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Abstract

Despite the recent breakthrough advances in GPCR crystallography, structure determination of
protein-protein complexes involving chemokine receptors and their endogenous chemokine
ligands remains challenging. Here we describe disulfide trapping, a methodology for generating
irreversible covalent binary protein complexes from unbound protein partners by introducing two
cysteine residues, one per interaction partner, at selected positions within their interaction
interface. Disulfide trapping can serve at least two distinct purposes: (i) stabilization of the
complex to assist structural studies, and/or (ii) determination of pairwise residue proximities to
guide molecular modeling. Methods for characterization of disulfide-trapped complexes are
described and evaluated in terms of throughput, sensitivity, and specificity towards the most
energetically favorable cross-links. Due to abundance of native disulfide bonds at
receptor:chemokine interfaces, disulfide trapping of their complexes can be associated with
intramolecular disulfide shuffling and result in misfolding of the component proteins; because of
this, evidence from several experiments is typically needed to firmly establish a positive disulfide
crosslink. An optimal pipeline that maximizes throughput and minimizes time and costs by early
triage of unsuccessful candidate constructs is proposed.

1. Introduction

Chemokines promote cell migration in the context of development, immunity, inflammation
and many other pathological and physiological processes (Baggiolini, 1998; Charo &
Ransohoff, 2006; Gerard & Rollins, 2001; Griffith, Sokol, & Luster, 2014; Murdoch & Finn,
2000; Ransohoff, 2009). They do so by the virtue of binding to and activating seven
transmembrane (7TM) receptors on the surface of migrating cells. In humans, there are
approximately 45 chemokines that, based on the pattern of the conserved cysteine motif in
their N-terminus, are divided into CC, CXC, CX3C, or XC families (Bachelerie et al.). The
22 chemokine receptors that are expressed in human tissues exhibit remarkable specificity in
their recognition of the chemokines of different families, e.g. some receptors exclusively
bind and are activated by CC chemokines while others strictly prefer CXC chemokines;
based on this observation, the receptors are also classified into the same four subfamilies.
Some receptors interact with multiple chemokines within their subfamily, while others have

"Correspondence to: thandel@ucsd.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kufareva et al.

Page 2

but a single endogenous chemokine ligand. Finally, several members of the Herpesviridae
(herpesvirus) family encode chemokines and/or chemokine receptors in their genomes
(Montaner, Kufareva, Abagyan, & Gutkind, 2013); these viral proteins interact with human
receptors or chemokines, respectively, frequently demonstrate broad specificity spanning
both CC and CXC families, and hijack chemokine receptor signaling cascades in host cells
for the replicative advantage of the virus.

Knowledge of the structural basis of the high affinity, specificity, and pharmacology of
receptor:chemokine interactions is extremely important, both from the standpoint of
understanding the biology and for the development of therapeutics. Yet crystallography of
chemokine receptors and especially their complexes with chemokines has proved to be quite
challenging. As most members of the seven transmembrane (7TM) receptor family,
chemokine receptors are unstable outside their native membrane environment and
conformationally heterogeneous; they also lack hydrophilic surfaces for crystal formation.
Due to advances in protein engineering, screening and crystallization (Bill et al., 2011;
Ghosh, Kumari, Jaiman, & Shukla, 2015; Liu, Wacker, Wang, Abola, & Cherezov, 2014;
Moraes, Evans, Sanchez-Weatherby, Newstead, & Stewart, 2014), the last few years were
marked by dramatic progress in structure determination of 7TM receptors. However, even
with engineered receptor constructs and with novel crystallization techniques, structure
determination of protein-protein complexes involving chemokine receptors and their
endogenous chemokine ligands remains difficult. The binding affinity of chemokines to
detergent-solubilized receptors may be reduced in comparison to that observed in cell
membranes, contributing to lower stability of the complexes. Further, some chemokines
bind with high affinity only to select conformational (e.g. G protein-coupled, active) states
of their receptors (Nijmeijer, Leurs, Smit, & Vischer, 2010) and these states are challenging
to reproduce in detergent-solubilized conditions and in the absence of intracellular effectors
and scaffolding proteins. Finally, crystallization of a 7TM receptor with any ligand
frequently relies on slow complex dissociation kinetics (Zhang, Stevens, & Xu, 2015); such
kinetics may be an inherent property of some receptor:chemokine pairs (e.g. the virally
encoded receptor US28 and human CX3CL1/fractalkine (Burg et al., 2015)), but not others.

Here we describe disulfide trapping (also called cysteine trapping or disulfide crosslinking)
— an experimental methodology for generating irreversible covalent binary protein
complexes from unbound protein partners by introducing two cysteine residues (one per
interaction partner) at strategically selected positions within their interaction interface.
Disulfide trapping can serve at least two distinct purposes: (i) stabilization of the complex to
prevent spontaneous dissociation and to trap a specific conformation, both of which can
facilitate structural studies, and/or (ii) evaluation of residue proximities that, in conjunction
with molecular modeling, can provide insight into the structural basis of the interaction even
if the complex does not yield to crystallization efforts.

With respect to the second application (determining residue proximities), the disulfide
trapping approach has been successfully applied to complexes of several receptors with
small molecules and peptides (Buck & Wells, 2005; Dong et al., 2012; Hagemann, Miller,
Klco, Nikiforovich, & Baranski, 2008; Kufareva et al., 2014; Monaghan et al., 2008).
Residue proximities are established on the basis of crosslinks of varying strength and
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specificity and used to guide molecular modeling and interface mapping. This is in contrast
to disulfide trapping for structure determination where only the strongest, energetically
favorable crosslinks help stabilization and crystallization of the complexes. The first
application of disulfide trapping for crystallization of a GPCR was achieved in 2011 by
Rasmussen et al. (Rasmussen et al., 2011) when they crystallized an irreversible complex
between a small molecule agonist and a nano-body stabilized 3, adrenergic receptor. Last
year was marked by a successful application of the methodology to a complex between a
receptor and a chemokine, yielding the first high resolution structural insight into chemokine
recognition by an intact receptor (Qin et al., 2015).

Disulfide trapping has a number of advantages compared to other types of intermolecular
crosslinking. First, unlike unnatural amino acids (Grunbeck et al., 2012; Grunbeck &
Sakmar, 2013; Huber, Naganathan, Tian, Ye, & Sakmar, 2013; Kim, Axup, & Schultz,
2013), cysteine can be incorporated into recombinant proteins using straightforward cloning
techniques and a wide range of expression systems. Next, when implemented this way, the
incorporation is 100% efficient. Finally, unlike bulky moieties used in photoaffinity labeling
(Chen, Pinon, Miller, & Dong, 2009, 2010; Coin et al., 2013; Dong et al., 2007; Dong et al.,
2011; Miller et al., 2011; Pham & Sexton, 2004; Wittelsberger et al., 2006), a cysteine
residue side chain is small and does not tend to induce artificial distortions of complex
geometry.

Although a powerful approach, disulfide trapping is prone to artefacts and false positives,
especially when cysteines are introduced at interfaces that are rich in native intramolecular
disulfide bonds as in chemokine receptor complexes. Because of that, combined evidence
from several assays is typically required to establish a strong positive intramolecular
disulfide crosslink. This chapter provides an account of methods for generating disulfide
crosslinked complexes and for experimentally characterizing the efficiency and quality of
the crosslinks. A strategy for streamlining the approaches into a cost-effective pipeline for
screening multiple candidates and quickly triaging unsuccessful pairs is also discussed.

2. Architecture of receptor:chemokine interfaces

All chemokines share a conserved topology that consists of a flexible N-terminus, a double-
cysteine matif, a three-strand -sheet, and a C-terminal helix (Figure 1). The cysteines in the
double-cysteine motif may be adjacent to one another (in the CC chemokine family),
separated by one residue (in the CXC family), or separated by three residues (in the CX3C
family that only has one member, CX3CL1/fractalkine). In two human chemokines, XCL1/
lymphotactin and XCL2/SCM-1, only one cysteine is present in this region. The cysteines
are involved in intra-molecular disulfide bonds connecting the N-terminus to the loop
between the first and the second B-strands (in CC, CXC, and CX3C families) and to the third
B-strand (in all chemokines) (Figure 1). Chemokine receptors, like all members of the 7TM
receptor superfamily, share a conserved topology with seven membrane-spanning helices
and a disulfide bond between TM3 and the extracellular loop (ECL) 2. All chemokine
receptors except CXCR® also have a disulfide bond connecting their flexible N-terminus to
ECL3 (Figure 2).
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From biochemical, biophysical, mutagenic, modeling and structural studies of the
chemokine receptor system to-date (Brelot, Heveker, Montes, & Alizon, 2000; Burg et al.,
2015; Gupta, Pillarisetti, Thomas, & Aiyar, 2001; Kofuku et al., 2009; Kufareva et al., 2014;
Qin et al., 2015; Saini et al., 2011; Zhou & Tai, 2000) it is clear that the interaction between
the receptor and the chemokine involves two distinct epitopes (Kufareva, Salanga, &
Handel, 2015). In the so-called chemokine recognition site 1 (CRS1, (Scholten et al., 2011)),
the extended N-terminus of the receptor binds to the globular core of the chemokine. In
CRS2, the flexible N-terminus of the chemokine reaches into the TM domain binding pocket
of the receptor. For most chemokines, their distal N-termini are recognized as critical
signaling domains that directly induce the activation-related conformational changes in the
TM domains of the receptors via CRS2 interaction (Chevigne, Fievez, Schmit, & Deroo,
2011; Proost et al., 2008; Van Damme et al., 1989). The first two structures of the
receptor:chemokine complexes (Burg et al., 2015; Qin et al., 2015) demonstrated that the
two epitopes are joined by an intermediate region that we refer to as CRS1.5 and that brings
into close proximity the conserved N-terminal cysteine of the receptor with the conserved
cysteine motif of the chemokine (Figure 2). This understanding is especially important in the
context of disulfide trapping, because introducing additional artificial cysteines at disulfide-
rich interfaces has high potential of shuffling the native disulfide connectivity and
misfolding the proteins while still exhibiting, at least in some assays, the behavior of a
positive cross-link.

While retaining the conserved overall architecture, the multiple receptor:chemokine pairs
appear to utilize distinct structural determinants and conformational mechanisms to achieve
specificity of binding and signaling (Burg et al., 2015; Choi et al., 2005; Duchesnes,
Murphy, Williams, & Pease, 2006; Pakianathan, Kuta, Artis, Skelton, & Hebert, 1997; Qin
et al., 2015; Saini et al., 2011). This diversity hinders transfer of structural knowledge
between different complexes by homology and emphasizes the importance of detailed
studies of individual receptor:chemokine pairs; and while this task may be cost-prohibitive
for X-ray crystallography, it is more tractable by other approaches such as molecular
modeling in conjunction with disulfide trapping.

3. Cysteine as a natural crosslinking agent

Cysteine is the most chemically reactive of the 20 natural amino acids: its thiol side chain is
easily oxidized due to its nucleophilic nature. Oxidation of two spatially proximal cysteine
residues leads to formation of disulfide bonds that play a major role in protein folding and
stability. The dissociation energy of a typical disulfide bond is about 50-60 kcal/mol, which
makes it 10-20 times stronger than the strongest hydrogen bond, but still much weaker than
a typical covalent bond (e.g. carbon-carbon). Disulfide bonds are susceptible to breakage in
the presence of other nucleophiles, but thiol-disulfide exchange is inhibited at physiological
and acidic pH.

An ideal disulfide bond has a S-S, distance of 2.04+0.07A and a specific relative
orientation of remaining atoms within the two cysteines (C4-S,-S,-Cydihedral angle of
90+12°) (Pellequer & Chen, 2006). Bonds with dihedral angles of 0° to 180° occur in
protein structures, but are significantly weaker than those with ideal geometry.
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Most cellular compartments are rich in glutathione and thus represent a reducing
environment in which disulfide bonds are not stable. Consequently, cysteine residues are
usually present in their free form in soluble cytosolic and nuclear proteins. However, the
oxidizing environment in the extracellular space, in the lumen of the rough endoplasmic
reticulum, and in the mitochondrial intermembrane space favors formation of disulfide
bonds. As a result, intramolecular disulfide bonds are common in secreted proteins, with
chemokines being a perfect example (Figure 1). Intramolecular disulfide bonds are also
frequently found in the extracellular domains of transmembrane proteins, which, as
illustrated in Figure 2, includes the chemokine receptors. Contrary to the extracellular
fragments, cysteine residues deeper in the TM domain of the receptor or in intracellular
loops appear to be reduced and not involved in disulfide formation. In live cells, the
interaction between chemokines and their receptors occurs in the extracellular oxidizing
environment and thus additional disulfide bonds introduced at their interface are expected to
form and remain stable when the cysteines are in the correct proximity and orientation.
However, when receptors are extracted from their natural cellular context, there is a danger
of transmembrane and especially intracellular cysteine residues, which are normally
reduced, to become oxidized and lead to the formation of non-specific covalent adducts with
chemokines or each other.

4. Disulfide trapping

4.1 Overall strategy

Disulfide trapping serves the goal of generating an irreversible covalently bound
receptor:chemokine complex from otherwise dissociable protein partners. To accomplish
this goal, a single non-native cysteine residue is introduced into the receptor and into the
chemokine. Depending on the method used to generate the binding partners (e.g. bacterial
expression, eukaryotic cell expression, or chemical synthesis), the mutated proteins can be
either expressed separately and mixed, or co-expressed in the same cells. In both
approaches, the main assumption is that if formation of the native complex positions the two
engineered cysteine residues in favorable proximity and geometry, a disulfide bond will
spontaneously form thus locking the complex and preventing its dissociation. The resulting
irreversible complexes can be detected using non-reducing SDS page and/or Western
blotting and further characterized in terms of overall yield, crosslinking efficiency, stability,
and monodispersity. In our own applications for generating receptor:chemokine complexes,
we had the best success with co-expressing the mutated receptor and the mutated chemokine
in Sf9 insect cells. Among other advantages, this strategy avoids the need to make purified
chemokine, which, due to an extra free cysteine residue, may be complicated by
intramolecular disulfide shuffling and formation of covalent chemokine oligomers.

4.2 Selection of candidate residue pairs

Finding optimal position pairs for introducing receptor:chemokine disulfide crosslinks might
at first seem like an impossible endeavor; however, in our implementation, the disulfide
trapping method involves 3D model-guided “cherry-picking” of residue pairs for cysteine
mutagenesis. Starting with a model of the complex, we assign a numeric score to each pair
of receptor:chemokine residues that reflects the likelihood of them spontaneously forming a
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disulfide bond when mutated to cysteine. In a hypothetical situation when a high-resolution
structure or model is already available, the residues are mutated in silico to cysteines, a
disulfide bond is imposed, the side-chains of the two bonded residues and the neighboring
residues are optimized by conformational sampling, and the disulfide bond energy is
evaluated by

2 2 2
_ 2 2,2 2 2 2 2 2 2
Ess_lox(ds:s—2.05 ) +5x<d i —-3.051 ) +5><<d @1_3'051 ) +9x(dcﬁzcﬁ —3.855 )

S1:Cgo Sy:C

where dg g da:c/)}, and dcﬂcﬂstand for pairwise distances between the indicated atoms in
the disulfide-bonded residues. This energy term is combined with the overall energy
involving steric compatibility of the in silico introduced disulfide bond with its immediate
environment, and used for scoring and ranking of the residue pairs. In typical real-life
situations where only an approximate model is available, relaxed criteria should be used,
mostly based on appropriate Ca-Ca and CB-Cp distances between the residues in question.
In general, due to the size and geometry of cysteine residues, disulfide crosslinking works
best for residue pairs that are involved in backbone-backbone contacts; residues with only
side chain-side chain contacts are usually poor crosslinking candidates.

Receptor:chemokine residue pairs are rank-ordered by decreasing score. After that, penalties
are introduced to account for possible liabilities of introducing a reactive cysteine at each
candidate location. For example, a penalty is imposed if one of the designed cysteine
residues is located in a fragment without a defined secondary structure and is adjacent or
proximal (within two to three residue positions) to a native cystine (disulfide-bonded
cysteine) in the sequence. Introducing an artificial cysteine in such positions increases the
probability of protein misfolding by formation of an unwanted disulfide bond between the
counterpart of the native and the newly introduced cysteine (shuffling, Figure 3A). An
immediately adjacent native cystine within a helix or a B-strand may be free of such
liabilities because (i) these regions are expected to have less flexibility and (ii) adjacent
residues in these secondary structures point in different directions (Figure 3C, in the case of
an a-helix) or strictly opposite directions (in the case of a f-strand, Figure 3B). On the other
hand, taking into account residue geometry within a-helices and B-strand (Figure 3D and E),
we usually penalize an artificial cysteine introduced two residues up or down from a native
cysteine in a f-strand, and three to four residues up and down from a native cysteine in an a-
helix.

Our early attempts in designing a disulfide crosslink between CXCR4 and CXCL12 were
guided by the NMR structure (Veldkamp et al., 2008) of a CXCL12 dimer in complex with
a 38 residue peptide isolated from the CXCR4 N-terminus (CRS1). The in silico disulfide
bonds introduced between all possible proximal CXCR4:CXCL12 residue pairs were ranked
by both the disulfide bond energy, Esg according to the equation above, and by the overall
energy of the disulfide in the context of the complex; the latter included van der Waals,
electrostatics, hydrogen bonding, hydrophobicity and polar surface area terms (Kufareva et
al., 2014). Figure 4A illustrates the scatter plot of Esgand overall energy values for the 11
residue pairs selected for experimental validation. Mutant pair characterization performed as
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described in the next section confirmed that the pair predicted to form the best crosslink,
CXCR4(K25C):CXCL12(S16C), did indeed crosslink very efficiently (Figure 4B), while the
remaining pairs showed no or ambiguous crosslinking. This single CRS1 crosslink (Figure
4C) was later used in molecular docking to build and refine the model of the complex
between the full-length receptor and the chemokine (Kufareva, Handel, & Abagyan, 2015;
Kufareva et al., 2014).

4.3 Generation of disulfide-trapped receptor:chemokine complexes

The methodology for cloning, expressing and purifying disulfide-crosslinked
receptor:chemokine complexes is no different from that for non-covalent complexes, which
is described in detail by Gustavsson et al in Chapter 11 of this Methods of Enzymology
volume. Below we provide a brief summary of the major steps while stressing the nuances
important in the context of disulfide crosslinking.

4.3.1 Cloning—Baculovirus infected Spodoptera frugiperda (Sf9) insect cells represent an
appropriate expression system for production of membrane proteins and complexes in many
applications including biophysical studies and structure determination. The Bac-to-Bac
Baculovirus Expression System (Invitrogen) is used to generate bacmids and baculovirus.

First, the receptors are cloned into a pFastBac™ vector (Invitrogen) under either a gp64 or a
polH promoter, and are N-terminally or C-terminally tagged with a FLAG tag (DYKDDDD,
for detection). The placement of the tag has to be optimized for each individual receptor as it
may differentially affect yield and trafficking even for homologous receptors (e.g. CXCR4
tolerates the tag on the N-terminus while ACKR3 constructs express substantially better
when the tag is placed at the C-terminus). Additionally, a Hisq tag is placed at the C-
terminus for metal affinity purification. The chemokine constructs include the native signal
sequences, are C-terminally tagged with an HA-tag (YPYDVPDYA, for detection) and are
cloned into a pFastBac™ vector under a polH promoter. Codon-optimization reflecting the
inherent bias of the expression system may provide an additional way to optimize the
expression constructs. Cysteine mutations are introduced at the desired positions in the
receptor and chemokine constructs using standard QuikChange site-directed mutagenesis
protocols.

Recombinant bacmids separately carrying the genes for the receptor and the chemokine are
generated by transforming the pFastBac™ constructs into DH10Bac™ competent E. coli
cells (Invitrogen) according to the manufacturer's instructions. Propagation of a single
selected white colony with subsequent bacmid purification is described in detail by
Gustavsson et al in Chapter 11.

4.3.2 Generation of baculovirus stocks—To generate high-titer (>10° viral particles
per mL) recombinant baculovirus, recombinant bacmids (5 pL of the purified material at the
concentration obtained through purification) containing the target genes are transfected
separately into 9 cells (2.5 mL at a density of 1.2x10° cells/mL) using 3 pL of Xtreme
Gene Transfection Reagent (Roche) and 100 pL of Transfection Medium (Expression
Systems). Cell suspensions are incubated for 96 h with shaking at 27 °C. PO viral stocks are
isolated and used to infect larger Sf9 cultures for generation of P1 viral stock. Typically, 400
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uL of PO virus is used to infect 40 mL of culture at this step. Virus titer can be quantified by
flow cytometry following cell staining with PE-conjugated anti-gp64 antibody (Expression
Systems).

4.3.3 Sf9 co-expression—Co-expression of disulfide-trapped complexes between
receptors and chemokines in insect Sf9 cells is similar to co-expression of non-covalent
complexes and is described in detail by Gustavsson et al in Chapter 11. Briefly, the P1
stocks of the two types of particles (those carrying receptor and those carrying chemokine)
are used to co-infect Sf9 cells at a density of 2-2.6x106 cells/mL. Even if the multiplicity of
infection (MOI) has been previously separately optimized for each vector, it frequently
needs to be re-optimized in the context of the co-expression experiment, likely because the
cell expression machinery gets taxed to a different degree when producing individual
components vs the complex (Fig. 5).

The cells are allowed to grow while expressing the two proteins for a period that may also
need optimization, but typically for 44-48 hours. Biomass is harvested by centrifugation and
stored at —80 °C until further use.

It is unknown how and when the receptor:chemokine complexes form when the two proteins
are co-expressed in Sf9 cells. One possibility is that the chemokine molecules are secreted in
the cell culture medium and from there, bind to the receptors that are expressed and
trafficked to the plasma membrane. Alternatively, the proteins may bind one another at the
time of folding in the endoplasmic reticulum and be trafficked to the cell surface together as
a complex. In either case, the interaction interface is in an oxidizing environment which
promotes disulfide bond formation for those cysteine residue pairs that are in spatial
proximity and favorable orientation. As a result, covalently trapped complexes may be
harvested from the cell membranes along with non-covalent complexes and uncomplexed
receptors.

4.3.4 Membrane preparation—Harvesting and metal affinity purification of disulfide-
trapped receptor:chemokine complexes is performed in the same way as purification of
isolated receptors or non-covalent complexes, as described in detail by Gustavsson et al in
Chapter 11. Briefly, cell biomass is thawed, lysed in hypotonic buffer (10 mM HEPES pH
7.5, 10 MM MgCl,, 20 mM KCI, and EDTA-free protease inhibitor cocktail (Roche)), and
membranes are purified by repeated (3x) Dounce homogenization (40 strokes per round)
followed by centrifugation at 50,000xg at 4 °C for 30 min. Membrane pellets are
resuspended in the above hypotonic buffer during round 1 and in a high salt buffer (10 mM
HEPES pH 7.5, 10 mM MgCl,, 20 mM KCI, 1 M NaCl and EDTA-free protease inhibitor
cocktail) during rounds 2-3. Following the last centrifugation, membranes are resuspended
and homogenized in hypotonic buffer supplemented with 30% glycerol (v/v) and flash-
frozen for storage at =80 °C until further use.

4.3.5 Purification of receptor complexes—Purified membranes are thawed on ice,
homogenized with an equal volume of hypotonic buffer, mixed with an equal volume of 2x
solubilization buffer (100 mM HEPES pH 7.5, 800 mM NaCl, 1.5% n-dodecyl-3-D-
maltopyranoside (DDM, Anatrace), 0.3% cholesteryl hemisuccinate (CHS, Sigma)),
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incubated for 3 h at 4 °C, and then centrifuged at 25,000xg for 30 min. The supernatant is
incubated overnight at 4 °C with TALON IMAC resin (Clontech) and 20 mM imidazole.
After binding, the resin is washed with twenty column volumes of wash buffer (25 mM
HEPES pH7.5, 400 mM NacCl, 0.025% DDM, 0.005% CHS, 10% glycerol). Resin is then
resuspended in 6 column volumes of wash buffer and incubated with 10 pL of PreScission
Protease at 15 mg/mL (purified in house in our case) for 3 h at 4 °C. Purified protein is
collected as flow through.

The above composition of solubilization, wash, and elution buffers is such that target
proteins remain folded, and tightly bound slow dissociating or covalent complexes remain
intact. In case modifications to the buffer compositions are necessary, it is important that
nucleophiles and reducing agents are avoided to ensure stability of any intra- or
intermolecular disulfide bonds through the purification process.

4.4 Characterization of disulfide-trapped receptor:chemokine complexes

Identification of an efficient and energetically favorable disulfide crosslink can be
performed using multiple experimental approaches. Furthermore, because of the
complexities of the disulfide-rich receptor:chemokine interfaces, and because of general and
implementation-specific variations in assay throughput, material requirements, sensitivity,
and specificity, no single assay is ideal and crosslink characterization typically requires
combined evidence from several assays. We were successful in crosslink characterization
using the following methods:

» flow cytometry, to detect complexes directly on cells

e denaturing, but non-reducing SDS polyacrylamide get electrophoresis of the
purified protein material, to evaluate the presence and relative abundance of the
covalently linked complexes

e Western blotting, to confirm the nature of the observed bands

« differential scanning fluorimetry using cysteine-reactive CPM dye (CPM-DSF) to
characterize thermal stability of the purified complexes

e size-exclusion chromatography (SEC), to study monodispersity of the complexes

Table 1 summarizes time and material requirements for the five assays as implemented in
our hands, and provides an estimate of their throughput as well as specificity and sensitivity
in separating strong energetically favorable disulfide crosslinks from weak non-specific
ones. According to these parameters, the assays can be prioritized in the workflow in order
to quickly triage unsuccessful pairs. Notably, SDS-PAGE and Western blotting appear to be
the central and indispensable experiments in crosslink characterization despite their
moderate throughput, sensitivity, or specificity. This is because they can provide proper
context for interpreting results of other experiments, especially when these results are
ambiguous or inconclusive.

4.4.1 Detection of covalent complexes on cells using flow cytometry—Flow
cytometry allows the initial detection of disulfide-trapped complexes directly in the cells,
prior to purification of receptor material. It requires staining of complex-expressing cells
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with fluorescent antibodies against a tag on the chemokine. At least with some chemokines
(including CXCL11, CXCL12 and CXCL14), C-terminal placement of the tag on the
chemokine prevents interference between the receptor:chemokine and chemokine:antibody
binding and ensures that the receptor-bound chemokine is detectable on the cell surface with
anti-tag antibodies. This may or may not be the case for other chemokines; for example, so
far, we have been unsuccessful in detection of cell surface-bound vMIP-11 using this
method.

4.4.1.1. Experiment: For flow cytometry experiments, Sf9 cells co-expressing the disulfide-
trapped complexes are washed twice in TBS+0.5% BSA and stained in 1:100 dilution of
FITC-conjugated anti-tag antibody. We use mouse monoclonal anti-FLAG® M2-FITC
antibody and mouse monoclonal anti-HA-FITC antibodies, both from Sigma-Aldrich (item
numbers F4049 and H7411, respectively). Following 20 min incubation on ice in the dark,
the cells are diluted in TBS and analyzed using a Guava bench top mini-flow cytometer
(Millipore). Controls must include untransfected cells in order to quantify the levels of non-
specific antibody binding; in cases where non-specific binding is non-negligible, repeated
washing of the stained cells with TBS+0.5 BSA may help. Controls should also include cells
co-expressing WT receptor and WT chemokine that are presumed to form efficient but
dissociable complexes (Figure 6).

For some receptor:.chemokine complexes (e.g. ACKR3:CXCL12), the affinity and
dissociation kinetics is such that large amounts of cell surface bound chemokine are present
even if the covalent disulfide crosslink between the receptor and the chemokine is not
formed. To separate disulfide-trapped complexes from long-lived non-covalent complexes,
prolonged incubation of samples with excess unlabeled competitor (a chemokine or a small
molecule) is helpful. Such pre-incubation dissociates the non-covalent complexes, but has
no effect on the covalent disulfide-trapped complexes (Figure 7).

4.4.1.2. Interpretation: The result of a flow cytometry experiment is a histogram of cell
distribution by the total amount of surface-bound chemokine, with or without an unlabeled
competitor ligand. This assay provides an easy way to quickly screen numerous candidate
disulfide-trapped construct combinations without the complexities of sample purification;
however, the utility of this method is limited to chemokines that are detectable on the cell
surface by a C-terminal tag. Furthermore, even for chemokines that are efficiently detected,
the average levels of specific anti-tag antibody fluorescence on cells may vary significantly
as a result of varying surface expression of the receptor; therefore, flow cytometry at best
allows one to qualitatively estimate the presence of disulfide-trapped complexes or to rank
on a relative scale several chemokine mutants that are co-expressed with a single receptor
mutant as a part of the same experiment. In this sense, the assay has relatively low
specificity. On the other hand, as long as antibody detection of the surface-bound chemokine
is established, the assay has high sensitivity and thus rarely produces false negatives: the
absence of anti-chemokine staining in these cases signals an unsuccessful crosslink that can
be eliminated from further consideration.

4.4.2 Quantification and characterization of disulfide-trapped complexes by
SDS-PAGE and Western blotting—Following metal affinity purification, promising
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candidate complexes are analyzed for yield and crosslinking efficiency by non-reducing
SDS-PAGE and Western blotting. These assays appear central in crosslink characterization
as they provide the proper context for interpretation of all other experiments.

4.4.2.1. Experiment: For non-reducing SDS-PAGE analysis, 5-10 ug of purified protein is
mixed with Laemmli buffer containing no reducing agents and loaded onto a 10%
polyacrylamide gel. With some membrane receptors, it is important that the SDS-denatured
samples are not heated prior to loading. Room temperature is a reasonable tradeoff between
avoiding protein aggregation (that occurs when samples are heated) and maintaining the
solubility of SDS (that precipitates if samples are kept on ice). Gels are stained with
Coomassie stain, and destained 3x with a 50%/40%/10% (v/v/v) mixture of H,O, methanol,
and acetic acid. Molecular weight shift and the relative band intensity are used as indicators
of the presence and relative abundance of the disulfide trapped complex, respectively. In a
separate control experiment, the same samples are run using standard reducing Laemmli
buffer.

Western blot detection is used to specifically identify Flag-tagged receptor and HA-tagged
chemokine bands. In this case, non-reducing SDS-PAGE is performed as above and, without
staining, transferred to a nitrocellulose membrane at 100 V for 1 h. The membrane is
incubated in 10 mL TBS-T (1x TBS pH 7.4, 0.1% Tween (v/v)) supplemented with 5% milk
for 1 h at room temperature. 1 uL of primary antibodies (mouse anti-Flag M2 primary
antibody (Sigma, for receptor) and rat anti-HA 3F10 primary antibody (Roche, for
chemokine)) is added to 10 mL of fresh TBS-T with 5% milk and again incubated at room
temperature for 1 h. 0.5 pL of secondary antibodies (IRDye 680 donkey anti-mouse 1gG and
IRDye 800 goat anti-rat IgG (LI-COR Biosciences)) is added to 10 mL of TBS-T with 5%
BSA and incubated for 1 h at room temperature. Following incubation, the membrane is
washed 3x with 10 mL of fresh TBS-T for 10 min. The membrane is finally rinsed with 1x
sterile PBS and imaged using the Odyssey IR imaging system (LI-COR Bioscience).
Membranes can also be dried overnight between layers of filter paper, and then kept and
imaged dry for up to 2 weeks with minimal loss in signal provided they are protected from
light.

We usually conduct Western blot analysis on purified samples and interpret it in conjunction
with other assays described herein: SDS-PAGE, SEC, and DSF. However, unlike these other
assays, Western blotting does not require the samples to be purified and thus can be
conducted on whole cell lysates as an alternative first line of analysis to quickly screen for
promising disulfide-trapped constructs.

4.4.2.2. Interpretation: Following a non-reducing SDS-PAGE, most frequently observed
bands are located at the following molecular weights (from smallest to largest):

e Uncomplexed chemokine monomer
e Uncomplexed chemokine dimer
»  Uncomplexed receptor monomer (Figure 8A)

e Receptor:chemokine complex (Figure 8A)
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*  Receptor:chemokine dimer complex
»  Uncomplexed receptor dimer

e Receptor dimer:chemokine complex
» Aggregated protein material

Additional proximal bands may appear as a result of proteolytic degradation of receptor
(effectively lowering its MW) or heterogeneous post-translation modifications (increasing
MW). In all cases, it is important to include the following controls on the same gel:

» A homologous well-behaving insect cell expressed receptor construct, if available

e Anon-crosslinked insect cell expressed receptor:chemokine pair (e.g. including a
non-mutated receptor and/or non-mutated chemokine)

» A well-behaving disulfide-trapped pair, if available.

By ensuring that an equal amount of protein is loaded into each lane of the gel, and by
providing adequate controls, relative ranking of the cross-link quality becomes possible.

An ideal crosslinked complex shows as a bright band on a non-reducing SDS-PAGE and is
possibly accompanied by a much dimmer (if present at all) band corresponding to
uncomplexed monomeric receptor, in the faint or absent background of other irrelevant
bands (Figure 8A). Relative brightness of the two bands may serve as a measure of cross-
linking efficiency (the ratio of cross-linked to non-cross-linked receptor, Figure 8B,C),
although in many cases, it may overestimate the fraction of cross-linked receptor due to poor
membrane extraction of non-crosslinked species. Western blot analysis of an ideal
crosslinked pair will show clear and weak (if present at all) receptor-only staining of the
lower MW band with clear and strong co-staining of the disulfide-trapped higher MW
complex band (Figure 9). Further confirmation of the successful crosslink may be obtained
by repeating the SDS-PAGE and Western blotting analysis under reducing conditions,
which is expected to completely dissociate the higher MW complex band, to increase the
density of the receptor-only band (Figure 8A), and to bring about the lower molecular
weight chemokine-only band (assuming the gel percentage is sufficient to detect low MW
proteins in the sample).

We consider successful clear-cut intermolecular crosslinks as evidence of spatial proximity
and favorable orientation of the mutated residues in the context of the native complex
geometry, even if these crosslinks do not withstand the scrutiny of the more stringent SEC
and DSF assays described below. As such, they can be used for validation and refinement of
3D models of the complex (Kufareva, Handel, et al., 2015), at least in the form of inter-
residue distance restraints. Stronger evidence may be required in order to integrate the
crosslink in the modeling procedure in the form of an explicit inter-molecular disulfide
bond.

Unfortunately, ideal crosslinks are rare, and in most cases, the relative density of the two
bands is non-optimal and additional irrelevant bands are present. Such bands may indicate,
for example, formation of covalent homodimers or higher order homo-oligomers from the
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mutated and possibly misfolded chemokines or receptors, or formation of covalent
receptor:chemokine complexes of non-canonical stoichiometry, all of which can be deduced
from Western blotting staining against the receptor and the chemokine. The prevalence of
such bands indicates that the artificially introduced cysteine residue pair interferes with
proper folding of the individual proteins or with their interactions, and warrants caution in
application of the crosslink in modeling procedures.

Given the prevalence and the role of native intramolecular disulfide-bonds at the
receptor:chemokine interface, any artificially introduced cysteine can potentially result in
disulfide shuffling. This scenario may exhibit the behavior of an efficient crosslink on SDS-
PAGE or a Western blot, although in reality, the artificially introduced cysteines are not
proximal. Consequently, interpretation of the crosslinks in the context of the amino-acid
sequence and the nascent 3D model of the complex may be instrumental in separating true
hits from results of disulfide shuffling.

4.4.3 Characterization of monodispersity and thermal stability of disulfide-
trapped complexes with SEC and CPM-DSF—SEC and CPM-DSF represent the
most stringent and specific assays for characterization of disulfide trapped complexes. This
is because even the most clear-cut crosslinks may introduce minor distortions to the native
favorable positions and orientations of the receptor and the chemokine in the complex; such
distortions are detectable by lowered thermal stability or increased aggregation of the
purified complexes as compared to an ideal geometry crosslink.

4.4.3.1. SEC and CPM-DSF experimental protocols: Complex monodispersity is
analyzed by analytical size exclusion chromatography (SEC) using a Sepax SRT-C 300
column. Details of the assay are described in Chapter 11 by Gustavsson et al. Absorbance at
280 nm (Ayg) is recorded and plotted as a function of elution time to obtain the SEC trace.
As implemented in our hands, the samples are analyzed one-by-one with each run taking
15-20 minutes (assuming the column is properly equilibrated), i.e. it is lower throughput
than other experiments described herein (Table 1).

Thermostabilities of purified complexes are analyzed by a differential scanning fluorimetry
(DSF) assay adapted from previous publications (Alexandrov, Mileni, Chien, Hanson, &
Stevens, 2008). Receptor:chemokine samples are mixed with a thiol-reactive 7-
Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (CPM) dye that increases in
fluorescence upon interaction with internal (non-disulfide-bonded) cysteines of the receptor
that gradually become exposed and accessible for labeling as a result of thermal
denaturation. The melting curve is obtained by plotting CPM fluorescence as a function of
temperature (Figures 10A, 11A); in the canonical case, this curve has a clear sigmoidal
shape and its first derivative has a clear sharp peak whose x-coordinate is interpreted as the
melting temperature (T,,) of the sample (selected curves in Figures 10B, 11B). We perform
this assay using a RotorGene Q 6-plex RT-PCR machine (Qiagen), which allows
miniaturization and relatively high throughput (up to 72 samples can be analyzed at a time
and sample volume can be as low as 20 pL). Briefly, 0.2-0.5 pg of protein is mixed with 5
UM CPM dye in 25 mM HEPES pH 7.5, 400 mM NaCl, 0.025% DDM, 0.005% CHS, 10%
glycerol to a final volume of 20 pL; samples are incubated for 5 min at room temperature
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and then heated gradually from 28 °C to 90 °C at a rate of 1.5 °C/min, with CPM
fluorescence (excitation 365 nm, emission 460 nm) recorded at every 1 °C increase. Rotor-
Gene Q — Pure Detection software is used to extract the T, from the first derivative plot of
the denaturation curve.

4.4.3.2. Interpretation: An ideal SEC curve has a narrow sharp peak at the elution time that
represents the hydrodynamic volume of the protein or complex in question. Protein:protein
complexes typically elute earlier than the isolated components due to higher hydrodynamic
volume. An ideal peak is tall (compared to controls), narrow, and sharp with no shoulders on
either side, indicating high concentration and high degree of monodispersity (homogeneity)
of the sample (e.g. Figure 12C). A widened peak may result from conformational
heterogeneity or from formation of dimers and higher order oligomers. A shoulder on the
left of the main peak is typically due to protein aggregates and is undesirable. The heights
and shapes of SEC peaks obtained in parallel for several disulfide-trapped complex
candidates (with proper controls) can be used to rank the candidates in terms of both protein
concentration (or, with uniform treatment, yield) and monodispersity.

A canonical CPM-DSF curve has a clear sigmoidal shape and its first derivative has a single
peak, indicating a monophasic melting transition of the sample. The height of the derivative
peak is not necessarily representative of the sample yield; instead, it is a characteristic of the
sharpness of the melting transition. Poor (flat) transitions, with short and wide derivative
peaks (Figure 10A, pink curves), may result not only from insufficient sample
concentrations but also from high degree of heterogeneity or the overall low quality and
stability of the sample; they may also be an inherent property of the protein in question (e.g.
due to a very small number of buried cysteine residues that can potentially become exposed
and accessible for CPM labeling). In high quality disulfide trapped samples, two distinct
transitions are sometimes discernible: one corresponding to melting of the non-crosslinked
population and another (at a higher T,,) corresponding to the crosslinked population (Figure
11A,B). As for individual samples above, the relative height of the derivative peaks should
not be interpreted as relative abundance of one population over another, or as fraction
crosslinked, but rather simply as the sharpness of the melting transition.

Compared to SDS-PAGE and Western blotting, SEC and DSF typically provide much better
resolution in distinguishing optimal from neighboring suboptimal crosslinks. Depending on
implementation, DSF and SEC may also be more or less time- and resource-consuming than
SDS-PAGE and Western blotting. In our hands, the RotorGene Q 6-plex RT-PCR
instrument allows one to run up to 72 samples in parallel, with each of them taking only
about 5% of the protein that is typically used for SDS-PAGE, thus far exceeding both SDS-
PAGE and Western blotting in throughput and miniaturization. In view of this, when
complex stabilization (and not simply determination of residue proximities) is the primary
goal, high throughput DSF can be used as a first line of screening of the candidate pairs,
with only the complexes showing clear melting transitions and potentially increased melting
temperatures being subject to SDS-PAGE.

Figure 12 illustrates an example where multiple promising crosslinks (all spatially close)
were identified in a receptor:chemokine complex by gel electrophoresis and Western
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blotting (Figure 12A), but only two of them resulted in a significant increase in the complex
melting temperature (Figure 12B), and only one of them stood out in terms of complex yield
and monodispersity as demonstrated by the height and the quality of the SEC trace (Figure
12C). Following these stringent validation steps, the most promising crosslinks may serve as
tools for structure determination of the complex, as was the case for a CXCR4:vMIP-II
complex by Qin et al (Qin et al., 2015).

5. Conclusion and perspectives

Although a useful and relatively straightforward methodology for both modeling and
structure determination of protein:protein complexes, disulfide trapping has numerous
caveats, especially when applied to interfaces rich in native intramolecular disulfide bonds
such as those of chemokines with their receptors. Combined evidence from several
biophysical experiments as well as critical assessment of results in the context of 3D models
enable one to separate false positives from energetically favorable crosslinks that stabilize
the native geometry of the complex. Prioritizing high-throughput high-sensitivity assays
helps optimize the pipeline by early triage of unsuccessful candidates. Iterative application
of the methodology in conjunction with molecular modeling is a viable strategy for
elucidating structural determinants of receptor:chemokine interactions.
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Figure 1.
Representative chemokines of CC (A), CXC(B), CX3C (C) and XC (D) families. The

conserved cysteine pattern is shown in yellow sticks; residues separating the two N-terminal
cysteines are shown as magenta balls (B, C). Loops believed to be involved in coordinating

the N-terminus of the receptor (N-loop and 40s-loop) are colored blue and charged residues

in these regions are shown as sticks.

Methods Enzymol. Author manuscript; available in PMC 2016 March 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kufareva et al.

Page 20

A ¢ N-term
S &

Figure 2.
(A) Conserved intramolecular disulfide bonds in the extracellular part of CXCR4. (B) Both

disulfides are a part of the receptor:chemokine interface, with one of the disulfides found in
direct proximity to the conserved N-terminal disulfide pattern of the chemokine.
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Representative geometries of polypeptide chains where introduction of a cysteine poses high
risk of intramolecular disulfide shuffling. (A) within 1-3 residues from a native cysteine in a
loop without defined secondary structure. (B—C) within an a-helix and a -strand, positions
proximal to a native cysteine are generally safe. Instead, positions two residues up or down

from a native cysteine within a p-strand (D) or 3-4 residues up or down from a native

cysteine within an a-helix (E) are subject to disulfide shuffling liability.
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NT

Identification of the first CRS1 crosslink between CXCR4 and CXCL12 from the
CXCR4:CXCL12 NMR structure (PDB 2k05). (A) 11 crosslinks were designed in silico and
ranked according to the overall predicted energy (vertical) and disulfide bond energy
(horizontal). (B) Following co-expression of the mutant pairs in insect cells, the best ranking
pair, CXCR4(K25C):CXCL12(S16C) demonstrated efficient crosslinking in Western
blotting as evidenced by the double (anti-receptor and anti-chemokine) staining and the
molecular weight shift of the material in the respective lane. (C) The identified crosslink
(green) is shown in the context of the NMR structure from which it was generated: CXCL12
is in white ribbon and the N-terminal peptide of CXCR4 is in black ribbon. The sulfate
groups on CXCR4 sulfotyrosines sTyr7, sTyr12, and sTyr21 are shown as CPK. Panel (B) is

adapted from (Kufareva et al., 2014).
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Figure 5.

Effect of varying the multiplicity of infection (MOI) on the overall levels of expression and
the efficiency of crosslinking between a pair of single cysteine mutants of ACKR3 and
CXCL12. (A) Non-reducing 10% SDS-PAGE of the samples following metal affinity
purification by the tag on the receptor. The lower and the upper bands indicate non-
crosslinked receptor and crosslinked complex, respectively. (B) Band densitometry for
quantification of receptor expression levels. Receptor yield is expressed as fold increase
over the control sample (receptor only, no chemokine). Although the calculated fraction of
crosslinked complex is close to 80% across all samples, the receptor yield is maximal at the
MOI of 6:4 (receptor:chemokine).
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10¢

Detection of crosslinked CXCR4:CXCL12 and CXCR4:P2G-CXCL12 complexes by flow
cytometry. Each of two receptor variants (CXCR4(Y21C), cyan or CXCR4(K25C),
magenta) was co-expressed with multiple chemokine variants. Left: chemokine on the cell
surface is detected by fluorescently labeled antibody against a tag on its C-terminus. Right:
geometric mean fluorescence intensity is plotted for each receptor:chemokine pair. Notably,
for CXCR4:CXCL12 complexes, staining of non-crosslinked complexes (CXCR4
WT:CXCL12 WT, gray and CXCR4 (Y21C):CXCL12 WT, top cyan) is low and
comparable to staining of the control sample that does not have the receptor (sample 2); this
indicates lower complex affinity and/or fast dissociation and makes the experiment possible
without unlabeled competitor. This is in contrast to Figure 7 showing a similar experiment

for a slower dissociating complex of ACKR3:CXCL12.
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Figure 7.

Detection of crosslinked ACKR3:CXCL12 complexes by flow cytometry following
incubation with an unlabeled competitor. (A) Due to high affinity and/or slow dissociation
of the chemokine, anti-chemokine staining is indistinguishable between the non-covalent
(green) and disulfide-trapped (black) complexes, (B) Prolonged incubation with excess
unlabeled CXCL12 dissociates non-covalent (green) but not disulfide-trapped (black)
complexes, effectively reducing surface staining. (C) Flow-cytometry screening of multiple
disulfide-trapped candidate complexes side-by-side with controls (ACKR3(Cys):CXCL12
WT and ACKR3 WT:CXCL12(4C)). (D) Percent crosslinked for each complex was
estimated by dividing median anti-HA-FITC fluorescence in the presence of competitor by
that in the absence of competitor and subtracting non-specific signal from control samples.
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SDS-PAGE analysis of a crosslinked complex between ACKR3(Cys) and N-terminal
mutants of CXCL12. (A) relative intensity of the bands on a non-reducing and a reducing
SDS-PAGE for P2G-CXCL12 (3C), (B) Band intensity from (A) quantified by
densitometry. (C) The crosslinking efficiency with ACKR3(Cys) is quantified for cysteine
residues introduced at two proximal positions of CXCL12, each in the context of three N-
terminally modified chemokine variants; the observed difference in crosslinking efficiency
of homologous mutants reflects conformational variations between the chemokine variants.
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Figure 9.

SDS-PAGE and Western blotting analysis of CRS1 disulfide crosslinked complexes of
CXCR4 and vMIP-I11. Left column: Coomassie stained SDS-PAGE gels of 5 different
CXCR4 Cys mutants with 4 different vMIP-I1 Cys mutants. 2nd column: detection of the
same SDS-PAGE gel by Western with an anti-FLAG antibody against a tag on the receptor.
3rd column: detection with an anti-HA antibody against a tag on the chemokine. 4th column:
merge of the anti-Flag and anti-HA Westerns. Figure adapted from (Qin et al., 2015).
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Figure 10.
CPM-DSF characterization of several cysteine mutant pairs for a CC chemokine and its

receptor. (A) Melting curves plotting the increasing fluorescence of the CPM dye as a
function of temperature. (B) First derivative curves of (A) demonstrate the positions of the
peaks used to calculate Tp,. (C) Melting temperatures are calculated from the derivative
curves. One mutant combination stands out as having a significantly higher Tp,.
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Figure 11.
CPM-DSF characterization of non-covalent and disulfide-trapped complexes of a CXC

chemokine and its receptor. (A) Melting curves plotting the increasing fluorescence of the
CPM dye as a function of temperature. A biphasic transition is observed for the disulfide-
trapped sample, likely due to the presence of both non-covalent and disulfide-trapped sub-
populations. (B) First derivative curves of (A) demonstrate the positions of the peaks used to
calculate Ty,,. A double-peak is clearly present for the disulfide-trapped sample. (C) Melting
temperatures are calculated from the derivative curves. The disulfide-trapped sample shows
two T.,’s one of which is indistinguishable from the non-covalent sample Ty,.
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Figure 12.
Candidate CRS2 crosslinks between CXCR4 and vMIP-I1 identified by SDS-PAGE and

Western blotting (A) were further subjected to CPM-DSF (B) and SEC (C). Although
spatially close and similar in both yield and crosslinking efficiency to the neighboring
residues (A), pairs of CXCR4(D187C) with vMIP-11(W5C) and vMIP-I1(H6C) stand out as
having higher thermal stability (B). Furthermore, the complex with vMIP-11(W5C) has a
much better peak shape and height than the complex with vMIP-I11(H6C), indicating a higher
yield and higher degree of monodispersity of vMIP-11(W5C) than other candidate pairs.
Figure adapted from (Qin et al., 2015).
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