CF Jaggedt (1)
= U .( Delta-like 4 (SLP) ~::_.-_‘\- (N-EGF3)
PR——— Phage (N-EGF1) SecNliee.
Ribosome display ' I%)
Structure-guided display Affinity-enhancin b
mutagenesis N (c) m‘f:tatmns " 3

mRNA display

Protein |
bailt @

\\ Protein i
\ \\_ “prey’

Wild-type

High-affinity
variant

IFN-yR1
4 (FO5)
5~ T150A T14g
V163E
' Qi8R
f}.iﬂ" IL10-Rf
§ SV 161
IFN-AR1 Affinity-enhancing Mgk
1:1:1 mutations 2:2:2

Figure 4. Affinity-maturation of protein—protein interactions by directed evolution. (a) Cartoon schematic of the affinity-maturation process. Briefly, a mutant library of a
target protein (the “bait”) is generated and expressed on a directed evolution platform such as yeast display, bacteria display, phage display, mRNA display, or
ribosome display. The mutant library is then selected against a known binding partner (the “prey”) to isolate high-affinity variants of the bait protein. (b) Crystal
structures of notch receptor-ligand complexes stabilized through affinity-maturation. Left: structure of Notch1 EGF domains 11-13 (magenta) bound to the receptor-
binding region of the DLL4 “SLP” variant (cyan), PDB ID: 4XL1. Right: structure of Notch1 EGF domains 8-12 (magenta) bound to the receptor-binding domains of the
Jag1 “JV1” variant (green), PDB ID: 5UKS5. Affinity-enhancing mutations are depicted as red spheres. (c) Crystal structures of IFN signaling complexes stabilized
through affinity-maturation. Left: 1:1:1 complex of IFN-43 (blue) bound to IL-10Rf (yellow) and IFN-AR1 (tan), PDB ID: 5T5W. Right: 2:2:2 complex of IFN-y dimer (green)
bound to two IFN-yR1 receptors (brown) and two IFN-yR2 receptors (blue), PDB ID: 6E3K. Affinity-enhancing mutations are depicted as red spheres.
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of IFN-/ despite the different stoichiometries of the type Il
and type III IFN signaling complexes (2:2:2 vs. 1:1:1; *°
Figure 4(c)).

Advantages and disadvantages. A key advantage of
affinity-maturation method is that it does not require any
prior knowledge of protein binding modes, as error-prone
PCR allows for mutations to be interspersed throughout the
entire coding sequence. Affinity-maturation also circum-
vents the use of covalent tethers that may interfere with
protein function. As an added benefit, evolved proteins
often have improved expression levels*® and enhanced
potency in functional assays,”’™>® making them valuable
tools for biomedical applications. A disadvantage to
using directed evolution for protein stabilization is that
selections may require expensive equipment and reagents
(e.g. cell sorters, antibody-coated magnetic beads).
Furthermore, selection strategies must be customized for
individual proteins and protocols vary widely between
the different directed evolution platforms.

Conclusions

The structural biology triumphs reviewed here showcase
the outstanding potential of molecular engineering as a tool
for visualizing low-affinity interactions. While no single
strategy has emerged as a “one-size-fits-all” solution, an
extensive repertoire of thoroughly vetted approaches is
available for maximizing one’s chances of success. As
cutting-edge methods such as cryoEM,* micro-electron
diffraction,” and femtosecond X-ray nanocrystallogra-
phy”® become increasingly available for studying difficult
targets, we anticipate that engineering complex stability
will develop into an even more prevalent step in the
sample preparation pipeline.
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