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Abstract

The secreted disulfide catalyst Quiescin sulfhydryl oxidase-1 (QSOX1) affects extracellular matrix

organization and is overexpressed in various adenocarcinomas and associated stroma. Inhibition

of extracellular human QSOX1 by a monoclonal antibody decreased tumor cell migration in a cell

co-culture model and hence may have therapeutic potential. However, the species specificity of

the QSOX1 monoclonal antibody has been a setback in assessing its utility as an anti-metastatic

agent in vivo, a common problem in the antibody therapy industry. We therefore used structurally

guided engineering to expand the antibody species specificity, improving its affinity toward mouse

QSOX1 by at least four orders of magnitude. A crystal structure of the re-engineered variant, com-

plexed with its mouse antigen, revealed that the antibody accomplishes dual-species targeting

through altered contacts between its heavy and light chains, plus replacement of bulky aromatics

by flexible side chains and versatile water-bridged polar interactions. In parallel, we produced a sur-

rogate antibody targeting mouse QSOX1 that exhibits a new QSOX1 inhibition mode. This set of

three QSOX1 inhibitory antibodies is compatible with various mouse models for pre-clinical trials

and biotechnological applications. In this study we provide insights into structural blocks to cross-

reactivity and set up guideposts for successful antibody design and re-engineering.
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Introduction

Monoclonal antibody therapy has become an integral part of cancer
diagnostics and treatment (Scott et al., 2012). The success of antibody-
based therapy stems from the high specificity and affinity that antibodies
offer compared with other antitumor agents. In addition, tumors ex-
press on their cell surfacesmany potential targets for antibody therapeu-
tics. Antibodies supplied extracellularly can both neutralize the function
of their cell-surface antigen and recruit the immune system for a more
extensive antitumor response (Hudis, 2007;Weiner, 2010). The realiza-
tion that tumor stroma has a major role in supporting tumor develop-
ment and metastasis inspired antibody-based cancer therapies targeting
extracellular matrix (ECM) components in addition to targeting tumor

cells directly. Examples for such agents are antibodies that affect the
extracellular glycoprotein tenascin (Rizzieri et al., 2004) or fibroblast
activation protein, found in stromal fibroblasts of most human carcin-
omas (Scott et al., 2003).

ECM proteins are good candidates for antibody therapy because
they are both accessible and abundant in most tissues, making the
same ECMcomponents a target in various cancers. Amajor component
of the ECM that is overexpressed, reorganized and cross-linked in
tumorigenesis is collagen. Collagen cross-linking by the enzyme lysyl
oxidase (LOX) is increased in several cancers and contributes to matrix
stiffening, thereby promoting cell adhesion and migration (Levental
et al., 2009). Inhibitors of LOX activity, including monoclonal
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antibodies, significantly inhibited tumor growth and metastasis in gas-
tric carcinoma (Peng et al., 2009; Rodriguez et al., 2010). Laminin is
another abundant scaffolding ECMprotein that interacts with integrins
to mediate cell adhesion and migration, a requirement for metastasis.
Indeed, laminin is overexpressed in various cancers, and its chain iso-
types serve as tumor biomarkers (Nagato et al., 2005; Huang et al.,
2008; Beroukhim et al., 2009; Kosanam et al., 2013). Like collagen
cross-linking and integrin blocking (Zhaofei et al., 2008), laminin
incorporation into the matrix may serve as a complementary target
for antibody-based cancer therapeutics.

We have recently shown that laminin incorporation into the ECM
is affected by the disulfide catalyst Quiescin sulfhydryl oxidase-1
(QSOX1) (Ilani et al., 2013). The enzyme QSOX1 is a fusion of two
thioredoxin (Trx) domains and an Erv-fold sulfhydryl oxidase module
(Fig. 1a) (Heckler et al., 2008). QSOX1 contains two CXXCmotifs as
redox-active sites that cooperate to relay electrons from reduced thiols
of substrate proteins to molecular oxygen. Mechanistically, after oxi-
dizing the substrate, the Trx active site transfers two electrons to the
Erv CXXC motif through an inter-domain disulfide intermediate
(Supplementary Fig. S1). The electrons proceed to the adjacent flavin
adenine dinucleotide cofactor, which in turn reduces oxygen to hydro-
gen peroxide, leavingQSOX1 oxidized and ready for another catalytic
cycle. Unlike other disulfide catalysts, QSOX1 is localized down-
stream of the endoplasmic reticulum (ER). It is found in the Golgi ap-
paratus and secreted from quiescent fibroblasts into the ECM
(Coppock et al., 2000), where it affects ECM composition and espe-
cially laminin incorporation (Ilani et al., 2013). Specifically, QSOX1
affects the incorporation of laminin isoforms that contain an α4 chain
(Ilani et al., 2013), a known marker for tumor progression (Nagato
et al., 2005; Huang et al., 2008; Beroukhim et al., 2009). Together
with the overproduction of QSOX1 in various adenocarcinomas
(Antwi et al., 2009; Soloviev et al., 2013) and associated stroma
(Finak et al., 2008), these findings point to a possible role of
QSOX1 in stimulating tumor cell migration via laminin incorporation.

The multistep catalytic cycle of QSOX1 implies that obscuring any
one of the several sites on the protein by interaction with antibodymay

accomplish inhibition. We developed an inhibitory monoclonal anti-
body, MAb492.1, which blocks substrate access to the Trx CXXC
redox-active site of human QSOX1 (HsQSOX1) (Fig. 1b)
(Grossman et al., 2013). MAb492.1 efficiently inhibited HsQSOX1
activity, and consequently inhibited adhesion and migration of cancer
cells to and through fibroblasts from corresponding tissues (Ilani et al.,
2013). We proposed that MAb492.1 may serve as an anti-metastatic
drug in antibody-based cancer therapy (Grossman et al., 2013; Ilani
et al., 2013).

In certain cases, an antibody targeting a human protein is sufficient
for pre-clinical trials in animal models due to the availability of xeno-
graft and tumorgraft models (Warburton et al., 2004). However, a
major disadvantage of these models is the artificial interaction of the
tumor with surrounding tissues. Moreover, eventual recruitment of
mouse fibroblasts will create an inhomogeneous tumor microenviron-
ment composed of both mouse and human constituents. Hence, when
targeting a secreted protein such as QSOX1, mouse models with a nat-
ural organization of murine cancer cells and stroma, such as genetic-
ally modified mice that develop spontaneous tumors (Francia et al.,
2011), may be preferable for studying metastasis development.

In this study we report the structure-guided modification of the
MAb492.1 antibody to introduce the desired reactivity against the
mouse QSOX1 ortholog. The re-engineered antibody was constructed
and characterized in parallel with an inhibitory monoclonal antibody
raised against mouse QSOX1 in a QSOX1-null animal. These two re-
agents were developed using different strategies, leading to inhibitors
with different binding modes and distinct species cross-reactivity, but
both are compatible with mouse models for in vivoQSOX1 inhibition
experiments and biotechnological applications. Our structural ana-
lysis of the binding of these antibodies to QSOX1 orthologs provides
insights into the challenges in modifying antibody specificity and ways
to overcome them.

Materials and methods

Plasmid construction

HsQSOX1 andMmQSOX1mutants weremade by restriction-free clon-
ing based on the published HsQSOX1 (Grossman et al., 2013) and
MmQSOX1 (Alon et al., 2012) expression plasmids. MmQSOX1Trx
and MmQSOX1Erv span residues 36–275 and 289–550, respectively,
ofMus musculusQSOX1. The RnQSOX1 construct was previously de-
scribed (Gat et al., 2014). The CpQSOX1 protein spans residues 34–547
of Cavia porcellus QSOX1. A synthetic gene (Genescript) codon-
optimized for CpQSOX1 production in E. coli was cloned between
theNdeI and BamHI sites of the pET-15b vector (Novagen). For produc-
tion of biotinylated MmQSOX1Trx, an AviTag (Kay et al., 2009) was
added at the carboxy terminus.

QSOX1 expression and purification

Recombinant HsQSOX1 (Grossman et al., 2013) and RnQSOX1
(Gat et al., 2014) were expressed and purified as described.
MmQSOX1, MmQSOX1Erv and CpQSOX1 were prepared as for
HsQSOX1. MmQSOX1Trx used for crystallization was produced in
the BL21 (DE3) E. coli strain. Cells were grown in LB media to
OD600 nm 0.5 at 37°C. Isopropyl-1-thio-β-d-galactopyranoside
(IPTG) was added to a final concentration of 0.5 mM, and the cultures
were grown for a further 40 h at 15°C. Cells were lysed in 20 mMTris
buffer, pH 8.5, 500 mMNaCl, 20 mM imidazole, sonicated, and cen-
trifuged for 1 h at 40 000 × g. The supernatant was applied to a
Ni-NTA column (GE healthcare), and protein was eluted in 20 mM

Fig. 1 QSOX1 domain organization and inhibition by MAb492.1. (a) The two

modules of mammalian QSOX1 enzymes are linked by a flexible linker

(black). The amino-terminal module, QSOX1Trx, is composed of two Trx-fold

domains, the first of which has a redox-active CXXC motif (yellow balls). A

second redox-active CXXC motif is located in the carboxy-terminal Erv

domain. This domain binds an FAD cofactor (fused hexagons). The domain

labeled ψErv is a degenerate Erv domain lacking active-site cysteines and an

FAD cofactor. (b) Surface presentation of a complex of a Fab fragment from

MAb492.1 (Fab492.1) and HsQSOX1Trx (PDB ID: 4IJ3) showing that Fab492.1

inhibits HsQSOX1 by burying the Trx CXXC active site (yellow spheres).
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Tris buffer, pH 8.5, 500 mMNaCl, and a gradient of imidazole (20–
500 mM). Eluted protein was further purified by size-exclusion chro-
matography on a Superdex 75 16/60 column in 10 mM Tris buffer,
pH 8, 100 mM NaCl. Purified MmQSOX1Trx was concentrated to
12 mg/ml, and immediately before crystallization was mixed with
thrombin (3 units/mg MmQSOX1Trx). Biotinylated MmQSOX1Trx
for yeast-surface display screening was co-expressed with an expres-
sion plasmid for biotin ligase. Upon induction of protein expression
with 500 μM IPTG, biotin was added to the growth medium at a con-
centration of 50 μM, and the cultures were grown for a further 24 h
at 20°C. Purification of biotinylated MmQSOX1Trx was as for
MmQSOX1Trx. Biotinylation was verified by enzyme-linked immuno-
sorbent assay (ELISA).

Oxygen consumption assays for testing QSOX1

enzymes activity and inhibition

RecombinantmammalianQSOX1 enzymes (100 nM)were assayedwith
200 μMdithiothreitol (DTT) and variousMAb492.1 concentrations in a
Clarke-type oxygen electrode (Hansatech Instruments) as reported
(Grossman et al., 2013). Reactions were initiated by DTT injection,
and oxygen consumption rates were obtained from initial slopes. For test-
ing inhibition of MmQSOX1 and HsQSOX1 mutants by MAb492.1
and MAb316.1, respectively, 50 nM enzyme was assayed with 200 μM
DTT, with and without 250 nM antibody. Measurements were per-
formed three times, and resulting rates were averaged. For each mutant,
the rate in the presence of inhibitory antibody was divided by the rate in
the absence of antibody to get percent activity.

Generation and selection of MAb316.1

Hybridomas were generated and supernatants of ∼1000 clones were
screened for MmQSOX1 binding as described (Ilani et al., 2013).
Twenty top binders were tested for MmQSOX1 inhibition in the in
vitro oxygen consumption assay, in which hybridoma supernatants
were mixed with 100 nMMmQSOX1 and 200 μMDTT. Two inhibi-
tory clones in addition to three strong binders were chosen for sub-
cloning. Each of the sub-clones was tested for binding by ELISA.
Approximately 40 sub-clones were chosen for inhibition assays.
Supernatants of sub-clones 316.1 inhibited MmQSOX1 activity re-
peatedly, and so were chosen for further studies. MAb316.1 used
for inhibition assays was produced in a miniPERM bioreactor
(Sarstedt) in serum-free medium (DCCM) and was purified as de-
scribed previously (Ilani et al., 2013). Variable region sequencing of
both monoclonal antibodies was performed as described previously
(Grossman et al., 2013). Briefly, the variable region was reverse tran-
scribed from hybridomal mRNA and amplified by PCR using sets of
degenerate primers (Zhou et al., 1994; Benhar and Reiter, 2002).
Amplified fragments of the heavy chain and light chain were then
cloned into the pGEM-T Easy vector, sequenced and analyzed in the
ImMunoGeneTics database (Lefranc et al., 2005). A productively re-
arranged sequence was confirmed for each fragment and verified on
the protein level by liquid chromatography–tandem mass spectrom-
etry of purified MAb316.1 (Supplementary Table SII).

Screening of scFv492.1 mutants with yeast-surface

display

The scFv492.1 construct, without the His-tag and thrombin cleavage
site (Grossman et al., 2013), was cloned between the NdeI and BamHI
sites in the yeast display plasmid pETCON (Fleishman et al., 2011).
Mutants of scFv492.1 were prepared on the basis of this plasmid by
in vivo recombination in EBY100 yeast using the LiAc method. Yeast

growth and induction of scFv expression were done as described pre-
viously (Chao et al., 2006), except that for induction 10 g raffinose per
liter were added to the media and the cultures were grown for 16 h at
20°C. Yeast were labeled with anti-cMyc (Santa Cruz Biotechnology)
at a dilution 1:50 to monitor scFv expression, and with biotinylated
MmQSOX1Trx (for concentrations, see Table II) for 45 min. After
washing, secondary labeling was performed with streptavidin–allo-
phycocyanin (streptavidin–APC) from Jackson Immunoresearch
Laboratories, Inc. at a 1:50 dilution and with goat anti-mouse IgG1
secondary antibody Alexa fluor 488 conjugate (Life Technologies) at
a 1:100 dilution, for the anti-cMyc labeling. Alternatively, in the first
rounds of screening (Table I), yeast were labeled with anti-cMyc,
washed, and then labeled with goat anti-mouse IgG1 secondary anti-
body Alexa fluor 488 conjugate and with biotinylated MmQSOX1Trx
pre-loaded with streptavidin-APC in a 1:4 molar ratio (Chao et al.,
2006). Display of scFv clones and MmQSOX1Trx binding was moni-
tored by Alexa 488 and APC fluorescence, respectively, using an
Accuri C6 flow cytometer. Anti-fluorescein scFv (PDB ID: 1X9Q)
was used as a positive control for scFv display. Yeast displaying
scFv492.1 labeled with biotinylated HsQSOX1Trx were used as a
positive control for binding.

Small scFv libraries were constructed by fully randomizing specific
residue positions (Table I) using the NNS codon. Oligonucleotides with
NNS codons in desired positions and wild-type flanking regions were
ordered from Sigma. NdeI and BamHI sites were deleted from the N-
and C-termini of the scFv construct in the pETCON plasmid and in-
serted flanking the desired region for randomization. The plasmid
was restricted, and the oligonucleotide pool was inserted through in
vivo recombination using the LiAc method. In all libraries constructed,
the number of colonies obtained was at least an order of magnitude lar-
ger than the potential size of the library (20number of randomized positions).
Libraries were induced and labeled as described above. Cells were
sorted using a FACSAria III Cell Sorter in three iterative rounds of en-
richment. In the first sorting round, the top 5% cells found within the
green and red fluorescence areawere collected into growthmedia. In the
following sorting rounds, the top 1–4% cells were collected. Plasmids
from the last cycle of FACS enrichment were sequenced. Eighteen col-
onies enriched from the library constructed in CDRH3were sequenced,
yielding two distinct sequences. Each of the two sequences was tested
separately for MmQSOX1Trx binding, and the better binder (Table I)
was chosen for further study. Enrichment of the library constructed in
L1 yielded a single clone, verified by sequencing 12 colonies.
Enrichment of the library constructed in L2 yielded eight clones,
which were tested for MmQSOX1Trx binding separately. We incorpo-
rated the enriched L1 sequence to the top binder. After verifying that the
combined clone showed increased MmQSOX1Trx binding compared
with the clones enriched directly from the L1 and L2 libraries, this
clone was subjected to epPCR on the entire scFv sequence using the
Agilent GeneMorph II Random Mutagenesis kit. Recombination
in vivo was performed by electroporation, yielding a library of size
5 × 107. The library was subjected to three rounds of selection as
described above, recovering scFv492gen.

Recombinant MAb492gen production

The light-chain and heavy-chain variable regions of scFv492gen were
amplified and cloned separately into mammalian expression vectors
for human IgG1 antibodies (Tiller et al., 2008). MAb492gen was
expressed by transient co-transfection of the two plasmids in human
embryonic kidney (HEK) 293T cells using polyethylenimine. Cell
supernatants were collected and replaced with fresh medium every
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Table I. MAb492.1 residues mutated to generate MAb492gen

Template
name

Template for
mutations

Residuea Mutation Strategy MmQSOX1Trx concentration
used for binding tests

Positive
mutationsb

wt scFv492.1 Y92 (light chain) N/D 25 of the possible combinatorial mutants involving these three
residues were tested

500 nM pre-loaded with
streptavidin-APC

S93A
S93 (light chain) G/A
Y100 (heavy chain) D/N/G/S

a scFv492.1
S93A

Y99-S102 (heavy chain) All possible amino acids Library in potential size of 204 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

Y99S
Y100K
G101D
S102P

b scFv492.1
S93A
Y99S
Y100K
G101D
S102P

Y92-P95 (light chain) All possible amino acids Library in potential size of 204 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

–

T30-Y32 (heavy chain) All possible amino acids Library in potential size of 203 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

–

W52-D54, R56 (heavy chain) All possible amino acids Library in potential size of 204 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

–

D58 (heavy chain) E/Q Tested point mutations for MmQSOX1Trx binding 250 nM pre-loaded with
streptavidin- APC

D58E

c scFv492.1
S93A
Y99S
Y100K
G101D
S102P
D58E

S30-T31 (light chain) All possible amino acids Library in potential size of 202 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

T31G

H49-S50, Y52
(light chain)

All possible amino acids Library in potential size of 203 clones subjected to three
rounds of selection

250 nM pre-loaded with
streptavidin- APC

H49S
S50M
Y52Q

d scFv492.1
S93A
Y99S
Y100K
G101D
S102P
D58E
T31G
H49S
S50M
Y52Q

All All Library was created by epPCR and its size was evaluated as
5 × 107 clones. Library was subjected to three rounds of
selection

250 nM
(not pre-loaded)

G33S
N35I
S100M
(heavy chain)

aNumbering is according to structure of HsQSOX1Trx–Fab492.1 complex (PDB ID: 4IJ3).
bMutations that improved MmQSOX1Trx binding.
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4 days. Expression and secretion to the medium was verified by west-
ern blot. MAb492gen was purified from the media using protein G
(Ilani et al., 2013). PurifiedMAb492gen with human constant regions
was used for inhibition assays.

Inhibitory constant determination

Colorimetric assays of RNase A oxidation were performed as
described previously to obtain IC50 values (Grossman et al., 2013).
Ki values were obtained in oxygen consumption assays as described
previously (Grossman et al., 2013).

Laminin staining and cell adhesion assay

The assays were conducted essentially as described previously (Ilani
et al., 2013). Instead of human fibroblasts, mouse fibroblasts (provided
by Dr. Y. Hanna) were grown for 3 days in the presence of various anti-
bodies. HEK 293T cells were used as adhering cells.

Analytical size-exclusion chromatography

MsQSOX1, its fragments, or MAb316.1 was loaded onto a Superdex
200 column (GE HealthCare) equilibrated with phosphate-buffered sa-
line at a flow rate of 0.8 ml/min. MsQSOX1–antibody complexes were
injected after a 30 min co-incubation at 4°C. Elution of proteins was
monitored by absorbance at 280 nm.

Fab–MmQSOX1Trx complex formation

MAb492.1 light chain and heavy chainwere amplified from hybridomal
cDNA (Grossman et al., 2013) and cloned into theMAb492gen expres-
sion vectors, separately. Variable regions of scFv492gen were amplified
and cloned into these vectors instead of the 492.1 variable regions. A
stop codon was inserted after the CH1 segment of the heavy chain, to
obtain a coding sequence for a Fab fragment (Fab492gen). Fab492gen
was expressed and purified as was MAb492gen. The heavy and light
variable regions of MAb316.1 were amplified from hybridomal cDNA
and cloned separately into the above-mentionedMAb492gen expression
vectors. MAb316.1 was expressed and purified as for MAb492gen. A
Fab fragment from MAb316.1 (Fab316.1) was prepared by papain di-
gestion as described previously (Grossman et al., 2013). Purified
Fab492gen or Fab316.1 was mixed with purified MmQSOX1Trx at a
1 : 2 ratio for 30 min at 4°C to form complexes, which were purified
from excess MmQSOX1Trx by size-exclusion chromatography. Prior
to crystallization the complexes were concentrated to 10 mg/ml.

Protein crystallization

Crystals were grown by hanging-drop vapor diffusion at 293 K.
MmQSOX1Trx crystals used for seeding were grown over a well solu-
tion containing 0.2 M ammonium sulfate, 0.1 M sodium acetate, pH
4.6, 21% w/v polyethylene glycol (PEG) 4 kDa. These crystals were
crushed and seeded into drops of MmQSOX1Trx grown over a well
solution containing 5% w/v dimethyl sulfoxide, 0.1 M sodium acet-
ate, pH 4.6, 7% w/v PEG monomethyl ether 2 kD. Crystals were
transferred to a solution containing 0.1 M sodium acetate, pH 4.6,

15% w/v PEG monomethyl ether 2 kDa, 25% glycerol and flash fro-
zen in a nitrogen stream at 100 K. Crystals of the MmQSOX1Trx–
Fab316.1 complex were grown over a well solution containing
50 mM ammonium sulfate, 0.1 M bis–tris methane buffer, pH 5.5,
22% w/v PEG 3.35 kD. Crystals were transferred to a solution with
the same content and 25% w/v glycerol for freezing. Crystals of the
MmQSOX1Trx–Fab492gen complex were grown over a well solution
containing 50 mM CaCl2, 0.1 M 2-(N-morpholino)ethanesulfonic
acid buffer, pH 6, 22.5% w/v PEG 6 kDa, and were transferred to
the same solution containing 25% w/v glycerol prior to freezing.

Data collection

Diffraction data for MmQSOX1Trx, MmQSOX1Trx–Fab316.1 com-
plex and MmQSOX1Trx–Fab492gen complex were collected at
100 K on a RU-H3R generator (Rigaku) equipped with a RaxisIV+
+ image plate system and Osmic mirrors. For MmQSOX1Trx, data
were collected to 2.05 Å resolution from a crystal of space group
P21. MmQSOX1Trx–Fab316.1 complex data were collected to 2.2 Å
resolution from a crystal of space group P212121. Diffraction data for
MmQSOX1Trx–Fab492gen were collected to 2.3 Å resolution from a
crystal of space group P21. All data sets were processed and scaled
using DENZO and SCALEPACK (Broennimann et al., 2006).

Structure solution

All three structures were determined by molecular replacement using
Phaser (McCoy et al., 2007). The HsQSOX1Trx structure (PDB ID:
3Q6O) was used as a search model for MmQSOX1Trx, and model re-
building and mutagenesis was done in Coot (Emsley and Cowtan,
2004). The resulting MmQSOX1Trx structure (PDB ID: 5D8I) was
used as a search model for both MmQSOX1Trx–Fab complexes. After
translation and rotation functions were found for MmQSOX1Trx, a
search for the constant region of Fab316.1was performed using an iden-
tical constant region (PDB ID: 3D85, chain A spanning residues 108–
213 and chain B spanning residues 116–217). The variable region of
Fab316.1 heavy chain was searched with a model having 87% identity
(PDB ID: 4Q0X, chain H spanning residues 1–118 without CDR H3),
and the light-chain variable region was searched with a 94% identical
model (PDB ID: 3AB0, chain C spanning residues 1–106). For
Fab492gen, three search models from Fab492.1 (PDB ID: 4IJ3, chains
B and C) were used: the constant region, the light-chain variable region
without the mutated residues in Fab492gen, and the heavy-chain vari-
able region without CDRs H1 and H3. For both complexes, addition
of CDR loops and model rebuilding were done using Coot (Emsley
and Cowtan, 2004). Refinement was performed using Phenix
(Afonine et al., 2005). Validation was done using MolProbity (Lovell
et al., 2003), according to which there are no Ramachandran outliers
in the structures reported herein.

Accession numbers

Protein Data Bank: Coordinates and structure factors have been depos-
ited with the accession codes 5D8I for MmQSOX1Trx, 5D93 for the
Fab316.1–MmQSOX1Trx complex and 5D96 for the Fab492gen–
MmQSOX1Trx complex.

Results

The QSOX1 inhibitor MAb492.1 is species-specific

MAb492.1, which inhibits HsQSOX1 activity in vitro and in cell cul-
ture at a near-stoichiometric concentration (Grossman et al., 2013),

Table II. Inhibition constants for antibodies targeting QSOX1

Antibody/enzyme HsQSOX1 MmQSOX1

MAb492.1 0.9 ± 0.1 nM No inhibition at 1 μM
MAb492gen 1.6 ± 0.6 nM 2.2 ± 0.5 nM
MAb316.1 No inhibition at 1 μM 16 ± 2 nM
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was tested on other mammalian QSOX1 enzymes to find a suitable
model for assessing QSOX1 inhibition in vivo. Three mammalian
QSOX1 enzymes, from common experimental organisms and having
78–79% sequence identity with HsQSOX1, were chosen:Musmuscu-
lus QSOX1 (MmQSOX1), Rattus norvegicus QSOX1 (RnQSOX1)
and Cavia porcellus (CpQSOX1). Enzyme activity was assessed in
an oxygen consumption assay on the model substrate DTT.
According to the assay, MAb492.1 had no effect on MmQSOX1,
RnQSOX1 or CpQSOX1, even at 1 μM, a 10:1 molar ratio of anti-
body to enzyme (Fig. 2a).

To understand the molecular basis for MAb492.1 species restric-
tion, we compared the epitope on HsQSOX1 with the corresponding
regions of RnQSOX1, CpQSOX1 and particularly MmQSOX1 by
crystallizing and solving the structure of the Trx module of
MmQSOX1 (MmQSOX1Trx) to 2.05 Å resolution (Supplementary
Table SI). Two MmQSOX1Trx molecules were present in the crystal
asymmetric unit. The atomic coordinates of these two molecules
were overlaid on the previously solved structure of a complex between
HsQSOX1Trx and Fab492.1 (Grossman et al., 2013). Although the re-
gions near the CXXC redox-active site are identical in sequence among

QSOX1 orthologs, a few other positions of contact between Fab492.1
and HsQSOX1 differ (Fig. 2b). In particular, HsQSOX1 P116, which
fits well into a cleft between hydrophobic complementary determining
regions (CDRs) L3, H2 andH3 of Fab492.1, is replaced with alanine in
other mammalian QSOX1 enzymes. The MmQSOX1Trx structure
(Fig. 2c) showed that this alanine residue cannot fill the hydrophobic
cleft in a hypothetical complex between MmQSOX1 and Fab492.1.
Moreover, the replacement of proline by alanine affects the position
of the backbone nearby, such that a clash would form between
MmQSOX1 N117 and CDR L3 (Fig. 2c, left). Another region that is
not conserved among the QSOX1 enzymes examined is VFPV(135–
138) from HsQSOX1. The corresponding TLPG(138–141) loop in
one of the MmQSOX1 molecules is displaced from the antibody
CDRs L1 and L2 and is found closer to CDR H3 than the VFPV
(135–138) loop of HsQSOX1 (Fig. 2c, right). As a result, MAb492.1
CDRH3would clash sterically with this loop, eliminating potential in-
teractions of MmQSOX1 with CDRs L1 and L2.

To confirm that the structural differences noted betweenHsQSOX1
and MmQSOX1 are the cause of MAb492.1 species specificity, three
MmQSOX1 mutants that mimic HsQSOX1 in distinct positions were

Fig. 2 MAb492.1 is species specific. (a) Turnover numbers of various mammalian QSOX1 enzymes in the absence and presence of 250 nM or 1 μM MAb492.1.

Activity was evaluated using an oxygen consumption assay. (b) Sequence alignment of HsQSOX1 and other mammalian QSOX1 orthologs in the region bound

byMAb492.1. Residues involved in interactions with MAb492.1 are in bold. Residues fromMmQSOX1, RnQSOX1 and CpQSOX1 that differ from the corresponding

HsQSOX1 residues are colored in orange. (c) Superposition of the Fab492.1–HsQSOX1Trx complex structure (PDB ID: 4IJ3) and the structure of MmQSOX1Trx (PDB

ID: 5D8I). The two chains of MmQSOX1Trx from the crystal asymmetric unit are light (chain B) and dark (chain A) gray, and HsQSOX1Trx is pink. Right, close-up of the

expected clash between CDR H3 and residues TLPG(138–141) fromMmQSOX1. Left, close-up of the expected clash between CDR L3 and Asn117 fromMmQSOX1.

Only chain B of MmQSOX1Trx is shown for simplicity. (d) Percent activity for different MmQSOX1 mutants in the presence of MAb492.1. Oxygen consumption

measurements were conducted with 100 nM enzyme, 250 nM MAb492.1 and 200 μM DTT. Percent activity was calculated according to the results of the same

measurements in the absence of antibody. Error bars represent standard deviations from an average of three measurements.
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constructed.MAb492.1 inhibition was tested on these mutants to iden-
tify the residues that interfere with MAb492.1–MmQSOX1 complex
formation. The first mutant, A116P, was inhibited by about 60%
(Fig. 2d), and the second mutant, TLPG(138–141)VFPV, by about
50%. The third mutant, which comprises both the above mutations,
was inhibited by MAb492.1 to the same extent as HsQSOX1
(100%), confirming the identity of residues that determine the specifi-
city of MAb492.1 toward HsQSOX1.

Generation and characterization of a murine antibody

inhibitor targeting MmQSOX1

The murine immune system used to elicit MAb492.1 (Ilani et al.,
2013) is likely to be biased toward antibodies that recognize nonself
epitopes on HsQSOX1. We therefore exploited QSOX1 knock-out
(QSOX1-KO) mice produced in our laboratory to generate surrogate
antibodies against MmQSOX1, which is a foreign antigen for these
animals. Hybridoma supernatants were screened for binding of
MmQSOX1 using a standard ELISA. Top binders were tested for
MmQSOX1 inhibition, and five were chosen for sub-cloning (see
Materials and Methods). Antibody sub-clones derived from one par-
ticular clone inhibited MmQSOX1, and one sub-clone, designated as
MAb316.1 and classified to be of the IgG1 isotype, was selected for
further study. The sequences of the MAb316.1 variable regions (see
Materials and Methods) are presented in Supplementary Table SII.

Generation of a MAb492.1 variant targeting MmQSOX1

In parallel to obtaining an antibody targeting MmQSOX1Trx from hy-
bridoma clones, we developed a variant of MAb492.1 that inhibits
MmQSOX1. According to the observation that mutating four residues
of MmQSOX1 was sufficient to achieve inhibition by MAb492.1
(Fig. 2d), we reasoned that inhibiting MmQSOX1 would be possible
by making a set of mutations in the MAb492.1 CDRs or surrounding
regions. Candidate residues for mutation to improve MmQSOX1Trx
binding were identified based on the structures of MmQSOX1Trx
and the Fab492.1–HsQSOX1Trx complex (Table I). We tested specific
point mutations and constructed small libraries, varying up to four
CDR residues in specific locations, from which binding mutants were
enriched.

Screening was performed using yeast-surface display of single-
chain variable fragments (scFv) (Chao et al., 2006) (see Materials
and Methods). An scFv variant of MAb492.1 (scFv492.1) had been
constructed, expressed in E. coli, and shown to inhibit HsQSOX1 suc-
cessfully (Grossman et al., 2013), laying the groundwork for using
yeast-surface display to select for MmQSOX1 inhibitors. An scFv
variant carrying 10 mutations in the CDRs achieved by specific ration-
al mutations and consecutive rounds of library sorting and enrichment
(Table I) boundMmQSOX1Trx on the surface of yeast (Fig. 3a). Since
mutations in other CDR residues did not improve MmQSOX1Trx
binding further, we performed one round of affinity maturation on
the scFv492.1 mutant for fine-tuning. To this end we constructed a
gene library (total size of 5 × 107 clones) by error-prone polymerase
chain reaction (epPCR), with an average of three mutations per
gene, and subjected the library to three rounds of flow-cytometry se-
lection for MmQSOX1Trx binding. A mutant with a total of 12 muta-
tions on scFv492.1, designated as scFv492gen (Supplementary
Fig. S2), was isolated and characterized, yielding an apparent Kd of
65 nM on the surface of yeast (Supplementary Fig. S3). Based on
the scFv492gen sequence, a recombinant full-length antibody,
MAb492gen, was produced in mammalian cells.

Comparison of inhibition constants

We next quantified MmQSOX1 inhibition by MAb492gen and com-
pared it with inhibition by the natural antibody MAb316.1. In one
assay, MmQSOX1 activity was measured by the number of free thiols
remaining at the end of the oxidation reaction of denatured and re-
duced RNase A. Various MAb492gen concentrations were scanned
against twoMmQSOX1 concentrations. In both cases, the IC50 values
were similar to the MmQSOX1 concentration used in the assay
(Fig. 3b), indicating tight-binding inhibition. In a second assay we
measured MmQSOX1 catalytic activity on DTT in the oxygen
consumption assay, providing data that were fitted to a model of
tight-binding inhibition (Bieth, 1995) to yield an inhibitory constant
(Ki) of 2.2 ± 0.5 nM (Fig. 3c and Table II). Like MAb492gen,
MAb316.1 exhibited tight-binding inhibition of MmQSOX1, but
with a slightly larger Ki value of 16 ± 2 nM (Fig. 3d and Table II).

Antibodies inhibit MmQSOX1 activity in cell culture

We examinedMmQSOX1 inhibition byMAb316.1 andMAb492gen
in cell culture using two readouts of QSOX1 activity (Ilani et al.,
2013). QSOX1 and laminin are secreted from quiescent fibroblasts
into the ECM, where QSOX1 promotes laminin incorporation, and
consequently the adherence of epithelial cells to the fibroblast mono-
layer. Thus, intact laminin networks in the ECM and cell adherence
indicate functional QSOX1 activity in the ECM (Ilani et al., 2013).
We first verified that MmQSOX1 is secreted from confluent mouse
embryonic fibroblasts (MEFs) (Supplementary Fig. S4). Next, we
stained extracellular laminin secreted by MEFs grown for 3 days in
the presence of MAb492.1, MAb316.1 or MAb492gen. As in
human fibroblast cultures (Ilani et al., 2013), an extensive laminin net-
work was observed only in ECM produced with active QSOX1
(Fig. 4a and Supplementary Fig. S4). We then performed a quantita-
tive assay of epithelial cell adhesion toMEFmonolayers. Fluorescently
labeled epithelial cells were added to MEFs grown in the absence or
presence of the antibodies, and adherent cells were quantified. As ex-
pected, more epithelial cells adhered to MEFs grown in the absence of
inhibitory antibody compared withMEFs grown in the presence of ei-
ther 250 nM or 1 μM antibody targeting MmQSOX1 (MAb316.1
and MAb492gen). MAb492.1, which inhibits HsQSOX1 but not
MmQSOX1, did not affect the laminin network or epithelial cell
adherence in the mouse fibroblast cultures (Fig. 4a and b and
Supplementary Fig. S4).

MAb492gen binds MmQSOX1 due to alterations at the

interface of the heavy and light chains

After attaining an MAb492.1 mutant that inhibits MmQSOX1,
we used X-ray crystallography to examine the structural effects of
mutations that enabled antigen recognition. A complex between
Fab492gen and MmQSOX1Trx was formed, and its structure was
solved to 2.3 Å resolution (Supplementary Table SI). Two complexes
were found in the asymmetric unit, deviating from one another mainly
in the angle between the constant and the variable regions of the Fab
fragment. As expected, the MAb492gen epitope on MmQSOX1 cor-
responds to the HsQSOX1 region bound by MAb492.1 (Fig. 5a).
MmQSOX1Trx bound by MAb492gen takes the conformation of
chain B from the unbound MmQSOX1Trx, in which the TLPG(138–
141) loop approaches the CXXC motif. MAb492gen differs from
MAb492.1 primarily around this QSOX1Trx region (Fig. 5b). The
complex structure revealed how a combination of relieving steric
clashes and introducing new favorable interactions enabled recogni-
tion of MmQSOX1.
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The YYGS-to-SMDP mutation of CDR H3 in Fab492gen both
eliminated a clashing tyrosine and caused a rearrangement of the back-
bone conformation (Fig. 5b and Supplementary Fig. S5), resulting in
the first significant improvement in binding. Changing the structure of

the CDR H3 loop also allowed closer approach of CDR L2, together
with the rest of the light chain, toward the heavy chain (Fig. 5b). This
movement appears to have helped relieve the expected clash between
CDR L3 and N117 in MmQSOX1 (Fig. 2c).

Fig. 4 MmQSOX1 inhibition in cell culture. (a) Representative images of laminin immunostaining in cultures treated with no antibody, MAb492.1, MAb316.1 or

MAb492gen. Scale bar is 40 µm. Additional images are presented in Supplementary Fig. S4. (b) Quantification of adhesion of fluorescently labeled epithelial

cells to a mouse fibroblast monolayer grown in the absence or presence of MAb492.1, MAb316.1 or MAb492gen. Error bars are standard error of the mean.

Sample images are shown in Supplementary Fig. S4.

Fig. 3 Evaluation of binding and inhibition constants of antibodies targeting MmQSOX1. (a) Histograms of fluorescence (APC-conjugated streptavidin) reporting

MmQSOX1Trx binding to the surface of yeast displaying scFv492.1 or a scFv492.1 mutant (mutant d, Table I). Each histogram represents 50 000 yeast cells. The

scFv492.1 mutant shows an increase in APC fluorescence compared with wild-type scFv492.1. (b) Dose–response curve of MAb492gen to 150 or 25 nM

MmQSOX1, based on results from a colorimetric assay quantifying RNase A oxidation. The inhibitory activity is expressed as absorbance at 412 nm,

representing free thiols that reacted with 5,5′-dithiobis-(2-nitrobenzoic acid). Error bars represent standard deviations from an average of three measurements.

The IC50 values were determined by nonlinear regression analysis and yielded values close to the MmQSOX1 concentration. (c) Inhibition curve of MAb492gen

to 50 nM MmQSOX1, based on results from oxygen electrode assays at a range of MAb492gen concentrations. Inhibitory activity is expressed as the ratio of the

inhibited rate to the uninhibited rate (vi/v0). Error bars represent standard deviations from an average of three measurements. The Ki value was determined by

nonlinear regression analysis. (d) Same as in (c), only for MAb316.1.
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A second effect of the slight change in the relative orientations of
the heavy and light chain variable regions observed in the Fab492gen–
MmQSOX1Trx structure was the introduction of new interactions.
Some interactions were generated between the heavy and light chains,
and some with the target. Mutating H49 in CDR L2 to serine enabled
an interaction with the new CDRH3 SMDP loop (Fig. 5c), potentially
contributing to pre-organization of the paratope. Mutating T31 in
CDR L1 to glycine enabled formation of hydrogen bonds between
CDR L1 and the MmQSOX1 TLPG(138–141) loop that could not
form between MAb492.1 and MmQSOX1 (Fig. 5d and e).

MAb316.1 exhibits a new inhibition mode of QSOX1

MAb492.1 and MAb492gen bind the N-terminal QSOX1 Trx do-
main. SinceMAb316.1 was generated in mice injected with full-length
MmQSOX1, we sought to localize its epitope. We used size-exclusion
chromatography to compare the elution profiles of MmQSOX1, or
each of its constituent modules, to their elution profiles when mixed
with MAb316.1. In size-exclusion chromatography, this antibody
shifted the elution of both full-lengthMmQSOX1 and the Trx module
to higher apparent molecular weights (Fig. 6a). In contrast, migration
of the MmQSOX1 Erv module, responsible for the sulfhydryl oxidase
activity, was not affected, pointing at the Trx module as the
MAb316.1 binding region in MmQSOX1.

To localize the MAb316.1 epitope to specific residues in
MmQSOX1Trx, we co-crystallized Fab316.1 with MmQSOX1Trx
and solved the structure to 2.2 Å resolution (Supplementary
Table SI). Two MmQSOX1Trx–Fab316.1 complexes were present
in the crystal asymmetric unit. The complex structure revealed a dis-
tinct QSOX1 inhibition mode from the one displayed by MAb492.1
and MAb492gen. Fab316.1 envelopes the helix containing the Trx
redox-active site at its amino terminus but does not block access to
the CXXC motif itself (Fig. 6b). It seems that a small substrate like

DTT might be able to reduce the Trx active site even in the presence
of MAb316.1. Nevertheless, MAb316.1 would physically prevent
formation of the inter-domain electron-transfer intermediate of
MmQSOX1 (Alon et al., 2012) (Fig. 6c), thus interrupting a differ-
ent step in the catalytic cycle than MAb492.1 and MAb492gen
(transition from state 2 to 3, rather than 1 to 2 in Supplementary
Fig. S1).

MAb492gen is the only QSOX1 inhibitory antibody

cross-reactive with mouse and human orthologs

A QSOX1-targeting antibody with dual species specificity, i.e. which
inhibits HsQSOX1 as well as MmQSOX1, would be a valuable tool
that could be used in animal models, and in turn, with minimal engin-
eering, in clinical trials. We therefore tested for MAb492gen and
MAb316.1 inhibition of HsQSOX1.MAb316.1 up to a concentration
of 1 μM did not inhibit HsQSOX1 (Fig. 7a). In contrast, though no
selection for binding of HsQSOX1 was performed during its develop-
ment, MAb492gen retained tight-binding activity against HsQSOX1,
having aKi value of 1.6 ± 0.6 nM for HsQSOX1 (Fig. 7b and Table II)
compared with 0.9 ± 0.1 nM previously measured for MAb492.1
(Grossman et al., 2013).

A comparison of the three available QSOX1–antibody complex
structures suggests features that prevent or contribute to target species
specificity. Lack of binding of HsQSOX1Trx by MAb316.1 can be
explained once again by the VFPV(135–138) loop, which was a
major specificity determinant for MAb492.1. In the Fab316.1–
MmQSOX1Trx complex, however, the corresponding TLPG(138–
141) loop is not directly in the interface, but rather affects the position
of the conserved downstream residues AGA(139–142). These down-
stream residues in HsQSOX1 are expected to clash sterically with
CDRH2 ofMAb316.1 (Fig. 7c). The constellation of aromatic residues
(light chain: Y31, Y90, Y93; heavy chain: Y33, W50, Y52) that

Fig. 5 Structure of the Fab492gen–MmQSOX1Trx complex. (a) Surface presentation of the Fab492gen–MmQSOX1Trx complex (PDB ID: 5D96) showing that Fab492gen

binds MmQSOX1 in the same mode as Fab492.1 with respect to HsQSOX1Trx, by burying the Trx CXXC active site (yellow spheres). (b) Top view of MAb492.1 and

MAb492gen CDRs. Coloring of Fab492gen chains is as in (a). The Fab492gen–MmQSOX1Trx complex was overlaid on the Fab492.1–HsQSOX1Trx complex by aligning

MmQSOX1Trx andHsQSOX1Trx. (c) Cartoon presentation of CDRs L2 andH3 in Fab492gen, showing their close interaction. Residues in stick presentationweremutated

in the development of Fab492gen from Fab492.1. The dashed black line represents a hydrogen bond. (d) and (e) Comparison of the CDR L1–QSOX1Trx interaction in

Fab492gen–MmQSOX1Trx and Fab492.1–HsQSOX1Trx complexes. Coloring is as in (a) and (b). One hydrogen bond is possible between Fab492.1 andHsQSOX1Trx, and

none between Fab492.1 and MmQSOX1Trx (d). Two hydrogen bonds provide interactions in the Fab492gen–MmQSOX1Trx complex (e).
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mediates interaction between Fab316.1 and MmQSOX1 presumably
does not accommodateminor differences in backbone position between
the mouse and human QSOX1 orthologs. Mutating HsQSOX1 to
mimic MmQSOX1 by converting TLPG(138–141) to VFPV(138–
141) made MAb316.1 inhibition of HsQSOX1 possible, confirming
this region as the block to cross-reactivity (Fig. 7d).

As opposed to MAb316.1 and MAb492.1, MAb492gen accom-
modates both the TLPG(138–141) loop from MmQSOX1 and
presumably the corresponding VFPV(135–138) from HsQSOX1 be-
tween its H3, L1 and L2 CDRs, resulting in dual specificity
(Supplementary Fig. S5). One key difference between MAb492gen
and the species-specific antibodies (MAb492.1 and MAb316.1) is its
lower content of tyrosines and other aromatic residues in the CDRs.
Tyrosines are highly prevalent and effective in antibody CDRs
(Koide and Sidhu, 2009), where they can make van der Waals, hydro-
gen bonding and cation–π interactions. In MAb492gen, however,
three tyrosines were replaced by more flexible residues. Another differ-
ence is the introduction of a charged residue, D101, into CDR H3,
which becomes buried at the QSOX1–antibody interface. D101
forms water-mediated interactions with the MmQSOX1 TLPG(138–
141) loop, while also hydrogen bonding to the light chain (Fig. 5c).
The implications of these differences will be discussed further below.
CDRs that were maintained in MAb492gen (CDRs H1 and H2) are
those that interact with the CXXCmotif region, the universal catalytic
element in QSOX1 Trx domains.

Discussion

When monoclonal antibodies raised as potential drugs target both
human and animal orthologs of the same antigen, a single agent can
be used in the drug-approval process, from animal studies to clinical
trials. Very often, however, species-specific antibodies are obtained, re-
gardless of the method used to produce them. Although differences in
antigen structure might be small among orthologs, they are exploited by
the immune system to bind the foreign antigen and avoid self-reactivity.
In the large antigen surface area buried by antibodies, minor differences
between orthologs can cause steric clashes that cannot be remedied by a
simple corresponding change in the antibody. Nevertheless, in some
cases, a point mutation in the antibody can be sufficient to tune anti-
body species specificity (Farady et al., 2009). In other cases, substantial
antibody re-engineering or design is required (Werther et al., 1996;
Liang et al., 2006; Garcia-Rodriguez et al., 2007). Re-engineeringmeth-
ods involving random mutagenesis such as saturation mutagenesis
(Chowdhury and Pastan, 1999) or epPCR (Martineau, 2002) do not re-
quire a structure of the antigen–antibody complex, but they risk shifting
the antibody binding site to a different epitope. For some antibodies,
modulating their species specificity is too labor-intensive and time-
consuming, or considered to be too great a challenge, so surrogate anti-
bodies are developed instead for animal studies (Wakefield et al., 2011).

In the case study presented herein, we used two different methods
to obtain an inhibitory antibody targeting MmQSOX1: natural

Fig. 6 MAb316.1 binds the Trx domain of MmQSOX1. (a) Elution profiles of MAb316.1 and MmQSOX1 or its fragments from analytical size-exclusion

chromatography. MAb316.1 binds the Trx module. (b) Surface presentation of the Fab316.1–HsQSOX1Trx complex (PDB ID: 5D93) showing that Fab316.1 does

not bury the CXXC motif, accessible at the complex surface (yellow). (c) Superposition of the Fab316.1–HsQSOX1Trx complex (PDB ID: 5D93) and MmQSOX1

C76A/C455S (PDB ID: 3T58). Only the variable region of the light chain is shown (gray) from Fab316.1. Yellow spheres represent the interdomain disulfide

between the Trx and Erv active-site cysteines. MmQSOX1Erv clashes with the Fab316.1 light chain (black circle), suggesting that Fab316.1 inhibits MmQSOX1 by

interfering with formation of the inter-domain electron-transfer intermediate.
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antibody production independent of MAb492.1 and rational modifi-
cation of MAb492.1 using structural data. In the structure-based
method, the key step was to recognize the specific residues that prevent
cross-reactivity. We identified the amino acids by sequence alignment
and structure comparison, and validated the effect of these residues by
mutagenesis (Fig. 2d). Mutating four residues of MmQSOX1was suf-
ficient to achieve inhibition by MAb492.1, but the opposite direction,
in which mutations were introduced into MAb492.1 to produce an
inhibitor of wild-type MmQSOX1, required stronger manipulation.
In contrast to modifying MmQSOX1 to mimic HsQSOX1, modifica-
tion of the antibody had to be made without a guiding structure.
Furthermore, the four QSOX1 residues controlling reactivity with
MAb492.1 affected the position of the QSOX1 polypeptide back-
bone, hinting that substantial compensating mutations affecting
CDR loop position and/or structure would be needed to convert
MAb492.1 into a cross-reactive reagent. In an attempt to affect
CDR backbone conformation, we randomized several residues from
the same CDR together, but in specific locations, and only up to
four residues each time. This careful approach was taken to increase
the likelihood of gaining functionality against MmQSOX1 without
losing binding to the targeted epitope.

Based on the Fab492gen–MmQSOXTrx structure, we suspect that
the first mutations introduced, in CDR L3 and H3, prevented colli-
sions between MmQSOX1 and the antibody. CDR H3 is the most
variable CDR in sequence and structure among antibodies and is usu-
ally responsible for most of the paratope (Xu and Davis, 2000). It was
therefore not surprising that replacing four residues in this CDR
(YYGS-to-SMDP) (Supplementary Fig. S2) resulted in significant im-
provement in binding. Particularly noteworthy is the MAb492gen H3
residue Asp101. Asp101 forms water-mediated interactions with the
MmQSOX1 TLPG(138–141) loop and with a structurally conserved
neighboring strand. The bulky aromatic residues within the corre-
sponding YYGS sequence of MAb492.1 H3 were apparently unable
to accommodate the deviation of MmQSOX1 TLPG(138–141) from
HsQSOX1 VFPV(135–138). Though the structural variability of this
QSOX1 loop likely positions backbone hydrogen bond donor and ac-
ceptor groups differently in space, the water network through which
Asp101 interacts with its target in the Fab492gen-MmQSOXTrx com-
plex suggests that MAb492gen can accommodate these differences
through a re-organized water structure.

The next steps in the construction of MAb492gen produced little
improvement in binding MmQSOX1, but a final stage proved highly

Fig. 7 HsQSOX1 inhibition by MAb316.1 and MAb492gen. (a) Turnover numbers of HsQSOX1 in the absence and presence of 250 nM or 1 μM MAb316.1. Activity

was evaluated using an oxygen consumption assay. Error bars represent standard deviations from an average of three measurements. (b) Inhibition curve of

MAb492gen calculated from oxygen electrode assays of 50 nM HsQSOX1 in the presence of various MAb492gen concentrations. Inhibitory activity is expressed

as the ratio of the inhibited rate to the uninhibited rate (vi/v0). Error bars represent standard deviations from an average of three measurements. The Ki value was

determined by nonlinear regression analysis. (c) Superposition of HsQSOX1Trx (PDB ID: 4IJ3, chain a) and Fab316.1–MmQSOX1Trx complex (PDB ID: 5D93).

Residues that differ in sequence between the two QSOX1Trx orthologs, namely the VFPV(135–138) loop from HsQSOX1 and the corresponding TLPG(138–141)

loop from MmQSOX1, are in stick presentation. (d) The percent activity of MmQSOX1, HsQSOX1 and its mutant VFPV(135–138)TLPG, designated TLPG, in the

presence of MAb316.1. Measurements were conducted in an oxygen consumption assay with 100 nM enzyme, 250 nM MAb492.1, and 200 μM DTT. Percent

activity was calculated according to the results of the same measurements in the absence of antibody. Error bars represent standard deviations from an

average of three measurements.
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beneficial. The minimal improvement involved libraries constructed to
randomize residues in CDRH1 and H2. Though both these CDRs are
in tight contact with MmQSOX1, they bind structurally conserved re-
gions in HsQSOX1 and MmQSOX1, explaining the lack of improve-
ment. Having exhausted other options, we then changed our strategy
from eliminating clashes to forming new interactions. Mutations in
CDR L1 and L2 resulted in inter-chain interactions that were not pre-
sent in MAb492.1, and consequently in new and improved antibody–
MmQSOX1 interactions. Because L2 in MAb492.1 does not form
tight contacts with HsQSOX1, these mutations did not jeopardize
HsQSOX1 binding, resulting in a dual-species specific antibody.

The parallel strategy, generating MAb316.1 in QSOX1 KO mice,
was conducted independently of the re-engineering of MAb492.1. In
principle, eliciting an antibody in an organism completely lacking the
target molecule could produce cross-reactive antibodies since there is
no bias against conserved epitopes. However, neither is there bias to-
ward them. MAb316.1 does not directly bind the specificity determi-
nants that prevent MAb492.1 from targeting MmQSOX1.
Nevertheless, one of these determinants propagates backbone con-
formational differences into the MAb316.1 epitope, such that con-
served residues occupy slightly different positions in MmQSOX1
and HsQSOX1. The network of aromatic residues in MAb316.1 pro-
vides excellent shape complementarity toMmQSOX1 but is unforgiv-
ing of the minor backbone differences between QSOX1 orthologs. In
principle, it should have been possible using QSOX1-KO mice to ob-
tain an antibody that recognizes only structurally invariant regions of
QSOX1 and thus exhibits cross-species reactivity. In practice, one can
screen for desirable properties in a pool of natural antibodies, but ul-
timately the antibodies obtained will be limited by what was produced
by natural variation and what entered the screening pipeline.

In antibody engineering, desired properties can be introduced and
combined at will, but it is often a challenge to realize the engineering
goals. We demonstrate here the importance of using structural infor-
mation and identifying the specificity determinants in the common
challenge of changing or broadening antibody specificity. We provide
a case study of overcoming an antibody species-specificity barrier with
simple tools while highlighting our key insights. We found that reliev-
ing steric clashes was necessary but not sufficient to extend binding to
a distinct ortholog of the target protein and that additional, favorable
interactions had to be introduced. These interactions were accom-
plished by altering the association between the heavy and light anti-
body chains, which recruited CDRs L1 and L2 into the antibody–
MmQSOX1 interface. Dual specificity was enabled by substituting
the constrained rings of aromatic residues with more flexible side
chains, including those that can participate in water-bridged polar in-
teractions. CDRs that recognize structurally conserved elements were
left in their natural state, preserving specificity to QSOX1 antigens.

Supplementary data

Supplementary data is available at PEDS online.
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