
Article
Iris Grossman,
0022-2836/$ - see front m
An Inhibitory Antibody Blocks the First Step
in the Dithiol/Disulfide Relay Mechanism of
the Enzyme QSOX1
Assaf Alon, Tal Ilani and
 Deborah Fass

Department of Structural Biology, Weizmann Institute of Science, Rehovot 76100, Israel
Correspondence to Deborah Fass: deborah.fass@weizmann.ac.il
http://dx.doi.org/10.1016/j.jmb.2013.07.011
Edited by S. Sidhu
Abstract

Quiescin sulfhydryl oxidase 1 (QSOX1) is a catalyst of disulfide bond formation that undergoes regulated
secretion from fibroblasts and is over-produced in adenocarcinomas and other cancers. We have recently
shown that QSOX1 is required for incorporation of particular laminin isoforms into the extracellular matrix
(ECM) of cultured fibroblasts and, as a consequence, for tumor cell adhesion to and penetration of the ECM.
The known role of laminins in integrin-mediated cell survival and motility suggests that controlling QSOX1
activity may provide a novel means of combating metastatic disease. With this motivation, we developed a
monoclonal antibody that inhibits the activity of human QSOX1. Here, we present the biochemical and
structural characterization of this antibody and demonstrate that it is a tight-binding inhibitor that blocks one of
the redox-active sites in the enzyme, but not the site at which de novo disulfides are generated catalytically.
Sulfhydryl oxidase activity is thus prevented without direct binding of the sulfhydryl oxidase domain,
confirming the model for the interdomain QSOX1 electron transfer mechanism originally surmised based on
mutagenesis and protein dissection. In addition, we developed a single-chain variant of the antibody and show
that it is a potent QSOX1 inhibitor. The QSOX1 inhibitory antibody will be a valuable tool in studying the role of
ECM composition and architecture in cell migration, and the recombinant version may be further developed for
potential therapeutic applications based on manipulation of the tumor microenvironment.

© 2012 Elsevier Ltd. All rights reserved.
Introduction

Quiescin sulfhydryl oxidase 1 (QSOX1) is a
disulfide catalyst that uses a bound flavin adenine
dinucleotide (FAD) cofactor to mediate transfer of
electrons from pairs of thiol groups to molecular
oxygen, generating hydrogen peroxide as a by-product
[1]. QSOX1 shares this fundamental catalytic activity of
disulfide formation with a number of other enzymes
that function in early-stage protein folding in the
endoplasmic reticulum (ER) [2] and with enzymes
that mediate folding and retention of proteins in the
mitochondrial intermembrane space [3]. However,
QSOX1 is the only disulfide catalyst known to be
localized primarily to organelles downstream of the ER
in the secretory pathway and to undergo regulated
secretion from certain cells [4]. The presence of a
conserveddisulfide catalyst in environments containing
proteins that typically bear their full complement
of disulfides, having already been exposed to the
oxidative and quality control mechanisms in the ER,
atter © 2012 Elsevier Ltd. All rights reserved
suggests that as yet undiscovered pathways of protein
modification, refolding, and assembly exist in post-ER
compartments.
Although direct substrates of QSOX1 remain to be

experimentally identified, we have shown that QSOX1
is required for proper assembly of extracellular matrix
(ECM) resembling the basement membrane (BM) in
cell culture [5]. BM is the layer of ECM at the interface
between body cavities or blood vessels and underlying
stromal fibroblasts, and many BM components are
produced by fibroblasts. BM components include
laminin, collagen IV, heparin sulfate proteoglycans,
entactin, and many other contributing macromolecules
[6]. BM is a complex medium for cell adherence and
signaling, and its composition and properties influence
the behavior of associated epithelial cells.
The BM component most notably affected by

QSOX1 is laminin [5]. We observed that depletion of
QSOX1 led to the appearance of soluble laminin
isoforms in the supernatants of confluent fibroblast
cultures, whereas laminin was incorporated into the
. J. Mol. Biol. (2012) 425, 4366–4378
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4367Structure and Mechanism of MAb492.1
insoluble ECMmaterial under normal conditions. We
further observed that BM produced in the absence of
QSOX1 failed to support adherence and migration of
tumor epithelial cells introduced to the fibroblast
layer. Laminin isoforms most sensitive to the
presence of QSOX1 in these co-culture assays,
that is, those containing the α4 chain, have been
shown previously to contribute to the migratory
activity of leukemia and lymphoma cells [7] and to
the progression of glioblastoma [8]. The laminin α4
chain is a biomarker for or associated with tumor
invasion in many other cancers as well [9–14].
QSOX1 is a multi-domain protein that undergoes a

series of dithiol/disulfide exchange steps to pass
electrons from substrate thiols to its FAD cofactor
[15]. The two main redox-active domains of the
enzyme, the amino terminus of which interacts with
the thiol-containing substrates and the carboxy termi-
nus of which catalyzes reduction of molecular oxygen,
are proposed to change their relative orientations
during the reaction cycle. In particular, the redox-active
di-cysteine motif in the amino-terminal, thioredoxin-
fold domain (Trx1) (Fig. 1a) must be sufficiently
solvent exposed to accept electrons from substrate
Fig. 1. Domain organization and reaction cycle of human
domains of HsQSOX1. The amino-terminal fragment, HsQ
carboxy-terminal fragment, HsQSOX1Erv, is composed of tw
oxidase domain that has lost its active-site cysteines and cofac
balls represent CXXC motifs (redox-active disulfides). The thre
Erv domain. (b) Steps in the reaction cycle of substrate oxid
represented with the same names and colors as in (a), with a
and the ψErv domain. Fused yellow balls represent disulfide b
proteins. The Trx1 domain then buries itself against
the redox-active di-cysteine motif of the disulfide-
generating Erv-fold (Erv) domain to transfer the
electrons further (Fig. 1b). A set of crystal structures
of QSOX enzymes illustrated the nature of these
conformational changes and identified the flexible
linker that permits such rearrangements [16].
A number of considerations suggest that inhibitory

antibodies would be an excellent strategy for control-
ling QSOX1 activity for research and therapeutic
purposes. The requirement for large conformational
changes and domain–domain interactions suggests
that QSOX1 presents an expanded target for inhibition
by binding compared to other enzymes. In addition,
considering that the role of QSOX1 in BM assembly is
executed extracellularly, cell penetrability is not an
obligatory characteristic of an inhibitor. Monoclonal
antibody therapy is becoming increasingly popular in
cancer treatment, mainly because of the high affinity
and specificity that antibodies offer [17]. Several
monoclonal antibodies have been approved as drugs
for various cancers [18], and antibodies represent a
third of the proteins under clinical trials in the USA
[17,19]. We therefore generated with hybridoma
QSOX1 (HsQSOX1). (a) Schematic diagram of the four
SOX1Trx, is composed of two Trx-fold domains. The
o Erv-fold domains. The degenerate Erv-like sulfhydryl
tor binding capability is designated as “ψErv”. Paired yellow
e fused hexagons indicate the FAD cofactor, bound by the
ation and oxygen reduction by HsQSOX1. Domains are
gray line representing the linker between the Trx2 domain
onds. Separated yellow balls indicate reduced cysteines.



4368 Structure and Mechanism of MAb492.1
technology a monoclonal antibody inhibitor of QSOX1
and used it to confirm the role of QSOX1 in
incorporation of laminin into the ECM [5].
In this study, we have characterized the structure

and mechanism of the anti-QSOX1 monoclonal
antibody inhibitor, MAb492.1. Determination of the
antibody binding site on theQSOX1 enzyme validates
the working model for the QSOX1 catalytic cycle and
confirms the essential role of an interdomain relay in
delivering dithiol-derived electrons to the site of de
novo disulfide generation. In addition, a demonstra-
tion that inhibitory activity is recapitulated by a
recombinant, single-chain version of the antibody
opens the door to further engineering of the reagent
for medical and biotechnological applications.
Fig. 2. Determination of inhibition constant for
MAb492.1 (a) Dose–response curve of MAb492.1 to
50 nM HsQSOX1, based on results from a colorimetric
assay quantifying rdRNase oxidation. The inhibitory
activity is expressed as absorbance at 405 nm, represent-
ing the free thiols that reacted with DTNB. Three
measurements were made for each MAb492.1 concentra-
tion and averaged. Error bars represent standard devia-
tion. The IC50 was determined by nonlinear regression
analysis and yielded a value of 43 ± 2 nM. (b) Inhibition
curve of MAb492.1 to 25 nM HsQSOX1, based on results
from oxygen electrode assays at different MAb492.1
concentrations (ranging from 1 nM to 250 nM). The
inhibitory activity is expressed as the ratio of the inhibited
rate to the uninhibited rate (vi/v0). Three measurements
were made for each MAb492.1 concentration and
averaged. Error bars represent standard deviation. The
inhibition constant was determined by nonlinear regres-
sion analysis and yielded a Ki value of 0.9 ± 0.1 nM.
Results

Determination of the inhibitory constant
of MAb492.1

The sulfhydryl oxidase activity of QSOX1 secreted
from confluent fibroblasts was blocked by 250 nM
MAb492.1 in a previous study [5]. To quantify
inhibition more precisely, we tested a range of
antibody concentrations against recombinant
human QSOX1 (hereafter referred to as HsQSOX1)
in an assay of oxidation of the model substrate
reduced and denatured RNase A (rdRNase). In each
case (Fig. 2a and Supplementary Fig. 1), IC50 values
closely approximating the enzyme concentrations
used in the assays were observed, suggesting
near-stoichiometric binding of HsQSOX1 by
MAb492.1 and effective inhibition in vitro.
To provide a measure of the actual Ki of the

inhibitor, lower enzyme and antibody concentrations
were needed than were practical in the rdRNase
assay. To achieve these concentrations, we used an
oxygen consumption assay, which monitors the rate
of decrease of dissolved oxygen as it is reduced by
HsQSOX1 to hydrogen peroxide. Furthermore, this
assay allows direct determination of initial rates and
not merely degree of activity. A strong reducing
agent, dithiothreitol (DTT), was used as an electron
donor in this experiment at a concentration that
preserves antibody integrity (Supplementary Fig. 2).
Reaction rates were calculated from experiments
using 25 nM HsQSOX1 and various concentrations
of MAb492.1. Fitting the results to a model for a
tight-binding inhibitor [20,21] yielded an apparent
inhibitory constant (Ki) of 0.9 ± 0.1 nM (Fig. 2b). As
demonstrated below, MAb492.1 blocks access to
the Trx1 domain redox-active site. Under the
assumption that the primary route for reduction of
the sulfhydryl oxidase active site in the Erv domain is
by delivery of electrons from the Trx1 domain,
MAb492.1 is expected to be a competitive inhibitor.
Reaction rates in the presence of competitive
inhibitors typically vary with substrate concentration,
and thus the apparent Ki does not necessarily
represent the actual Ki. Nevertheless, we observed
that MAb492.1 inhibition is independent of substrate
concentration (Supplementary Fig. 3), implying that
the dissociation of the complex between MAb492.1
and HsQSOX1 is slow on the timescale of the
experiment and is not induced by substrate [21,22].
Under these conditions, the apparent Ki becomes
the actual Ki.
Following the in vitro determination of the inhibitory

constant, inhibitionwasquantified in cell culture assays
based on the activity of HsQSOX1 in ECM assembly.

image of Fig.�2


Fig. 3. Inhibition of tumor cell adhesion and migration
by MAb492.1. (a) Quantification of adhesion of fluores-
cently labeled epithelial cells to a fibroblast monolayer
grown in the presence of various concentrations of
MAb492.1. The average number of adherent epithelial
cells per field is reported for each antibody concentration.
Error bars are standard error of the mean. (b) Represen-
tative fields of adherent epithelial cells from experimental
and control samples are presented. MAb492.1 and
anti-actin were applied to the fibroblasts, whereas
anti-α6 integrin was applied to the tumor epithelial cells.
The scale bar represents 100 μm. (c) Quantification of
migration of fluorescently labeled epithelial cells through a
fibroblast monolayer grown in the presence of various
concentrations of MAb492.1. The average number of
labeled cells having passed through the fibroblast layer
and the porous filter support of the assay chamber is
reported for each antibody concentration. Error bars are
standard error of the mean.

4369Structure and Mechanism of MAb492.1
HsQSOX1 affects laminin incorporation into the ECM
produced by fibroblasts, which in turn affects the ability
of epithelial cells to adhere to and migrate through the
fibroblast monolayer [5]. Therefore, quantification of
epithelial cell adhesion and migration provides an
indirect readout for HsQSOX1 physiological activity.
For adhesion assays, fibroblast cultures were grown

for 4 days in the presence of various concentrations of
MAb492.1. During this time, about 40 nM secreted
QSOX1 is expected to accumulate in the culture
supernatant [5]. Fluorescently labeled epithelial cells
were then added in fresh medium to the mature
fibroblast culture and incubated for 3 h. Non-adherent
epithelial cells were washed away, and adherent cells
were counted. This assay gave amidpoint for inhibition
of epithelial cell adherence at approximately 125 nM
MAb492.1 (Fig. 3a). As a negative control, an
unrelated antibody for β actin supplied to the growing
fibroblasts showed no subsequent effect on adherent
cell numbers (Fig. 3b). As a positive control, blocking of
the laminin receptor α6 integrin on the epithelial cells
resulted in a decrease in adherent cell numbers
(Fig. 3b).
For migration assays, fibroblast monolayers were

first grown for 4 days on the porous base of a culture
insert in the presence of various concentrations of
MAb492.1. Fluorescently labeled tumor cells were then
added to the confluent fibroblast layer, and labeled cells
that crossed the monolayer and penetrated the porous
membrane by 24 h were counted. The midpoint for
epithelial cell migration occurred at a MAb492.1
concentration of about 150 nM in this experiment
(Fig. 3c). Together, these results indicate that
MAb492.1 is a potent inhibitor of physiological
HsQSOX1activity. Importantly, comparing the effective
IC50 values in cell culture with the known Ki suggests
that suitable MAb492.1 dosages for some biological
applications may depend on the absolute amount of
HsQSOX1present and the accessibility of the enzyme,
rather than on the intrinsic binding and inhibition
constants of the antibody.

Sequencing of the MAb492.1 antibody clone

The sequence of MAb492.1 was determined by
reverse-transcription and polymerase chain reaction
(PCR) from the hybridoma clone. The variable region
of the light chain was amplified with a small set of
degenerate primers [23]. In contrast, the variable
region of the heavy chain could not be amplified
using a comparable primer mix, consistent with the
relative difficulty of amplifying heavy chains ob-
served previously [24]. Therefore, the MAb492.1
heavy chain was amplified using optimized primers
for mouse single-chain variable fragment (scFv)
repertoire cloning [25]. Each amplified fragment
was cloned into the pGEM-T Easy vector and
sequenced. These sequences (Table 1) were
analyzed using tools associated with the ImMuno-

image of Fig.�3
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GeneTics database [26] and were confirmed to be
productively rearranged sequences. The variable
regions showed over 94% identity to database
entries for variable regions of antibodies produced
in mice. The sequences were also confirmed by
liquid chromatography–tandem mass spectrometry
(LC–MS/MS) of purified MAb492.1 (Table 1).

Determination of the antibody binding site
on HsQSOX1

It was previously observed that limited proteolysis of
avian QSOX1 produces two stable fragments [27].
Similar observations were made for mammalian
QSOX1 enzymes, and the structures of the two
fragments of human QSOX1, HsQSOX1Trx and
HsQSOX1Erv (Fig. 1a), were solved using X-ray
crystallography [16,28]. To determine whether the
binding site for MAb492.1 resides in HsQSOX1Trx or
HsQSOX1Erv, we produced each of the fragments in
bacteria and performed two complementary binding
assays. In the first assay, binding of MAb492.1 to
Table 1. MAb492.1 variable region amino acid sequences

Sequence

DVVMTQTHKFMSTSVGDRVSITCKASQDVSTAVAWYQQKSGQS

YRYTGVPDRFTGSGSGTDFTFTISSVQAEDLAVYYCQQHYSIPLTF

QVQLKQSGPGLVAPSQSLSITCTVSGFSLTGYGVNWVRQSPGKG

YKSALKSRLSITKDNSKSQVFLKMNSLQTDDTARYFCASDYYGSG

MW (calc) MW (exp)

2037.9612 2037.9634 DVVMTQTH

2742.3140 2742.3148 DVVMTQTH

1686.8069 1686.8076 FMSTSVGDR

1680.8107 1680.8110 ASQDVSTAV

1058.5873 1058.5880 LLIHSASYR

1766.8332 1766.8344 DVVMTQTH

1841.8612 1841.8642 MSTSVGDRV

1870.9901 1870.9938 QQKSGQSPK

1075.4459 1075.4468 TGSGSGTDFT

1203.6863 1203.6886 SIPLTFGAGT

1985.9782 1985.9824 QSPGKGLEW

1488.7184 1488.7206 GLEWLGMIW

1995.9513 1995.9510 GLEWLGMIW

1250.5561 1250.5576 MNSLQTDDT

995.4713 995.4732 SLTGYGVNW

1711.8794 1711.8808 GVNWVRQS

1179.6611 1179.6637 DYKSALKSR

1837.0057 1837.0096 KSRLSITKDN

The table displays representative peptides detected by LC–MS/MS
HsQSOX1Trx or HsQSOX1Erv was compared with
binding to full-length HsQSOX1 by enzyme-linked
immunosorbent assay (ELISA). HsQSOX1Trx, contain-
ing the Trx1 andTrx2 domains, boundMAb492.1 to the
same extent as did full-length HsQSOX1 (Fig. 4a).
HsQSOX1Erv, on the other hand, did not bind
MAb492.1 at any concentration tested. The second
binding assay used size-exclusion chromatography.
The elution profiles of HsQSOX1, HsQSOX1Trx, and
HsQSOX1Erv were measured in the presence and
absence of MAb492.1. Elution of both HsQSOX1 and
HsQSOX1Trx was shifted to larger apparent molecular
weights following incubationwithMAb492.1, but elution
of HsQSOX1Erv was unaffected (Fig. 4b), confirming
that MAb492.1 binds to the amino-terminal portion of
HsQSOX1. Furthermore, bindingwas not prevented by
reduction of the active-site disulfide of HsQSOX1Trx
(Supplementary Fig. 4). The finding that MAb492.1
binds the oxidoreductase module rather than the
sulfhydryl oxidase module of HsQSOX1 is noteworthy,
as the antibody is a potent inhibitor of HsQSOX1
sulfhydryl oxidase activity.
Chain
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Fig. 4. MAb492.1 binds the HsQSOX1 amino-terminal
fragment, HsQSOX1Trx. (a) Binding curves of MAb492.1 to
full-length HsQSOX1, and to its two fragments, based on
ELISA. High absorbance at 630 nm achieved at low target
protein concentrations indicates tight binding. (b) Analytical
size-exclusion chromatography. Gray lines represent the
elution profile ofMAb492.1 alone.Broken lines represent the
elution profile of HsQSOX1, or one of its fragments, alone.
Black lines represent the elution profiles of mixtures of
MAb492.1 and HsQSOX1 or a fragment thereof.

Table 2. Data collection and refinement statistics for the
Fab492.1–HsQSOX1Trx complex

Fab492.1–HsQSOX1Trx

Data collection
Space group P61
Resolution (Å) 50–2.70 (2.75–2.70)
Unique reflections 38,606
Cell dimensions
a, b, c (Å) 209.31, 209.31, 55.27
α, β, γ (°) 90, 90, 120
Rsym 0.092 (0.363)
I/σI 14.4 (2.0)
Completeness (%) 97.3 (91.9)
Redundancy 5.1 (3.8)

Refinement
Resolution (Å) 50–2.70
Number of reflections: working/test set 34,719/2622
Rwork/Rfree 0.202/0.237
Number of atoms
Protein 5152
Phosphate 10
Water 337
Mean B-factors 37.0
Fab492.1 40.4
HsQSOX1Trx 30.4
Solvent 38.8
RMSD
Bond lengths (Å) 0.006
Bond angles (°) 1.44
Ramachandran (%)
Preferred regions 95.5
Additional allowed regions 4.5
Disallowed regions 0

Values in parentheses are for the highest-resolution shell.
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Structure of a complex between inhibitor
and HsQSOX1

To determine how MAb492.1 blocks HsQSOX1
sulfhydryl oxidase activity, we characterized the
interaction between the MAb and the enzyme using
X-ray crystallography. A Fab fragment derived from
MAb492.1 (Fab492.1) was prepared by papain diges-
tion for co-crystallization with HsQSOX1Trx. The tight
binding and inhibition of HsQSOX1 by the Fab were
verified using the rdRNase oxidation assay (Supple-
mentary Fig. 5).
The structure of the complex between HsQSOX1Trx

and Fab492.1 was determined to 2.7 Å resolution
(Table 2). The crystal structure revealed that
Fab492.1 recognizes the Trx1 domain (Fig. 5a). In
particular, Fab492.1 binds the active site, burying the
CXXC motif and a large surface area surrounding it.
The interface areawas calculated [29] to be 948.7 Å2.
All six complementarity-determining regions (CDRs)
participate in binding (Fig. 5b). The heavy chain is
responsible for most of the interactions (Fig. 6b and
Supplementary Table 1), including burial of the CXXC
motif using all three CDRs. The light chain, respon-
sible for 40% of the complex interface (407.6 Å2),
binds a large surface area away from the active site
but continuouswith the surface occluded by the heavy
chain (Fig. 5c). The light chain binds Trx1 through
hydrophobic interactions and a network of hydrogen
bonds (Fig. 6a and Supplementary Table 1), presum-
ably stabilizing the orientation of the heavy chain
relative to the active site. The structure of complexed
HsQSOX1Trx shows few deviations from the structure



Fig. 5. Structure of the Fab492.1–HsQSOX1Trx complex. (a) Structure of the complex between HsQSOX1Trx (Trx1,
peach; Trx2, gray; CXXC motif sulfurs, yellow spheres) and Fab492.1 (heavy chain, blue; light chain, green). The
redox-active CXXC motif in the HsQSOX1 Trx1 domain is buried in the interface. (b) Surface representation of the
Fab492.1–HsQSOX1Trx complex highlighting the CDRs. In the right view, showing Fab492.1 alone, the CDRs are labeled
in corresponding colors. (c) An open book presentation of Fab492.1 (left) and Trx1 (right). Trx1 is rotated 180° around the
vertical axis relative to Fab492.1. Residues from the light chain involved in interactions with Trx1 are white, interacting
residues from CDR H3 are colored raspberry, and interacting residues from CDRs H2 and H1 are purple. Interacting
residues from Trx1 are in corresponding colors.
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Fig. 6. Specific interactions between Trx1 residues and Fab492.1 residues. Fab492.1–HsQSOX1Trx interface residues
between Trx1 and the light (a) and heavy (b) antibody chains are presented. Trx1 is shown in white surface representation,
and interacting residues are shown as sticks labeled in black. The light chain (green) and heavy chain (blue) are shown in
cartoon, and interacting residues are shown as sticks. CDRs are labeled. Hydrogen bonds are presented with black
broken lines, and their distances are indicated. CXXC sulfurs are shown as spheres. Cation–π interactions and salt
bridges are indicated. Additional Fab492.1–HsQSOX1Trx interactions are listed in Supplementary Table 1.

4373Structure and Mechanism of MAb492.1
of unbound HsQSOX1Trx, indicating that MAb492.1
blocks substrate access to the oxidoreductase active
site without disrupting the HsQSOX1Trx structure.
However, only one of the two conformations previously
observed for the conserved tryptophan immediately
upstreamof the Trx1CXXCmotif inmammalianQSOX
enzymes [16] is compatible with antibody binding.
Whereas MAb492.1 binds and blocks the

redox-active site of the Trx1 domain, it does not
appear to have any direct effect on the redox-active
site of the FAD-binding domain, the seat of sulfhydryl
oxidase activity in the enzyme. The two modules of
HsQSOX1are flexibly tethered to one another [16], and
the antibody binding site on theHsQSOX1Trxmodule is
far from the linker between the modules. The antibody
is therefore not expected to interfere sterically with
access of model substrates, in particular the small
dithiol reagentDTT, to theFAD-proximal disulfide in the
Erv domain. The dramatic effect of MAb492.1 on
HsQSOX1 oxygen consumption, an event that occurs
at theErv domain, is thusmost likely due to the failure of
the antibody-bound Trx1 domain to supply electrons to
the Erv domain, consistent with the proposedmodel for
the QSOX1 mechanism [15,16].

Construction of a functional single-chain
antibody fragment, scFv492.1

The variable regions that were identified from
MAb492.1 were used to construct an scFv. The scFv
is composed of the heavy-chain variable domain at
the amino terminus, the light-chain variable domain
at the carboxy terminus, and a linker of [Gly4Ser]3
connecting them. The nucleotide sequence encod-
ing the scFv was optimized for translation in
Escherichia coli and cloned into an expression
vector introducing a His6 tag at the amino terminus.
The purified scFv, designated scFv492.1, was
obtained from inclusion bodies after production in
bacteria and was refolded to obtain functional
material. Refolded scFv492.1 was tested in the
colorimetric assay based on rdRNase oxidation and
shown to inhibit 50 nM HsQSOX1 with an IC50 of
250 ± 30 nM (Supplementary Fig. 6). A Ki of 130 ±
20 nM can be calculated directly from this IC50 value
[21], assuming that scFv492.1 is a competitive
inhibitor. This assumption is valid since scFv492.1
is most likely to bind HsQSOX1 at the same site as
MAb492.1, preventing substrate oxidation, but can-
not be considered as a tight binding inhibitor
because a fivefold excess is needed to inhibit
HsQSOX1 under the same experimental conditions.
Despite the difference in Ki between the MAb and the
scFv, the latter is still a highly effective inhibitor. The
successful construction of the single-chain antibody
variant demonstrates that MAb492.1 activity can be
recapitulated in recombinant constructs.
Discussion

In this study, we demonstrated that binding of
antibody MAb492.1 to the redox-active site in the
HsQSOX1 Trx1 domain blocks catalysis of disulfide

image of Fig.�6
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bond formation in model thiol substrates tested in in
vitro enzyme assays. This finding supports the redox
relay mechanism proposed for HsQSOX1, in which
electrons enter the enzyme by dithiol/disulfide
exchange at the Trx1 domain CXXC motif before
being transferred to the site of sulfhydryl oxidase
activity in the FAD-binding domain. Furthermore, we
have shown that antibody binding to the Trx1 domain
blocks HsQSOX1 activity on physiological sub-
strates involved in ECM assembly and function.
Thus, the HsQSOX1 relay mechanism is also
relevant for the native extracellular activity of the
enzyme.
The X-ray crystal structure of the complex between

the Fab fragment of MAb492.1 and the target module
of HsQSOX1 shows in detail how MAb492.1 oc-
cludes the Trx1 redox-active site of QSOX1. The
antibody heavy-chain CDRs encircle the end of the
Trx1 redox-active helix and are expected to thereby
block both substrate access to the enzyme and
formation of the enzyme conformation required for
interdomain electron transfer [16]. Specifically, CDR
H1 and CDR H3 provide tyrosine side chains that
sandwich the conserved histidine in the Trx1 CXXC
motif (CGHC), and the backbone carbonyl of a
glycine residue in CDR H1 serves as a hydrogen
bond acceptor for the exposed NH group of the
CGHC glycine in Trx1. A large network of additional
interactions supports the direct contacts of the
antibody with the HsQSOX1 Trx1 redox-active site
(Fig. 6). Notably, CDR H1 and CDR H3, which show
the greatest structural divergence in MAb492.1 from
the most common conformations in a catalog of
antibodyCDRs [30] (Supplementary Table 2), are the
loops most deeply engaged with the topological and
chemical features surrounding the HsQSOX1 acti-
ve-site helix.
The tight-binding inhibitor of QSOX1 characterized

structurally and mechanistically in this study is likely
to find applications in basic research on ECM
function, and perhaps eventually in the clinic due to
the importance of ECM in various disease states. For
example, the interactions between tumor cells and
the surrounding stroma are critical for tumor cell
survival and metastasis. Consequently, a number of
the macromolecules that participate in these in-
teractions are currently targeted or proposed as
targets for cancer therapy. In particular, integrins,
which mediate interactions between epithelial cells
and the BM, offer one means of undermining stromal
support of tumor cells [31,32]. In addition, laminin
itself has been targeted for knockdown therapies
[33], andblocking laminin receptorswith antibodieshas
also been promoted [34]. The advantage of targeting
HsQSOX1, which affects laminin incorporation into the
ECM [5] and thereby the number of potential integrin
interaction sites, is that HsQSOX1mediatesmeshwork
assembly enzymatically. Enzyme inhibition is amplified,
due to the action of one enzyme on multiple substrate
molecules, and therefore more potent than direct
inhibition of protein-mediated adhesion.
Enzymes are powerful control points for regulation

of biological systems in general and of ECM assembly
in particular. However, it is thought that most ECM
components spontaneously self-assemble, rather
than requiring specific factors that catalyze their
incorporation. Catalytic activities that introduce
essential post-translational modifications to ECM
proteins or their cell-surface scaffolds and thereby
affect their assembly and binding properties usually
occur inside the cell and cannot be accessed by
antibody therapy. Furthermore, such modifications
are often quite general and apply to numerous
proteins, and thus the enzymes that catalyze them
do not make useful drug targets. Examples of such
modifications include hydroxylation of proline
and N-linked glycosylation in the ER, as well as
O-linked glycosylation in the Golgi apparatus. A
more specific enzymatic modification introduced
to a phosphorylated O-mannosyl glycan on the
cell-surface protein dystroglycan promotes its
function as a laminin docking site [35], but this
reaction is sequestered in the Golgi and therefore
not amenable to protein-drug treatment. Enzymes
such as HsQSOX1 that act extracellularly to
modulate the structure and properties of the ECM
are rare and valuable targets.
Another enzyme that modulates ECM properties

and can be accessed by extracellular agents is lysyl
oxidase (LOX). Like HsQSOX1, LOX is up-regulated
in many tumors [36], and inhibition of LOX has been
shown to decrease tumor metastasis in mice [37].
LOX activity cross-links collagen and stiffens the
ECM, which promotes integrin clustering, PI3 kinase
activity, and, under pathological conditions, invasive
cell behavior [38]. HsQSOX1 inhibition is highly
complementary to LOX inhibition, because the two
enzymes appear to affect complementary compo-
nents (laminin versus collagen) of the BM with
grossly similar outcomes. In contrast to LOX,
however, HsQSOX1 does not appear to induce
stiffening of ECM components that have already
been incorporated into the matrix, but rather to
influence ECM composition.
We report here the structural and functional

characterization of a monoclonal antibody that in-
hibits HsQSOX1 in in vitro purified enzyme assays
and in tissue culture assays that model tumor cell
invasion of the stroma. We show that MAb492.1 is a
highly effective, tight-binding inhibitor of HsQSOX1,
and we use the antibody to demonstrate that the
mechanism of QSOX1 activity on model thiol sub-
strates in vitro and on native substrates in fibroblast
ECM appears to be similar. The favorable properties
of MAb492.1 suggest that this monoclonal antibody
will be an excellent starting point for humanization
and the generation of recombinant variants optimized
for therapeutic applications.
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Materials and Methods

Plasmid construction

ScFv and HsQSOX1 synthetic genes codon optimized for
protein production inE. coli (Genescript)were clonedbetween
the NdeI and BamHI sites of the pET-15b vector (Novagen).
The amino-terminal and carboxy-terminal HsQSOX1 frag-
ment construction was previously described [16].
Expression and purification of proteins

Codon-optimized HsQSOX1 was expressed and puri-
fied essentially as described for a previous HsQSOX1
construct [16], except that the amino-terminal His6 tag
was removed after purification on a Ni-NTA column
(GE Healthcare). The eluted enzyme was exchanged
into 20 mM sodium phosphate buffer, pH 7.4, 100 mM
NaCl, and 20 mM imidazole using a PD-10 desalting
column (GE Healthcare). Thrombin (10 U/mg protein) was
added, and the cleavage reaction was allowed to proceed
overnight at room temperature (RT). PMSF was added to
1 mM to inhibit the thrombin, and the protein was
re-applied to a Ni-NTA column. Further purification was
performed by size-exclusion chromatography in 20 mM
sodium phosphate buffer, pH 7.5, 200 mM NaCl, and
0.5 mM ethylenediaminetetraacetic acid (EDTA).
The amino-terminal and carboxy-terminal HsQSOX1

fragments were expressed and purified as previously
described [16,28].
Monoclonal antibody MAb492.1 was produced and

purified as previously described [5].
HsQSOX1 inhibition assay

Reactions of 100 μL volume were conducted in 96-well
plates (Nunc). rdRNase was used as a model substrate and
waspreparedas follows. TenmilligramsofRNaseA (Sigma)
was dissolved in 1 mL of 20 mM phosphate buffer, pH 6.5,
6 M GuHCl, and 100 mM DTT, and incubated at 37 °C
for 1 h. The protein was desalted on a PD-10 column
(GE Healthcare) equilibrated with H2O, and its thiol content
was determined by 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB) absorbance at 412 nm. Fifty nanomolar HsQSOX1,
unless otherwise noted, was incubated with various
concentrations of MAb492.1, Fab492.1, or scFv492.1 for
30 min at RT. Reactions were initiated with the addition of
200 μM RNase thiols and were quenched after 25 min with
1 mM DTNB. Absorbance was measured at 405 nm in a
microplate reader. Measurements were repeated three
times for each MAb492.1 concentration. Data were fit
using a sigmoidal function with four parameters:

y ¼ minþ max−minð Þ
1þ 10Hill log IC50ð Þ−xð Þ

where min and max are the lower and upper asymptotes of
the curve, Hill is the slope of the curve at its midpoint, and
IC50 is the concentration of antibody in which the activity of
HsQSOX1 is reduced by 50%.All data fittingwas done using
Origin.
ELISA binding assay

A 96-well plate (Nunc) was coated with 100 μL of
HsQSOX1 or one of its fragments at various concentrations,
or 5% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) containing 0.1%Tween (PBS-T) as a control, for
1 h at 37 °C. The wells were blocked with 5% BSA in PBS-T
at RT for 1 h. MAb492.1 was then added to the wells for 1 h
at RT, followed by three washes with 300 μL of PBS-T.
Polyclonal goat anti-mouse antibody conjugated to
horseradish peroxidase in 5% BSA was added at a
1:2500 dilution and incubated at RT for 30 min. Wells were
washed three times with 300 μL of PBS-T and 100 μL of
3,3′,5,5′-tetramethylbenzidine (Millipore) was added. Absor-
bance was read at 630 nm in a microplate reader (TECAN).
Inhibitory constant determination

A Clarke-type oxygen electrode (Hansatech Instru-
ments) was used to monitor changes in dissolved oxygen
concentration as a measure of HsQSOX1 activity. Twenty-
five nanomolar HsQSOX1 and various concentrations
(1–250 nM) of purified MAb492.1 were assayed in50 mM
potassiumphosphate buffer, pH 7.5, 65 mMNaCl, and 1 mM
EDTA. Reactions were started by injection of DTT to a
concentration of 200 μM in the electrode reaction chamber.
Three independent progress curves were collected for each
MAb492.1 concentration, and initial slopes were calculated.
The background decrease in oxygen concentration due to the
presence of DTT and MAb492.1 was measured and
subtracted from the initial slopes to obtain the rates of
HsQSOX1 activity in the presence of various concentrations
of MAb492.1. The ratios of the initial rates of HsQSOX1 in the
presence and absence of inhibitor were plotted as a function
of inhibitor concentration. The data were fit to the following
equation [20,21] for obtaining Ki for a tight binding inhibitor:

v i

v0
¼ 1

2 E0½ � E0½ �− I0½ �−Kið Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0 þ Ki− E0½ �ð Þ2 þ 4Ki E0½ �

q� �

where v0 is the velocity of reaction in the absence of
MAb492.1, vi is the velocity in the presence of MAb492.1, [E0]
is the total enzyme concentration (25 nM), [I0] is the total
MAb492.1 concentration, and Ki is the inhibitory constant to
be determined.
The Ki of scFv492.1 was calculated from the IC50 value

obtained by the colorimetric assay based on rdRNase
oxidation, using the equation for classical competitive
inhibition [21]:Ki = IC50/(1 + [S]0/Km), where [S]0 is the initial
substrate concentration and Km is the Michaelis constant of
HsQSOX1 for rdRNase, which is 320 ± 35 μM [15].
Cell adhesion and migration assays

Cell adhesion and migration assays were conducted
essentially as previously described [5]. In both assays,
fibroblasts were grown for 4 days in the presence of various
concentrations of MAb492.1 before the medium was ex-
changed and fluorescently labeled epithelial cells were
added. Experiments were performed in triplicate
and quantified by counting cells from seven 10× fields for
each sample.
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Variable region sequencing

Total RNA was extracted from ~11 × 106 anti-MAb492.1
hybridoma cells using the RNeasy mini kit (Qiagen). Five
hundred nanograms of total RNA was reverse transcribed
into first-strand cDNA by using polydT primer and 20 U of
Moloney murine leukemia virus reverse transcriptase. The
variable region of the light chain was amplified using
degenerate primers [23], and the variable region of the
heavy chain was amplified using optimized primers for
mouse scFv repertoire cloning [24]. PCR products of
~300 bp were gel extracted with the HiYield Gel/PCR
DNA fragments extraction kit (RBCBioscience) and cloned
into pGEM-T easy vector (Promega). The inserts were
sequenced using T7 andSP6 primers and analyzedwith the
aid of the ImMunoGeneTics database. For verification of
sequences by LC–MS/MS,Mab492.1 was treatedwithDTT,
and the heavy and light chains were separated by
SDS-PAGE. Coomassie-stained bands were digested
in-gel with trypsin or a combination of chymotrypsin and
Asp-N proteases. Protease cleavage, gel extraction, and
LC–MS/MS were performed as previously described [16].
Analytical size-exclusion chromatography

One hundred microliters of 20 μM HsQSOX1, its
fragments, or MAb492.1 was loaded onto a Superdex
200 column (GE HealthCare) equilibrated with 20 mM
sodium phosphate buffer, pH 7.4, 200 mM NaCl, and
1 mM EDTA at a flow rate of 0.8 mL/min. The complexes
(200 μL) of HsQSOX1, or its fragments, with MAb492.1
were injected after 30 min co-incubation at RT.
Fab492.1–HsQSOX1Trx complex purification and
crystallization

Purified MAb492.1 concentrated to 1.5 mg/mL in PBS
was digested at 37 °C with papain (Sigma) at a 1:20
papain:MAb492.1 ratio. Prior to use, papain was activated
by dissolving in PBS supplemented with 20 mM EDTA and
20 mM cysteine. Digestion was stopped after 4 h using
leupeptin, and the digested antibody was dialyzed against
PBS, pH 8. The Fab fragment of MAb492.1 was purified by
size-exclusion chromatography followed by protein G.
Purified Fab492.1 was incubated for 1 h at 4 °C with a
twofold excess of HsQSOX1Trx, and the complex was
isolated by size-exclusion chromatography in 10 mM Tris,
pH 7.5, and 100 mM NaCl. The complex was concentrat-
ed using a centrifugal concentrator to 11 mg/mL. Crystals
were grown by hanging-drop vapor diffusion at 293 K by
mixing 1 μL of protein complex solution with 1 μL of well
solution (19% w/v polyethylene glycol 4 kDa and 0.4 M
ammonium phosphate dibasic) and suspending over well
solution. Crystals were transferred to a solution containing
20% w/v polyethylene glycol 4 kDa, 25% glycerol, and
0.35 M ammonium phosphate dibasic and flash frozen in a
nitrogen stream at 100 K.

Data collection

Diffraction data were collected at 100 K on a RU-H3R
generator (Rigaku) equipped with a RaxisIV++ image plate
system and Osmic mirrors. Data were collected to 2.7 Å
resolution from a crystal of space group P61 with unit cell
dimensions a = b = 209.31 Å, c = 55.27 Å, α = β = 90°,
and γ = 120° Data were processed and scaled using
DENZO and SCALEPACK [39].

Structure solution

The Fab492.1–HsQSOX1Trx complex structure was
determined by molecular replacement using Phaser [40].
First, the structure of HsQSOXTrx [16] was used for the
search, and suitable rotation and translation solutions
were found. Then, the constant region of a Fab structure
with 75% sequence identity [Protein Data Bank (PDB)
code: 3OKD] was used as a search model, and finally the
variable region without the CDR loops from the same Fab
model was searched. Refinement was performed using
CNS [41], and addition of CDR loops and model rebuilding
were done using Coot [42]. Validation of the structures was
performed using MolProbity [43], according to which there
were no Ramachandran outliers and the structure model
was rated in the top 95% in its resolution range.
ScFv expression, purification, and refolding

ScFv492.1 was produced in the BL21 (DE3) plysS
E. coli strain grown in LB medium supplemented with
100 μg/mL ampicillin and 30 μg/mL chloramphenicol.
Transformed cells were grown at 37 °C, and induction
was carried out by addition of isopropyl-β-D-1-thiogalacto-
pyranoside to a concentration of 0.5 mM when cells
reached an optical density of 0.5 at 595 nm. After induc-
tion, cells were grown overnight at 25 °C. Cells were
harvested by centrifugation for 30 min at 4000 rpm. Cell
pellets were suspended in 20 mM sodium phosphate
buffer, pH 7.4, 500 mM NaCl, and 20 mM imidazole,
supplemented with protease inhibitors. The cell lysate
was centrifuged at 40,000g for 1 h. Pellets were dissolved
in 50 mM Tris buffer, pH 8, 100 mM NaCl, 1 mM EDTA,
and 0.5% Triton X-100; sonicated three times for 30 s; and
centrifuged again for 10 min. The supernatant was
discarded, and the sonication and centrifugation proce-
dure was repeated three times, the last time without Triton
X-100. Pellets were dissolved in 50 mM Tris buffer,
pH 7.8, 6 M GuHCl, and 10 mM β-mercaptoethanol at
4 °C overnight. The dissolved scFv was purified on a
Ni-NTA column in denaturing conditions (6 M GuHCl),
eluting with a pH gradient between pH 6.9 and pH 3.8.
Refolding was performed as previously described [44].

PDB accession code

The coordinates and structure factors have been
deposited with PDB code 4IJ3.
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